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Introduction 

This sixth volume continues, with new editorship, the series established by the late 
Heinz Gerischer and Charles W. Tobias. The favorable reception of the first five 
volumes and the steady increase of interest in electrochemical science and technology 
provide good reasons for the continuation of this series with the same high standards. 
The purpose of the series is to provide high quality advanced reviews of topics of both 
fundamental and practical importance for the experienced reader. 

Richard C. Allure 
Dieter M. Kolb 



Preface 

Spohr describes in detail the use of computer simulations in modeling the metal/ 
electrolyte interface, which is currently one of the main routes towards a microscopic 
understanding of the properties of aqueous solutions near a charged surface. After an 
extensive discussion of the relevant interaction potentials, results for the metauwater 
interface and for electrolytes containing non-specifically and specifically adsorbing 
ions, are presented. Ion density profiles and hydration numbers as a function of distance 
from the electrode surface reveal amazing details about the double layer structure. In 
turn, the influence of these phenomena on electrode kinetics is briefly addressed for 
simple interfacial reactions. 

In their chapter on time- and frequency-resolved studies of photoelectrochemical 
kinetics, Peter and Vanmaekelbergh give an extensive survey of how modulation 
techniques such as photoelectrochemical impedance spectroscopy or intensity-modu- 
lated photocurrent spectroscopy can yield valuable information on the time dependence 
of reactions at semiconducting surfaces over a broad range of time scales. Kinetic 
studies with single crystals as well as porous or nanocrystalline material reveal the 
important role that is played by the bulk structure of semiconductor electrodes. 

Lincot, Froment, and Cachet review the chemical and mechanistic aspects of chemi- 
cal bath deposition of chalcogenide compounds with special emphasis on structural 
properties associated with epitaxial growth. Present applications of chemically deposi- 
ted films are reviewed and several characteristic advantages are identified that may be 
exploited in the future for applications such as small band gap semiconductors, large 
area electrochromic devices, electroluminescence, quantum sized films, and films with 
spatially modulated composition and structure. 

Economou reviews the engineering fundamentals of plasma etching, and illustrates 
many similarities with the field of electrochemical reactor engineering. These include 
the consideration of convective mass transport, the potential distribution, complex 
homogeneous and heterogeneous chemistry, complex boundary conditions involving 
surface films, a space charge region near electrodes and surfaces, and surface chemi- 
stries that are not temperature-driven. Because these phenomena exert themselves over 
a wide range of length scales, including the noncontinuum region, sophisticated 
engineering modeling procedures have been developed. Such procedures may in the 
future be adapted for use in “wet” systems, particularly where quality control is a 
consequence of molecular scale features such as in electrodeposition and corrosion 
applications. 
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Introduction 

Computer simulations have contributed substantially to our understanding of the 
liquid state during the past 40 years. In many cases they can provide essentially exact 
results for problems in statistical mechanics that would otherwise only be solvable by 
approximate methods, or might be intractable. Therefore, one of their most prom- 
inent applications is the investigation of “realistic” models of physical and chemical 
systems, which cannot at all, or not easily, be treated by analytical theory. The 
interface between two bulk phases is one subject that is notoriously hard to approach 
theoretically. The extension of computer simulation methods from the bulk phase to 
interfaces was straightforward and occured as soon as computers were powerful 
enough to handle the complexity of inhomogeneous two-phase systems (for an early 
review see, e.g., Ref. 1). 

On the other hand, electrochemistry has for a long time been a part of physical 
chemistry with a strong footing in thermodynamics and in kinetics. During the last 
decades the advent of surface sensitive techniques shifted the interest more and more 
towards the interface. This trend led, e.g., to the title “Interfacial Electrochemistry” 
for a recent textbook [2], where the interface is defined as “those regions of the 
two adjoining phases whose properties differ significantly from those of the bulk”, 
a definition that is also adopted here. 

One of the goals of computer simulation studies of electrochemical interfaces 
which are reviewed here is to find out how large these regions are and to what extent 
they are different from the bulk phases on the molecular level. In what follows, the 
term “electrochemical interface” shall denote more specifically the interface between 
pure water or an ionic conductor (the liquid electrolyte solution) and an electronic 
conductor (the metal). The interface is usually charged: the metal phase carries an 
excess charge which is balanced by an equal amount of charge of opposite sign in the 
electrolyte solution; together, these charges are known as the “electric double layer”. 

Over the years, double layer models have evolved towards increasing complexity. 
The first model by Helmholtz [3,4] treated the double layer as a rigid arrangement of 
positive and negative charges on both sides of the interface, comparable to a parallel- 
plate capacitor. Gouy [5] and Chapman [6] considered the fact that the applied 
potential and electrolyte concentration influence the double layer capacity. With the 
ions free to move, the thickness of the difluse double layer varies with concentration, 
and the electrostatic potential varies exponentially in the solution. Stern [7] combined 
the Helmholtz and Gouy-Chapman models. In this model, the double layer consists 
of a compact and a diffuse layer and the boundary between them is the so-called 
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Fig. 1. The metal/solution, or electrochemical, interface. 

Outer HeZmholtz Plane (OHP). Later Grahame [8] distinguished between specifically 
adsorbed ions (those who loose their solvation shell) and non-specifically adsorbed 
ions. The double layer consists of three different regions, separated by the Inner 
HelmhoZtz Plane ( IHP), which passes through the location of specifically adsorbed 
ions, and the OHP. 

The importance of the dipolar nature of the solvent and of the interactions 
between solvent and electrode were recognized in the double layer model by Bockris, 
Devanathan and Miiller [9]. Water ‘hydrates’ the electrode, which is regarded as a 
giant ion, and so contributes to the electric fields near the interface. Starting with 
the work of Damaskin and Frumkin [lo] the differences between sp and transition 
metals were described by a series of “chemical” models. More details on double layer 
models can be found, e.g., in Refs. 2, 1 1, 12. 

The properties of the metal phase have been successfully described by rather 
simple models, most notably the jellium model. In many theoretical treatments of 
the liquid/metal interface, the liquid electrolyte in contact with the metal has been 
described, to first order, as an external field, acting on the jellium model (see Ref. 13 
and references therein). In many simulation studies, the reverse approach is taken. 
The focus is on the description of the liquid phase and the effect of the metal on the 
aqueous phase is approximated, to first order, by an external potential acting on the 
ions and molecules in the liquid phase. This is done within the framework of classical 
mechanics and classical statistical mechanics. The models for the interparticle inter- 
actions will consist of distributed point charges in combination with soft interatomic 
repulsions and dispersive attractions. Some of the models can also be considered 
chemical models; they can be regarded as a first step towards electrochemical mod- 
eling, very much in the spirit of “molecular modeling”. 

Each generation of textbooks of electrochemistry shows a sketch of the interface 
like Fig. 1 in its introductory chapters. The complexity of the sketch increases with 
our increasing knowledge of the molecular detail of the electrochemical interface. 
The characteristic difference between Fig. 1 and similar ones in, e.g., the books by 
Bockris and Reddy [14, 151, Brett and Brett [12], or by Schmickler [2] is the fact that 
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water molecules are not represented as dipolar spheres. Instead, they are depicted as 
three-atomic molecules that can form intermolecular hydrogen bonds, some of which 
are indicated by dotted lines. Hydrogen bonding determines many of the properties 
of bulk liquid water and aqueous solutions. The same is true for water and aqueous 
solutions near interfaces, and the hydrogen bond theme will shine through the dis- 
cussion of results in many places. A realistic description of hydrogen bonding is the 
essential aspect introduced by the computer modeling of electrochemical interfaces. It 
is also present in some recent analytical theoretical treatments. Details in Fig. 1 hint 
to the issues that will be discussed in this work: adsorbed and non-adsorbed ions and 
atoms incorporated into the hydrogen-bonded network of water at the interface. 

In the next section a brief layout of simulation methods will be given. Then, some 
basic properties of the models used in computer simulations of electrochemical inter- 
faces on the molecular level will be discussed. In the following three large sections, 
the vast body of simulation results will be reviewed: structure and dynamics of the 
waterlmetal interface, structure and dynamics of the electrolyte solution/metal inter- 
face, and microscopic models for electrode reactions will be analyzed on the basis of 
examples taken mostly from my own work. A brief account of work on the adsorp- 
tion of organic molecules at interfaces and of liquid/liquid interfaces complements 
the material. In the final section, a brief summary together with perspectives on 
future work will be given. 

2 Computer Simulations 

Computer Simulations are a statistical mechanical method to sample configurations 
from the phase space of a physical or chemical system of interest. Formally, they 
generate a sequence of states of a system in some statistical mechanical ensemble. The 
system is uniquely described by specifying the interactions between the particles 
(which are usually described as interacting points), the masses of all these particles, 
and the boundary conditions. The set of potential energy hypersurfaces describing the 
interactions between all particles for all relative arrangements together with molecu- 
lar geometries and their masses is called the model of the system. The models relevant 
to the present work will be discussed in section 3. 

Following the construction of the model is the calculation of a sequence of states 
(or a trajectory of the system). This step is usually referred to as the actual simu- 
lation. Simulations can be stochastic (Monte Carlo) or deterministic (Molecular 
Dynamics); or they can combine elements of both, like force-biased Monte Carlo, 
Brownian dynamics or general Langevin dynamics (see Ref. 16 for a discussion). It is 
usually assumed that the physical system can be adequately described by the laws 
of classical mechanics. This assumption will alsQ be made throughout the present 
work. 

The Monte Carlo (MC) scheme was first used by Metropolis, Rosenbluth, 
Rosenbluth, Teller and Teller [17] in 1953 to calculate the equation of state for a 
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simple hard sphere model of a liquid. Each configuration in an MC simulation is 
generated stochastically in such a way that the molecular configuration (specified by 
the set {T l }  of all particle positions 7,) depends only on the previous configuration. 
The purely stochastic MC method is often performed on a fixed number of mole- 
cules N placed in a fixed volume V and maintained at a constant temperature T. 
During the MC simulation configurations are generated in such a way that, after 
many ones have been obtained, each configuration occurs approximately with 
the appropriate probability in the canonical ensemble, given by the Boltzmann factor 
e~p[-U((7~})/kT] where U is the interaction potential and k is Boltzmann’s 
constant. 

The Molecular Dynamics (MD) method was first used by Alder and Wainwright 
[18]. In the standard MD scheme for equilibrium systems, the atom positions iti are 
obtained by solving Newton’s equations of motion 

gi is the force on particle i caused by the other particles, the dots indicate the second 
time derivative and m is the molecular mass. The forces on particle i in a conservative 
system can be written as the gradient of the potential energy, Vt U ,  with respect to the 
coordinates of particle i. In most simulation studies, U is written as a sum of pairwise 
additive interactions, occasionally also three-particle and four-particle interactions 
are employed. The integration of Eq. (1) has to be done numerically. The simulation 
proceeds by repeated numerical integration for tens or hundreds of thousands of 
small time steps. The sequence of these time steps is a set of configurations, all of 
which have equal probability. The completely deterministic MD simulation scheme is 
usually performed for a fixed number of particles, N in a fixed volume V. As the total 
energy of a conservative system is a constant of motion, the set of configurations are 
representative points in the microcanonical ensemble. Many variants of these two 
basic schemes, particularly of the Monte Carlo approach exist (see, e.g., Ref. 19-23). 

Typical particle numbers N are of the order of several hundred to a few thousand, 
which are located in a regular, usually tetragonal, cell. To avoid unwanted surface 
effects beyond those that one explicitly wishes to study, periodic boundary conditions 
are used. This means that the cell and the particles replicate themselves infinitely in 
two or three directions of space. The cells are open and particles can move freely 
from one cell to the next. Since for each particle leaving the cell one of its replicas 
enters the cell, the overall particle number in the cell, and thus the density, remain 
constant. Furthermore, the minimum image convention is usually applied. This pre- 
scription states that from all the interactions of a particle i with particlej and its 
images only the one is used that is associated with the smallest distance. In this way 
the number of interactions to be calculated is finite. This approximation renders 
the calculation possible on a computer. For the treatment of long-range forces, like 
Coulomb forces, special procedures are needed, the most prominent being the Ewald 
summation method [24]. Several groups [25-271 have recently brought forward 
strong arguments against the use of truncation methods. Ewald summation schemes, 
or the fast multipole method [28, 291 for very large systems, are deemed to be an 
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essential prerequisite for a realistic description of microscopic charge distributions, 
electric fields and potentials. 

After the simulation, the trajectories or configurations are analyzed in order to 
obtain the observabl’es. The theory of statistical mechanics provides the formalism to 
obtain observables as ensemble averages from microscopic configurations. From 
both the MC and the MD trajectories, ensemble averages can be formed as simple 
averages of the properties over the set of configurations stored on computer disk or 
tape during the simulation. Most properties displayed in the figures in the text, except 
those specifically denoted as ‘snapshots’, are ensemble averages over thousands of 
configurations from one simulation; some properties, like the free energy profiles, are 
functions of the configurations of many simulations. For a detailed discussion of 
computer simulations the reader is referred, for instance, to the books by Allen and 
Tildesley [19], Haile [16], Hoover [30, 311, Binder [20-221, Haberlandt et al. [32] or 
Smit and Frenkel [23], and the references therein. 

3 Models 

In this section some basic properties of molecular models of the electrochemical 
interfaces, as used in computer simulations, are summarized. Such models consist of 
a geometrical setup and a specification of the various interactions in the system. 

3.1 Geometries 

Like in electrochemical experiments, in computer simulations of two-phase systems 
there are at least two interfaces to be considered. The simulation of a single isolated 
interface is not possible. Various system setups are possible. For the liquid/solid two- 
phase systems consisting of a liquid electrolyte solution and a solid electrode, an 
alternating arrangement of liquid and solid phases is conceptually most simple. It has 
the minimum number of two equivalent interfaces (Fig. 2a). The properties of both 
interfaces can be averaged in the absence of an external electric field. Furthermore, 
from the differences between the two interfaces the magnitude of systematic errors, 
introduced into the system by either incomplete equilibration or inadequate length of 
the simulation, can be estimated. Periodic boundary conditions (see section 2) are 
applied in all directions of space including the direction normal to the interface (z-  
direction). Figure 3 shows as an example a snapshot of the geometrical arrangement 
used by various groups of authors in simulations of water and aqueous solutions in 
the vicinity of platinum surfaces with (100) surface structure. 

The simulation of electrochemical systems with two equivalent interfaces also has 
its disadvantages. It is usually more difficult to equilibrate the system. While the bulk 
density of the liquid phase is usually known, no a priori knowledge about the density 
in the interfacial region exists. Rather, one of the objectives of the simulation is to 
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a b 

Fig. 2. Geometries for simulations of liquid/solid interfaces. (L: liquid, S: solid, V: vacuum, G: gas phase. 
W: wall; for further details see text.) 

Fig. 3. Snapshot from a simulation of a lamina 
consisting of 304 water molecules and I ion 
black at 300K. confined on two sides by a 

platinum crystal. Only the basic cell is shown; 
pcriodic boundary conditions are applied in all 

- - + E  three directions of space. 

establish the range and magnitude of the density oscillations. Consequently, the posi- 
tion of the phase boundaries has to be determined self-consistently in a simulation/ 
adjustment cycle that is both costly in terms of computer time and cumbersome in 
terms of manpower. These problems can only partially be avoided by simulations at 
constant pressure or constant chemical potential [ 191. Achieving hydrostatic equili- 
brium can be extremely difficult. 

One of the objectives of a realistic model of an electrochemical system should be 
that a bulk phase with more or less isotropic properties is established or, equivalently, 
that the interfaces bounding the liquid phase are effectively decoupled. When the 
interfacial width is large, the minimum system size necessary to decouple the inter- 
faces can also become quite large, leading to an excessive need for computational 
resources. The collective influence of the metal electrons on the liquid phase prop- 
erties is often modeled by the classical image charge model (see below). In this 
case, the existence of two equivalent interfaces makes the calculation of long-range 
multiple image interactions necessary, which also leads to strong coupling between 
the interfaces. However, t h s  is usually not desired, as a small slab of 20-50A 
thickness between two ideally polarizable metallic phases is not an adequate model 
of the electrochemical interface, except, e.g., to describe liquid junction experi- 
ments [33]. 

Therefore, alternative arrangements have also been used in the literature. If the 
solid phase is rigid and thick enough so that the water-metal and ion-metal inter- 
actions are fully converged such a system is equivalent to one with four interfaces, 
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Fig. 4. Snapshot from a simulation at room temperature of 259 water molecules, one I- ion and 4 non- 
mobile layers of a face-centered cubic mercury crystal with (1 11) surface structure. Only the basic cell is 
shown; periodic boundary conditions are applied in the x and y directions only. 

two vacuum/solid and the two solid/liquid interfaces of interest (as shown in Fig. 2b). 
In many cases it is convenient to simulate the liquid/solid interface together with a 
liquid/gas interface. In order to avoid the ‘loss’ of molecules from the liquid state into 
an infinitely large gas phase, the latter is then confined on one side by a smooth wall 
(W in Fig. 2c). Such a system also consists of 4 interfaces, namely vacuum/solid, the 
electrochemical solid/liquid interface, a liquid/gas and a gas/wall interface (Fig. 2c). 
As an example for such a system, a snapshot from a simulation of an electrochemical 
interface between mercury and an aqueous solution of one ion in water is shown in 
Fig. 4. 

Typical systems contain between several hundred and a few thousand water 
molecules. The number of ions is much smaller. In practice, it is determined by two 
contradicting requirements, namely (i) the need to achieve small concentrations, as 
they are typical for most experiments, and (ii) the statistical efficiency of the simu- 
lation, which requires the average over as many ions as possible. As a compromise, 
electrolyte concentrations are usually in the range between 0.5 and 3 mol/l. As more 
powerful computers become available and thus the simulation of larger systems 
becomes possible, systems at lower concentrations can be investigated. Typical time 
scales for Molecular Dynamics simulations reach up to about 2 nanoseconds at 
present. 

3.2 Interaction Potentials 

3.2.1 Water-Water Interactions 

A large number of models for liquid water has been developed in the past 25 years 
(for a brief review, see, e.g., Ref. 34). Three classes of models can be distinguished: 
“rigid” models, “flexible” models, and “polarizable” models. The most simple ones, 
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the rigid models, consider the molecule as an undeformable unit with various inter- 
action sites specified within a molecule-fixed coordinate system. The majority of the 
rigid water molecules assumes only three partial charges, which can coincide with the 
atom sites (as, e.g., in the SPC/E model [35]) or are displaced from the atomic posi- 
tions (as in the TIP4P model [36]). The partial charges are chosen in order to repro- 
duce the molecular dipole and quadrupole moments (either the gas phase values or 
some ‘effective’ liquid state values) and other liquid state properties. For the SPC/E 
model, the partial charges on oxygen and hydrogen atoms are -0.8476 and 0.4238 
elementary charge units, respectively. In addition to the electrostatic interactions, all 
water models incorporate a nonelectrostatic contribution that is usually modeled by a 
Lennard-Jones function, but in some cases, as in the MCY model [37], also by 
exponential functions. 

In the presence of strong intermolecular forces, as they occur in hydrogen bonded 
liquids, the assumption of undeformable molecules is fairly restrictive. Flexible water 
models have been developed in order to describe the response of intramolecular 
geometries to intermolecular forces. Among others, the BJH model [38] has been 
used frequently in a variety of studies of electrochemical system by Heinzinger and 
coworkers and other groups. 

Polarizable water models attempt to modify the internal charge distribution in 
response to the electric field produced by the environment. They are usually exten- 
sions of rigid or flexible models on the basis of various isotropic and anisotropic 
approximations to the molecular polarizability of the water molecule. 

All successful water models make use of a distribution of point charges rather 
than of point multipoles. The main reason is that the directional properties of inter- 
molecular hydrogen bonds can be obtained efficiently with only 3 or 4 point charges. 
Furthermore, Goldman and Backx [39] have shown that model molecules with such 
distributions of point charges are more effective as solvents (for instance in their 
ability to dissociate ion pairs) than molecules with equivalent point dipoles and 
quadrupoles. 

The choice of a water model is usually not a completely rational decision. It 
rather reflects personal preferences or convenience (e.g., the existence of computer 
code for a particular model) in addition to objective criteria. Most of the models 
reproduce the properties of liquid water in an approximate fashion; all have their 
shortcomings. Rigid water models are often used for reasons of simulation economy, 
especially in inhomogeneous environments like the liquid/solid electrochemical 
interface. In computer simulation studies one objective is always to cover as much 
“relevant” phase space (equivalent to real simulation time in Molecular Dynamics) 
as possible at a reasonable cost of computer time. The highest frequency motions 
(usually the internal molecular vibrations) limit the length of the time step for the 
numerical integration of the equations of motion in MD simulations. Because of the 
absence of intramolecular degrees of freedom rigid models permit longer integration 
time steps and thus minimize the amount of computer time required to follow the 
intramolecular dynamics for a specified amount of real time. Consequently most of 
the simulations of interfacial properties so far have been carried out using rigid 
models. Since geometry changes of molecules in the vicinity of the interface are 
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usually small, the use of rigid models is often adequate. A recent comparison showed 
no significant difference between the properties of (flexible) BJH and (rigid) TIP4P 
water in contact with a model mercury surface [40]. 

Polarizable water models are even more costly because the internal charge dis- 
tribution of each molecule has to be determined self-consistently together with the 
external electric fields. However, with recent developments in computer technology, 
these models are being more frequently used nowadays, and expertise about their 
most efficient use is building up. A variety of polarizable models have been derived 
on the basis of the SPC/E and TIP4P models, some of which have been used in 
interfacial simulations [41-431. With the strong electric fields and field gradients 
occuring in the vicinity of an electrode, the use of polarizable models in interfacial 
simulations may turn out to be essential in some systems. Therefore, comparative 
studies of polarizable and unpolarizable models in the vicinity of realistic metal sur- 
faces have recently been started [44]. First results indicate, however, that simulations 
of liquid/gas interfaces will benefit more from the use of polarizable models than 
simulations of liquid/metal interfaces (see also section 4.1). Recent algorithmic 
advances (notably the RESPA scheme [45] and the fluctuating charge force fields 
[46]) are likely to overcome some of the problems associated with flexibility and 
polarizability and will further the use of flexible and polarizable models in the future. 

3.2.2 Water-Surface Interactions 

A variety of different models of the interface between water and a solid phase have 
been used in computer simulations. As far as the solid is concerned, a basic dis- 
tinction can be made between smooth solid phases without atomic structure on the 
one hand and corrugated surfaces on the other. The latter surfaces have been mod- 
eled as rigid (frozen) or flexible atomic lattices representing the solid phase [47-511 or 
as a corrugated external potential that describes the effect of the solid phase by a 
more or less elaborate potential function V ( x ,  y ,  z )  [52-561. The generic metallic 
features are modeled by treating the metal phase as a medium of infinite dielectric 
constant or by using the jellium model (e.g., Ref. 57-59). In several cases, the results 
of semi-empirical and ab initio quantum chemical calculations have been para- 
metrized [40, 48, 551. 

In the so-called “image charge” model, surface-mediated forces are introduced by 
adding the interactions of a charge in the liquid phase with the images of all charges 
in the metal phase. The positions of the image charges are obtained by reflexion at 
the static image plane. When, like in electrochemical simulations, the electrolyte sol- 
ution in vacuum is in contact with a conducting metal electrode of infinite dielectric 
constant, the values of the image charges are just the negative values of the real 
charges. Figure 5 illustrates the application of the image charge model. All pairs of 
real charges interact with each other, those image terms originating at the Cl- ion are 
outlined by dashed lines. Calculations of the position of the static image plane (e.g., 
using a charged jellium surface [60]) show that it is shifted from the surface plane of 
atom centers towards the liquid phase by about 0.5-1.OA. 

The one-dimensional jellium model of a metal [61-641 has been used quite fre- 
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quently to model the response of a metal to electric fields or the adsorption of ordered 
atomic layers on metal surfaces (see Ref. 65 for a recent review) and in analytical 
double layer studies of the metal/electrolyte solution interface (e.g., Ref. 58-60, 66- 
71). In the jellium model, the ionic charges of the metal ion cores are smeared out 
into a constant positive background charge, which drops abruptly to zero at the 
metal surface. The electrons are modeled as a quantum mechanical plasma within the 
framework of density functional theory. They interact with the background charge 
and with any external fields such as those caused by surface charges or ions and 
solvent molecules in the liquid phase. The electrons can penetrate into the region 
outside the positive background, i.e., into the solution. 

Schmickler and Leiva [72] investigated the changes in the jellium charge dis- 
tribution by explicitly incorporating the interaction of the jellium with liquid water 
(described by a central force model). They proceeded by specifying a surface charge 
density on the electrode, then performed a simulation at that surface charge, and 
used in turn the calculated average potential of the liquid phase (averaged over 
several configurations) as the external potential for the determination of the elec- 
tronic density of the jellium. More recently, Shelley et al. [73] improved this approach 
by using an iterative scheme and applied it to waterlmercury interfaces. They first 
solved for the jellium density near a vacuum; then they performed a grand-canonical 
Monte Carlo simulation of water under the influence of the electrostatic potential of 
the jellium. The average electrostatic potential produced by the aqueous phase was 
then used as the external potential to determine the jellium density in the next iter- 
ation cycle. The authors claim that two to three cycles are usually sufficient to obtain 
convergence. A logical extension of this scheme is to solve for the jellium density self- 
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consistently and simultaneously with the equations of motion. With this approach the 
importance of fluctuations of the jellium density can be investigated; it is indeed 
found that the fluctuations play only a minor role [74]. 

A completely different description of the waterlmetal interface that is capable of 
taking into account some specific properties of various metals and surface structures 
is the approach taken first by Singer and coworkers [75] for salt surfaces and later by 
Spohr and Heinzinger (471 for metal surfaces. Here, the solid electrode is modeled as 
a regular lattice of atoms which interact with the molecules in the liquid phase 
through potential functions that are specific for the given metal. The collective effect 
of the delocalized metal electrons can be taken into account by means of the image 
charge model. These models of the interface permit a more realistic description of 
structure and processes at a real electrochemical interface. Taking into account the 
atomic structure of the solid does not increase the computer time significantly. These 
models belong to the class of chemical models. 

The local interactions between the metal atoms and water molecules or ions have 
been obtained from semiempirical and ab initio quantum chemical cluster calculations 
(see below). This technique has been used by the groups of Spohr and Heinzinger, 
and later by Berkowitz and coworkers, for platinum surfaces with (100) and (1 11) 
surface geometry [48, 49, 52-54, 761 and also for mercury surfaces [40, 77-81]. 

Spohr [49] used the parametrized [48] extended Huckel cluster calculations for the 
interaction of water with a 5-atom platinum cluster 1821 representing the quadratic 
Pt( 100) surface. The key results of the semiempirical calculations, namely that 
adsorption occurs on top of a surface atom with the oxygen end of the molecule 
pointing towards the surface, were incorporated into the model. As normal, painvise 
additive, distance-dependent potential energy functions tend to maximize the coor- 
dination number and, therefore, lead to preferential adsorption on the hollow site, 
the pairwise oxygen-platinum interaction was taken to depend not only on the 
interatomic distance but also on its projection onto the surface plane. The strength of 
the interaction in this model thus changes as a function of the lateral distance 
between oxygen and platinum sites. It can be adjusted to result in the desired form of 
the interaction potential surface. The correct orientation is achieved by adding a 
weakly repulsive hydrogen-platinum pair potential function. 

The coefficients of a pairwise additive water-platinum potential 

have been adjusted to reproduce the energies from extended Huckel calculations in 
several geometries [82]. The resulting functions are 

and 

4H-Pt = 1.7142 e-1.2777r (4) 
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Fig. 6. Top: Total water-platinum( 100) interaction energy, from eqns. 2-5, as a function of the oxygen- 
surface distance I for water on top of a platinum atom (full line), on a bridge site (long dashes), and on a 
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the surface plane and proton-proton vector parallel to the surface (long dashes) and perpendicular to the 
surface (short dashes). 

with 

The energy is given in units of J, and r and p are given in A. The site-site dis- 
tances are denoted by r. p is the length of the projection of the distance vector onto 
the surface plane. 

The (pair) potential #O-Pt is attractive for larger Pt-0 distances only if p is small, 
leading to the preferential adsorption site on top of a platinum atom with an 
adsorption energy of 35.7 kJmol-' on the (100) surface (see below), in agreement 
with the extended Huckel calculations [82]. The distance dependence of the total 
interaction energy of one water molecule with an entire platinum crystal is shown in 
Fig. 6 for several adsorption sites and orientations. Quantum chemical calculations 
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of water interactions with A1 [83], Ni [84], Cu [85], Cu, Ag, and Au [86], and Hg 
[87,  881 clusters using different methods and cluster sizes yield binding energies in 
the same order of magnitude. These adsorption energies agree reasonably well with 
experimental estimates obtained from thermal desorption spectra, which range from 
40 to approximately 70 kJmol-' for most transition metals (see, e.g., Ref. 89-92). 
The interaction energies on sd metals are significantly larger than the adsorption 
energies of water on simple sp metals. The p-dependence of the potential leads to 
repulsive interactions between water and platinum atoms with small overlap between 
oxygen and platinum orbitals (p  large). This is consistent with the finding by Ribarski 
et al. [85 ]  that the binding energy decreases approximately by a factor of 2 in going 
from the H20-Cu to the HzO-Cus cluster. 

This approach formed the basis of various later modifications, extensions, and 
improvements by several groups of authors. In a similar manner, the results of a6 
initio calculations of mercury-water clusters at the SCF level [88] were parametrized 
[40]. These results, in turn, then formed the basis for the non-jellium part of the jel- 
lium model in 1731. Berkowitz [52-541 and later Zhu and Philpott [55]  and Spohr [56] 
followed the approach by Steele [93] and Fourier-expanded the lattice sum of all 
(painvise) interactions between the atoms in the solid and one molecule or ion in the 
liquid. Only the lowest order corrugation terms are kept in the expansion but in 
principle the summation can be extended to any desired accuracy. The procedure is 
adequate as long as there is no substantial coupling between liquid and metal 
motions that could influence the liquid structure and relaxation phenomena. Spohr 
[56] used a corrugated Morse potential for the oxygen-metal interactions and an 
exponentially repulsive potential for the hydrogen metal interactions in the form 

with 

and 

DO, a, and y are parameters that characterize the adsorption energy, the energetic 
corrugation, and the anisotropy, respectively. z1 and z2 describe the equilibrium dis- 
tance of the molecule from the surface, Po and P H  the curvature of the potential. x, y 
and z are the atom coordinates and L, and Ly are the box dimensions. m and n 
denote the number of elementary cells along the x and y directions of the periodic 
box; thus, L,r/m and L,/n are the lattice constants of the surface elementary cell. For 
the simulation of bulk water in contact with a crystal, this assumption does not lead 
to serious defects, considering the very approximate nature of the currently used 
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models. The mobility of the crystal atoms is, however, crucial for energy relaxation 
studies that can be performed with equilibrium and non-equilibrium molecular 
dynamics and trajectory techniques (e.g., Ref. 94, 95). 

Recently, Siepmann and Sprik [SO, 511 introduced a water-metal model potential 
consisting entirely of two-body and three-body terms involving oxygen and metal 
atoms. It does not require the construction of an artificial plane to describe image 
interactions or to modify interaction functions laterally; it can thus be extended to 
interfaces of arbitrary shapes. The nonelectrostatic part of the model describes the 
local weak chemisorption interaction in a manner similar to that used by Stillinger 
and Weber for liquid silicon [96]. The repulsive three-body term is constructed to 
reduce the coordination number and thus achieve preferential binding on top of a 
metal atom, in agreement with experiment [97]. An angular interaction term pro- 
duces the preferential orientation where the oxygen atom points towards the surface. 
The charge distribution in the metal is described by a set of overlapping Gaussians 
with variable “induction” charge, centered at the sites of the metal atoms. The 
charges are calculated dynamically during the simulation by an extended Lagrangian 
technique. They are obtained from the Poisson equation by the requirement that the 
electrostatic potential is constant inside the metal and has the value of the applied 
potential. 

All models of water-metal interactions used in computer simulations are limited 
by various restrictions. The generic models, while properly describing the asymptotic 
behavior of the long-distance interactions, fail at short distances and have to be 
augmented heuristically by short-range repulsive interactions of some sort. The models 
based on quantum chemistry do not exhibit the proper long-range asymptotics. They 
are useful to estimate short-range interactions like surface corrugation and orienta- 
tional anisotropy of interactions but should not be considered as quantitative on an 
absolute scale, since the calculations usually show a substantial size dependence 
and the treatment of electronic correlation is often inadequate. Furthermore, the 
simulations are usually performed on adiabatic Born-Oppenheimer type ground 
state potential energy surfaces, which are certainly inadequate in many electrochemi- 
cal situations. Much more work needs to be done and will certainly be done in 
the future on improving the interaction potential functions used in electrochemical 
modeling. 

Presently, the simulation of “real” metal surfaces with defects of all sorts is 
hampered by the restriction of system size and also because only little quantitative 
information is available concerning the specific electronic structure near these defects 
and its consequences for the binding of water molecules and ions. However, first steps 
into this direction were made recently Siepmann and Sprik [51], who investigated the 
influence of surface topology on water/electrode systems, and by Nagy and Denuault 
[98, 991, who extended the platinum-water potential to defect surfaces. However, 
since they did not take into account the electronic structure of the metal, their 
approach is purely geometrical. 

The modeling of electrochemical experiments requires, in general, the incorpo- 
ration of the effect of surface charges on the metal. This is often done by applying a 
homogeneous electric field, E, across the liquid phase. Ionic charges and solvent 
dipoles interact with this field. In real electrolyte solutions, the electric field from the 
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surface charge is screened by the ions in the interfacial region. In pure water, this is 
not the case. Gardner and Valleau [ 1001 modeled the system therefore in the follow- 
ing way: They applied the diffuse layer potential that had been derived from the 
Gouy-Chapman theory [5 ,  61 at a predetermined ion strength. This takes screening 
into account in an elegant way. Especially at high ionic strength this leads to a fast 
decay of the electrostatic potential and permits the simulation of systems with a field- 
free liquid region at moderate system sizes. However, the Gouy-Chapman theory is 
not valid at high ionic strengths. Furthermore, in reality the solvent behavior is not 
only affected by the mean field of the ions but also by localized hydration phenom- 
ena. Philpott and Glosli [101-1031 and Spohr [lo41 recently approached the screening 
problem more adequately by calculating the ionic density distribution in response to 
an external electric field as produced by a homogeneous surface charge density on a 
metal electrode (see section 5.3 below). In these studies, positive and negative surface 
charges are produced by the images of an electrolyte solution with an excess of 
anions and cations, respectively. The image interactions are augmented in the usual 
way by Lennard-Jones and corrugated Morse potentials. 

3.2.3 Ion-Water and Ion-Ion Interactions 

Ion-ion interactions are often described by a simple combination of Coulomb and 
Lennard-Jones type potential functions [105, 1061 which have also been employed in 
simulations of electrolyte solutions. near interfaces [ 107- 1091. It was noted that these 
Lennard-Jones functions are inadequate for LiCl solutions at high concentrations 
[32, 1101, as they are too repulsive at intermediate distances. Born-Mayer-Huggins 
potential functions of the functional form 

have been used alternatively; here, r is the ion-ion distance, qi and q, are the charges, 
and oj the Pauling radii of the ions, and b, p ,  Aq, C,, Dq further parameters. As the 

ion concentrations in the vicinity of the interface can be quite high, the form of the 
short-range ion-ion repulsion can have an influence on the ionic density distribution 
in the interphase. These potential functions have not yet been applied to electrolyte 
solutions near interfaces. Currently, however, not enough data from simulations of 
electrolyte solutions are available to assess the importance of the details of the ion- 
ion potential functions in simulations of the interface. 

The ionic charges also interact with the distributed point charges of the water 
model (for more information see, e.g., the reviews by Heinzinger and coworkers 
[ 105, 106, 11 11). The equilibrium structure of the hydration shell and the energetics of 
hydration result from these terms and from Lennard-Jones type or exponentially 
repulsive potential terms acting between the oxygen and hydrogen atoms of the mole- 
cule and the ion. The models are either empirical in nature, reproducing experimental 
data like hydration energies or X-ray and neutron scattering studies, or they are 
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derived from ab initio quantum chemical calculations. In a few simulation studies of 
bulk electrolyte solutions (e.g., Ref. 112, 113) the importance of three-body terms in 
the ion-water interaction potentials has been demonstrated; no corresponding studies 
have been made near interfaces. 

3.2.4 Ion-Metal Interactions 

Currently, the realistic modeling of the ion-metal interactions is the most severe 
limitation of simulation studies of electrochemical systems. Unfortunately, it may be 
the most important aspect of the model in order to describe many experimental 
observations, like, e.g., specific adsorption and partial charge transfer. The simplest 
model for the interaction of an ion with an ideal metal surface is the image charge 
model (see above). At short range, the electronic structure of both the metal and the 
ion comes into play and leads to a modification of the potential function, thus com- 
pensating the divergent attraction term by the repulsion between the atomic and ionic 
cores. A shortcoming of the image model is that it is neither specific for the ion nor 
for the metal. However, since the model incorporates some generic properties of 
the metal surface, it has been widely used. Ion-jellium interactions, in analogy to 
the water-jellium interactions described above, have so far not been used; however, 
it is a natural extension of existing models and will incorporate at least some metal 
specificity. 

An alternative to these simple, more or less unspecific, models is the use of ab 
initio electronic structure calculations, in a similar spirit as in the corresponding 
water-metal models [40, 491. Most studies so far have been performed with the cluster 
model approach [114]. In this approach, a finite number of atoms is chosen to model 
a local site on the crystal surface. Usually, the geometry of the substrate is kept fixed. 
The size of the substrate cluster varies between 4 and 20 metal atoms. The geo- 
metrical arrangement of the surface atoms is usually taken from the unreconstructed 
surface. 

In order to obtain a potential energy surface from ab initio calculations, the 
interaction energies for many different ion positions relative to the metal cluster have 
to be calculated. Therefore the use of small clusters and approximate methods is 
necessary. Seitz-Beywl et af. [115] investigated Li+ and I- on 5-atom and 9-atom 
platinum clusters, respectively, cut out from a Pt(100) surface on the SCF level. 
Bagus, Pacchioni and coworkers studied the adsorption of halogens on small silver 
clusters extensively [ 11 6-1 181 and analyzed the ionicity of the bond by means of a 
projection operator approach. With this method, they did not find significant charge 
transfer between metal cluster and halogen in the neutral clusters. Blanco et af. 
investigated the binding of halogen atoms and halide ions to small mercury clusters 
[119, 1201. Toth et af. [I211 compared the interactions of the electrochemically 
abundant alkali and halide ions with 9- and 10-atom mercury clusters cut out from a 
(1 11) surface by means of SCF calculations. Recently, Ignaczak and Gomes [122] 
studied halide adsorption on copper, silver, and gold surfaces. While Blanco et af. 
[119, 1201 investigated only the binding in the on-top position of a seven atom mer- 
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cury cluster, in Ref. 121 the distance variations above the on-top, hollow, and bridge 
positions have been obtained. Analytical potential functions have been fitted to the 
binding energies in order to obtain potential energy hypersurfaces suitable for MD 
simulations. Using these analytical potential functions, the interactions of the ions 
with the extended surface have been calculated. For most ions, the hollow position 
with the maximum coordination was found to be energetically slightly favored over 
the bridge position. Only in the case of Li+ and Naf the bridge position was slightly 
more favorable than the hollow site. 

It should be noted here that the results of cluster calculations can at present only 
be qualitative in character. Energies and partial charges are not converged with 
respect to metal cluster size and level of approximation. The value of the calculations 
lies more in the opportunity to compare different ions with each other (in a given 
group) and the relative stability of different adsorption sites. The prediction of abso- 
lute adsorption energies is hardly possible. More promising for the future are calcu- 
lations of adsorbates on periodic surfaces within the framework of the local density 
approximation of density functional theory (e.g., Ref. 123). 

3.3 Long-range Interactions 

The potential functions discussed in the previous section include a Coulomb term. 
Since this term is of very long range, the electrostatic interactions do not decay to 
zero over the length scale of the system under study. Therefore, these interactions 
either have to be truncated, or appropriate long-range corrections have to be made. 
Truncation methods usually give reasonable (in the sense of being qualitatively cor- 
rect) results in polar bulk liquids, owing to the fact that they are isotropic and that 
the intermolecular correlations decay rapidly. 

Near the interface, however, the liquid is anisotropic and, due to the interactions 
with a structured substrate, the correlations can be of much longer range. Therefore, 
spherical truncation methods are often inappropriate. This is especially the case, 
when the focus of interest is on charge distributions, electrostatic fields, and poten- 
tials, as it usually is in simulations of the electrochemical interface. It was recently 
demonstrated convincingly by several authors [124, 26, 271, that the use of lattice 
summation methods based on the Ewald method [24] or the fast multipole method 
[29, 281, are essential for an adequate model of an electric double layer. Specifically, it 
was demonstrated that the interfacial potential drop obtained from simulations 
depends on system size and, furthermore, that no ‘bulk’ region of vanishing electro- 
static potential is established in the simulation cell, when using spherical truncation 
schemes. The absence of a field-free bulk region will lead to spurious features in ion 
density profiles and other properties. Ewald summation methods on the other hand, 
especially those for systems periodic in two dimensions (with no coupling between 
equivalent interfaces, as in Fig. 2b), but also three-dimensional summation schemes 
(which couple equivalent interfaces in a three-dimensional crystal, see Fig. 2a) lead to 
the establishment of a bulk region with constant electrostatic potential in a simu- 
lation cell. The use of Ewald summation methods is, therefore, strongly recom- 
mended in order to avoid artefacts of the calculations. 
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4 Water/Metal Interfaces 

The interface between a metal and pure water is, for reasons discussed previously, 
much better studied than the corresponding electrolyte solution/metal interface. A 
wealth of information, most notably on the density variation with distance, arrange- 
ments and correlations within the adsorbate layer, and orientational properties, but 
also on hydrogen bonding and the electrostatic potential drop have been generated. 
From it, some general conclusions can be derived, that do not depend on the fine 
details of the interaction potentials used. In this section, I will try to elucidate the 
emerging picture of the ion-free double layer. Various facets of the problem will be 
illustrated by taking examples from my own work. 

4.1 Density Profiles 

Density profiles are the central quantity of interest in computer simulation studies of 
interfacial systems. They describe the correlation between atom positions in the liquid 
and the “interface” or “surface”. Density profiles play a similarly important role 
in the characterization of interfaces as the radial distribution functions do in bulk 
liquids. In integral equation theories this analogy becomes apparent when formalisms 
that have been established for liquid mixtures are employed. Results for interfacial 
properties are obtained in the simultaneous limit of infinitesimally small particle 
concentration and infinite radius for one species, the “wall particle” (e.g., Ref. 125- 
129). Of course, this limit can only be taken for a smooth surface that does not con- 
tain any lateral structure. Among others, this is one reason why, up to now, integral 
equation theories have not been able to move successfully towards realistic models of 
the double layer. 

For real corrugated surfaces, in principle the full single particle density p ( x , y ,  z ) ,  
where (x, y ,  z )  denote the Cartesian coordinates, has to be considered. The one- 
dimensional normalized density function p(z) can be regarded as the lateral average 
of the full density function p ( z )  according to 

where A is the area of the surface within the basic box employed in the simulation. 
Usually, only p(z) is calculated from computer simulation studies, mainly for two 
reasons: most importantly, (i) because in liquids the lateral order vanishes usually 
beyond the first, in a few cases beyond the second layer of molecules, it is more 
instructive to view the lateral structure in the adsorbed layer separately (see below); 
and, (ii) because p is a position-dependent single-particle property, statistically 
meaningful averaging is only possible with very long simulations when the particles 
have probed a large portion of space by diffusion. 
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Fig. 7. Oxygen density profile from a 50 ps simulation of 385 water molecules that are confined on the left 
side by a simple (9-3) Lennard-Jones potential (1371 and on the right side by 4 layers of mercury with a 
( I  11) surface structure. 

Figure 7 shows the oxygen density profile for a lamina of water that is confined 
on the left side by a smooth (9-3) Lennard-Jones surface and on the right side by a 
rhombohedra1 mercury crystal with (1 11) surface structure. The mercury phase was 
modeled as a rigid crystal in order to avoid the complications in the simulation of the 
liquid state of mercury (see also Ref. 81, 130, 131). The atom-atom distances are 
chosen in accordance with the x-ray study by Bosio et al. [132]. These authors con- 
clude that the structure of liquid mercury can be described in a good approximation 
as a solid a-mercury lattice with a larger lattice constant in z direction. The surface of 
such a crystal shows rather low corrugation. The changes in water structure in con- 
tact with a liquid mercury phase are discussed below. 

The figure demonstrates clearly the major differences between the water structure 
next to a metal surface and near a free or unpolar surface. Due to the significant 
adsorption energy of water on metal surfaces (typically of the order of 20 to 
40kJmolF'; see, e.g., Ref. 97) strong density oscillations are observed next to the 
metal (right side of the lamina) which are absent near the smooth wall on the left 
side. Between three and four water layers have been identified in most simulations 
near uncharged metal surfaces, depending on the model and on statistical accuracy. 
Beyond about 10-1281 from the surface the density is typically constant and equal to 
the bulk value. In strong unscreened electric fields several authors [133-1361 have 
observed a phase transition towards a ferroelectric crystalline state in their simu- 
lations. However, it should be kept in mind that these systems, because of the absence 
of ionic screening, are rather unphysical in nature. 

4.1.1 Dependence on Adsorption Energy 

Spohr investigated the dependence of the shape of the oxygen density profiles on the 
adsorption energy [56]. The model contains a simple scaling parameter, DO, that 
determines the adsorption energy (see Eq. (7) and Eq. (8)). 
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Fig. 8. Normalized oxygen density profile per- 
pendicubdr to the surface from simulations of 
pure water with adsorption energies of 12, 24, 
36, and 48 kJ/mol (from bottom to top). The 
lower curves are shifted downwards by 0.5, 1 .O, 
and 1.5 units. The inset shows the height of the 
first (diamonds) and second peak (crosses) as a 

0 2 4 6 8 z / A function of adsorption energy. 

Figure 8 shows the oxygen density profiles for four values of DO equal to 12, 24, 
36, and 48 kJ/mol. In the inset, the height of the first (diamonds) and second peak 
(crosses) of the density profile are shown for the pure water simulations correspond- 
ing to these values of DO and to several intermediate ones. A monotonic increase of 
peak heights is observed with increasing adsorption energy. Both curves level off at 
high adsorption energies. At low adsorption energies, peak heights approach 1 for 
DO 4 0. This is in keeping with the observation that only small density variations are 
observed in simulations of water in contact with weakly attractive surfaces (see e.g. 
Ref. 137, 138). The experimentally accessible adsorption energy of water on a tran- 
sition metal surface can thus be regarded as an indicator for the degree of local 
structuring in the vicinity of the interface. 

The density profiles obtained from atomic models (platinum [49] and rigid mer- 
cury surfaces [40]), where water-metal interactions are described by pairwise additive 
atomatom interaction potentials, are similar in shape. Height and width are corre- 
lated with the depth and force constant of the interaction potential. A similar corre- 
lation between peak height and interaction energy holds for water near a variety of 
different smooth model surfaces (see Ref. 139 and references therein). 

4.1.2 The Liquid Water/Liquid Mercury Interface 

In experimental studies the liquid mercury electrode has been prototypical for a long 
time. Modeling the liquid mercury electrode is complicated by the fact that knowl- 
edge of mercury-mercury interactions is required. The liquid mercury/liquid water 
interface was investigated by Heinzinger and coworkers [78, 811 using a pseudo- 
potential ansatz. 

Figure 9 compares the oxygen and hydrogen density profiles for the interface 
between pure water and rigid mercury (solid lines; taken from Ref. 40) and water and 
liquid mercury (short dashes; taken from Ref. 78). The features of the water density 
profiles at the liquid/liquid interface are washed out considerably relative to those at 
the liquid/solid interface. However, in the first layer this effect is almost entirely due 
to the roughness of the mercury surface: not all mercury atoms at the interface are in 
the same plane (at z = 0) but cover a range of approximately 1.3 (see Figure 1 in 
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Fig. 9. Oxygen (top) and hydrogen (bottom) density 
profiles of water near a rigid mercury crystal (full line) 
and near liquid mercury (short dashes). The long- 
dashed curves are the convolution of the density pro- 
files near the rigid crystal and the first maximum in the 
liquid mercury density profde according to Eq. ( I  1) 
and 12. The dashed curves are shifted downward by 

0 2 4 6 8 10 12 I / A one or two units for better legibility. 

Ref. 78). The width is larger than the width of the oxygen and hydrogen peaks near 
the solid surface. Consequently, in order to compare the liquid/liquid with the liquid/ 
solid interface, the density distribution near the rigid surface can be convoluted with 
a width function W(Z) due to the mercury motion according to 

00 

p’(z) = 1 p(z’)w(z - z’) dz’. 
-m 

The width function is the normalized shape of the first mercury peak in the density 
profile, approximated as a Gaussian distribution of width CJ = 1.3 A 

Jz 2 w(z) = -exp[-2(z/o) 1. 
f i . 0  

The convoluted density profiles are plotted in Figure 9 as the long-dashed curves. The 
convolution accounts for almost all the structural differences in the range z < 5A. 
The heights of the first peaks of the oxygen and hydrogen density profiles after con- 
volution are identical to those of the respective functions at the liquid/liquid inter- 
face. The intermediate maxima in the hydrogen density profiles around 4.3 and 5.1 A 
vanish. Only in the second layer there are slight structural differences; the second 
peak is further away in the simulation of the liquid/liquid interface than in the 
corrected function. 

4.1.3 Dependence on External Electrical Field 

Recently, Toney et al. [ 1401 published the results of X-ray reflectivity measurements 
on dilute aqueous sodium fluoride solutions near positively and negatively charged 
silver electrodes with (1 11) surface geometry. The analysis shows an oscillatory den- 
sity profile with three or four density maxima near the interface, qualitatively similar 
to the results in Fig. 7. They also found a very large shift of the distance of the first 
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Fig. 10. Oxygen density profiles from loops simulations of 700 water molecules between mercury surfaces 
with ( 1  1 I )  surface structure in homogeneous external electric fields. The surface charge density (in units of 
pC cm-*) is indicated. 

maximum of the oxygen density profile away from the electrode when going from 
positive to negative field strengths. The data could only be explained by an enor- 
mously large water coverage [140] of 1.1 and 1.8 water molecules per silver atom at 
negative and positive surface charge densities, respectively. 

Figure 10 shows the oxygen density profile from MD simulations of pure water at 
various surface charge densities. Since there is no ionic screening in the liquid, the 
surface charges translate into homogeneous electric fields across the liquid phase. 
Since no quantum chemical calculations for water adsorption on silver are currently 
available, the simulations were run for water near mercury with (1 11) surface struc- 
ture. Indeed, a shift of the first maximum of the oxygen density is observed in anal- 
ogy to the results in Ref. 140. However, no drastic increase in total particle density is 
found in the adsorbed layer. Contrary to experiment, at the high surface charges of 
+_ 17.7 pC cmP2, the density decreases. However, like in the simulations by Watanabe, 
Brodsky and Reinhardt [ 133, 1341 and, more recently, Xia and Berkowitz [ 135, 1361, 
the liquid phase is unstable at this high field strength: there is a spontaneous tran- 
sition to a ferroelectric crystalline phase. 

At all field strengths, the surface coverage is slightly less than 1 water molecule 
per mercury atom. The surface spacing of mercury atoms is 3.O& which is larger 
than the one for Ag( 11 1) of 2.88 A (neglecting surface reconstruction and relaxation). 
Therefore, the surface area of one silver atom on the Ag( 11 1) surface is smaller by 
about 10% than in the simulation. Consequently, a coverage of not larger than about 
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Fig. 11. Normalized density profiles of 
oxygen and hydrogen atoms for systems 
with (a) no surface charge density on 
the Pt surface, (b) surface charge density 
of 8.85pCcm-*, (c) 26.55pCcm-*, and 
(d) 35.40 pC cm-*. The positively charged 
surface is on the left, the negatively 
charged surface is on the right. (Repro- 
duced with permission from Ref. 135.) 

0.9 molecules per surface atoms would be expected from MD simulations. In spite of 
the simple, or even simplistic, nature of the interaction models, it seems very unlikely 
from the simulations and geometric considerations that water coverages as high as 
the ones quoted in Ref. 140 can occur. A simple calculation based on the jellium 
model by Schmickler et al. [68] appears to be able to reproduce qualitatively the 
observed change in metal oxygen distance. This work, however, does not address the 
problem of the extremely high densities. 

Xia and Berkowitz [ 1351 analyzed the structural changes of a slab of water similar 
to the one in Fig. 3 between uncharged and charged Pt walls. Figure 11 from their 
work shows the oxygen and hydrogen density profiles for 4 different surface charge 
densities. The figure quite clearly shows that, starting at cro = 26.55 pC cm-2, the 
surface charge and the concomitant electric field lead to a more pronounced ordering 
near the positively charged surface on the left (c) than near the uncharged surfaces 
(a). At the highest surface charge density investigated by the authors (d) all oxygen 
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and all hydrogen atoms are arranged in distinctive layers. The ordering is ferro- 
electric, as all the maxima of the hydrogen density are shifted by about 0.5A to the 
right of the corresponding oxygen maxima, indicating almost complete dipole ori- 
entation. The authors illustrate the ordering by snapshot configurations and present 
further evidence for a reduction of surface coverage with increasing surface charge 
density as a consequence of changes in lateral structure and dynamics. 

The experiments by Toney and coworkers are very important since they provide 
at the present time the only direct experimental evidence for the layering of water 
molecules in the vicinity of metal surfaces. However, they also have been highly 
controversial because of the extreme increase in density. Simulations show an 
increase in correlation, not in total density. The discrepancies are probably an indi- 
cation for specific adsorption or another yet unknown electrode process in the 
experiments. In the near future another series of experiments will be performed by 
Ocko and coworkers which will hopefully resolve the controversy. 

4.1.4 Other Parameters 

When the corrugation of the surface is not too large, i.e., the energy difference 
between the most favorable and the most unfavorable adsorption site is less than 
about 20% of the overall adsorption energy, it does not influence the density profile 
significantly in the direction perpendicular to the surface, in spite of the fact that 
substantial lateral correlations exist within the adsorbed layer of molecules. Weak 
correlations between favorable adsorption sites and preferred locations for molecules 
in the second layer have been observed (see Fig. 5 in Ref. 49). They are a con- 
sequence of the interactions between second-layer molecules and the molecules in the 
ordered adsorbate layer. 

It is increasingly realized that many-body induction interactions should be 
included in computer models, especially in inhomogeneous environments. Kohlmeyer 
et af. [44] therefore investigated the role of molecular polarizability on the density 
profiles of a slab of water in contact with several different metal surfaces. They 
employed the polarizable TIP4P model by Rick and Berne [46]. It was found that the 
density profiles are almost identical near a metallic surface; the liquid/gas interface 
appears to become slightly wider. Earlier studies of polarizable water at a hydro- 
phobic wall by Wallqvist [141] and near the liquidlgas interface by Motakabbir and 
Berkowitz [ 1421 also concluded that polarization effects are of secondary importance. 

Finally, a note on the dependence on the electrostatic boundary conditions of the 
simulation is in order here. The atom density profiles obtained from simulations with 
and without proper treatment of the long-range interactions look very similar. 
However, when the charge density, i.e., the difference between properly weighted 
oxygen and hydrogen densities, is calculated, small discrepancies become evident, 
once the statistical accuracy of the density profiles is sufficiently high. In the running 
integrals over the charge densities, which correspond to the average electric field and 
potential, these discrepancies lead to qualitatively different potential distributions, 
namely a field-free bulk-like region in the case of Ewald summations and an 
unphysical situation in the case of spherical truncation methods (see section 3.3 and 
Ref. 26, 27, 124). 
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Lateral density fluctuations are mostly confined to the adsorbed water layer. The 
lateral density distributions are conveniently characterized by scatter plots of oxygen 
coordinates in the surface plane. A dot is made at the atom position at a specified 
interval of time (here 0.1 ps). Figure 12 shows the scatter plots of water molecules 
in the first (top) and second layer (bottom) near the Pt(100) (left) and the Hg(ll1) 
surface (right). The figure demonstrates that the lateral inhomogeneity is more pro- 
nounced for the Pt( 100) surface than for the Hg( 11 1) surface, in keeping with the 
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Fig. 12. Lateral density distribution of oxygen atoms in the first (top) and second layer (bottom) on Pt(100) 
(left) and Hg( 1 I I )  (right). A symbol is plotted at time intervals of 0.1 ps. 
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larger corrugation on the Pt( 100) surface. In the first layer, the oxygen distribution 
clearly shows the structure of the substrate lattice. The oxygen motion is predom- 
inantly oscillatory rather than diffusive. In the second layer, the distribution is almost 
random, except for a trace of order in the case of Pt(100) (see Ref. 49 for further 
discussion). 

The data in Fig. 12 are qualitatively similar to those obtained in the group of 
Berkowitz [52, 54, 53, 1431 with a modified version of the platinum-water interaction 
potential described in section 3. They compared the structure near Pt(100) and 
Pt( 11 1)  in detail and noted that the motion of water in the first layer is oscillatory 
about equilibrium positions and thus characteristic of a solid phase, while the motion 
in the second layer has more liquid-like character. These authors also point out that 
on Pt( 100) all surface sites are occupied while there are vacant site on the Pt( 11 1) 
surface; this is a consequence of the fact that adsorbed water has a tendency to form 
hexagonal rings. The coverage of adsorption sites is only about 0.8 on the (1 11) face; 
however, the number of water molecules per surface area is roughly equal on both 
surfaces. The vacant sites make hopping motions between neighbouring sites more 
likely on the (1 1 1) surface than on the (100) surface and thus lead to a larger lateral 
mobility on the (1 11) face [53]. 

4.3 Pair Correlation Functions 

The strength of the water-metal interaction together with the surface corrugation 
gives rise to much more drastic changes in water structure than the ones observed in 
computer simulations of water near smooth nonmetallic surfaces. Structure in the 
liquid state is usually characterized by pair correlation functions (PCFs). Because of 
the homogeneity and isotropy of the bulk liquid phase, they become simple radial 
distribution functions ( RDFs), which do only depend on the distance between two 
atoms. Near an interface, the PCF depends not only on the interatomic distance but 
also on the position of, say the first, atom relative to the interface and the direction of 
the interatomic distance vector. Hence, considerable changes in the atom-atom PCFs 
can be expected close to the surface. 

Corrugation effects give rise to pronounced lateral correlations, which can also be 
characterized by the scatter plots shown in section 4.2. The corresponding PCFs have 
been investigated by Spohr [49] and Heinzinger [144, 1451 for Pt(100) and by Bocker 
et al. [8 I ]  for mercury surfaces. 

The influence of density inhomogeneities in the vicinity of the interface on the 
PCF is visualized in the most simple way by calculating the RDFs separately when 
one particle, call it i, is located in a certain distance interval from the surface. These 
functions then predominantly characterize the effect of inhomogeneity but also some 
aspects of the anisotropy of the correlations. Figures 13 and 14 show the atom-atom 
RDFs gu for the “i particle” located in the first (full) and second (dashed) water layer 
near the Pt( 100) surface and the Hg( 1 11) surface, respectively. 

In both systems the RDFs in the second layer are very similar to the ones in the 
center of the lamina (not shown), which, in turn, are identical to the RDFs in bulk 
liquid water at the same temperature. The layer of adsorbed water molecules (full 
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Fig. 14. Intermolecular oxygen-oxygen, oxy- 
gen-hydrogen, and hydrogen-hydrogen dis- 
tance distribution functions with the reference 
atom in the first layer (full lines) and second 
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2 4 6 8 T / A layer (dashed lines) near the Hg( 1 I I )  surface. 

curves) behaves significantly different from the bulk. The oxygen-oxygen RDFs show 
a much more pronounced structure. In both systems the first neighbor peak is 
strongly enhanced but its position is not shifted from the bulk distance, 2.85 A. The 
Pt( 100) and Hg( 11 1) crystal matrices obviously support the nearest-neighbor oxygen- 
oxygen arrangement in spite of the mismatch between water-water distance and 
nearest neighbor distances of the substrate. 

Near Pt(100) several new maxima occur beyond the first neighbors at about 3.9, 
5.6, 6.3, and 8.7 A together with a shoulder around 8 A while the maximum found in 
bulk water at 4.5 A vanishes. The new maxima are induced by the periodicity of the 
surface adsorption sites on the quadratic lattice, which are positioned at 2'12, 2, 51/2,  
81/2 ,  3 ,  and loll2 times the nearest neighbor distance d .  Similarly, the pronounced 
maximum around 5.5 A near Hg( 11 1 )  is induced by the adsorption sites at 31/2d and 
2d, and the maximum near 8 A originates from the adsorption sites at 71/2d and 3d 
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Fig. 15. Anisotropic oxygen-oxygen pair correlation functions goo(p, i) for the adsorbate molecules (left), 
the molecules in the second layer (middle), and the molecules in the bulk-like center of the water lamina 
(right) between Pt( 100) surfaces. p is the transversal and i the normal part of the interatomic distance. 

on the hexagonal lattice. The oxygen-hydrogen and hydrogen-hydrogen RDFs in the 
vicinity of the Pt( 100) surface also exhibit additional maxima. The distances at which 
they occur can be related to hydrogen bonds between adsorbed water molecules on 
neighboring adsorption sites [49]. 

Figures 13 and 14 show the effect of density inhomogeneities on the atom-atom 
PCFs, averaged over all possible orientations of the atom pairs relative to the inter- 
face. In Fig. 15 the degree of anisotropy of the oxygen-oxygen PCF is further ana- 
lyzed for water near the Pt( 100) surface in the surface layer (left), in the second layer 
(middle), and in the center of the lamina (right). The figure shows goo(p, z) which is a 
representation of the PCF as a function of two components of the distance vector. 
p = roo sin 9 is the component of the interparticle distance parallel to the surface and 
z = roo cos 9 the component perpendicular to the surface. 9 is the angle between the 
surface normal vector (z-direction) and the 0-0 vector roo. From the left part of 
Fig. 15 one concludes that the changes beyond the first neighbor shell of goo(r) in 
the adsorbate layer are due mostly to correlations within the adsorbate layer. The 
PCFs show the characteristic long-range oscillations along the p axis that were seen 
in Fig. 13. Near the surface there is an increased probability of finding a neighbor in 
the direction away from the surface as indicated by the peak at z % 3 A and p z 0 A. 
This observation is reflected by the increased probability for second layer molecules 
to find a neighbor at z z -3 A and p z OA (Fig. 15, middle). The two peaks are 
consistent with the formation of interlayer hydrogen bonds between the directly 
adsorbed water layer and the second layer (see below). In the center of the lamina the 
oxygen-oxygen PCF is isotropic (left part of Fig. 15). 

4.4 Orientational Structure 

The orientational structure of water near a metal surface has obvious consequences 
for the electrostatic potential across an interface, since any orientational anisotropy 
creates an electric field that interacts with the metal electrons. The anisotropy of the 
orientational distribution of water has therefore been investigated in most studies of 
aqueous systems in inhomogeneous environments. The results can be summarized as 
follows. In almost all studied systems, a preference for orientations in which the 
water dipole moment is more or less parallel to the interface has been observed. The 
driving force for the avoidance of orientations that can lead to surface electrostatic 
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Fig. 16. Orientational distribution of the molecular dipole moment on Pt( 100) (left) and Hg( 11 1 )  (right). 
cos 9!, is the angle between the water dipole vector and the surface normal that points into the water phase. 
Panels a top on the left are sampled from the distance intervals which are indicated by the cuts through the 
density profile p(z)/p,, on the right. 

polarization are, according to Lee et al. [137], the balance of (i) the packing forces 
which tend to produce a dense layer in contact with the surface and (ii) the tendency 
of molecules to maintain a maximal number of hydrogen bonds. These hydrogen 
bonds are formed mainly within the adsorbate layer but also between the adsorbate 
and the second layer. 

In Ref. 49 the orientational distribution of water near the Pt(100) surface was 
investigated in great detail. In spite of the preference for adsorption of isolated water 
molecules through the oxygen atom, which is incorporated into the water-metal 
interaction potential, relatively few configurations were observed in which the dipole 
moment of the molecule points into the solution. The analysis will not be repeated 
here; the interested reader is referred to Ref. 49. 

Figure 16 shows the orientational distribution of the molecular dipole moment 
relative to the surface normal in various distance ranges from the Pt(100) (left) and 
the Hg( 11 1) surface (right). Additionally, the reduced oxygen density profile is plot- 
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ted on the right side of each figure. The baselines between distribution functions cut 
through the density profile. The distribution function in each panel on the left side is 
for the subset of molecules that are located in the distance range between these lines 
on the right side. By and large, the orientational distributions are quite similar in 
both systems. Over the first peak in the density profiles (panels a to d )  there are 
almost no molecules with the dipole moment perpendicular to the surface. Within the 
adsorbate layer, there is a transition from the preference for orientations in which the 
dipoles point more or less into the solution (a  and h)  to one where a substantial 
fraction of the dipoles point more or less towards the surface (c and d ) .  This behavior 
is characteristic for the “bilayer” model that has been proposed for the interpretation 
of the structure of water monolayers adsorbed on metal surfaces under ultrahigh 
vacuum conditions (see below). 

The orientational anisotropy ranges as far into the liquid phase as the density 
inhomogeneities do (roughly up to panel m), with increasingly less pronounced fea- 
tures. Slightly beyond the second maximum in the density profile the orientational 
distribution is isotropic, as it has to be the case for a bulk-like liquid. 

An external electric field changes the orientational distribution and consequently 
the orientational polarization of the water molecules in the interfacial region. The 
effect of homogeneous [ 146-149, 133, 1341 and inhomogeneous [loo] electric fields 
on the orientational distribution near smooth model surfaces has been investigated 
using lattice models [ 1471 and distributed point charge models like the ones discussed 
in section 3.2.1. Heinzinger and coworkers [ 150, 15 11 and later Xia and Berkowitz 
[135] investigated the changes on the more realistic Pt(100) surface. Because of the 
absence of free ions in these simulations of pure water, the electric field is only 
screened by the water dipoles themselves; consequently a net electric field and a 
concomitant polarization persist through the lamina. At large field strengths, this has 
been observed to lead to a field-induced phase transition to a crystalline water phase 
[ 1 33 - 1 3 51. 

Figure 17 shows the orientational distribution of the dipole moment vectors in the 
adsorbed water layer for various surface charge densities (corresponding to homoge- 
neous electric fields according to 0 = E . E O ) .  The data are taken from simulations of 
700 TIP4P water molecules between two mercury surfaces with (1 11) surface struc- 
ture. In the field-free case, a wide bimodal orientational distribution is observed (see 
also discussion of Fig. 16). The preference of “oxygen down” bonding is manifest in 
the larger probability to find positive values of cos 9 (corresponding to angles smaller 
than 90” between dipole vector and the surface normal that points into the liquid 
phase) than to find negative ones. The tendency of water to form hydrogen bonds 
leads to the observed wide distribution, where most of the water dipoles are more or 
less oriented parallel to the surface, similar to the ideal bilayer sketched in Fig. 21 
(see below). For positive surface charges the average dipole moment (the first 
moment of the distribution) shifts with increasing surface charge density towards 
larger absolute values and the distribution becomes increasingly narrower. For low 
negative surface charge densities, the dipole orientational distribution becomes more 
symmetric around the parallel orientation. At larger negative surface charge den- 
sities, the orientational distribution changes in such a way that the hydrogen atoms 
point preferentially to the surface. Even at the highest surface charge densities of 
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moment unit vector of the adsorbed water molecules ( p )  and the sur- 
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F 17.7 pCcm-* (not shown) no complete ordering is observed. The effect of field- 
induced crystallization occurs only at even higher surface charges [135]. 

The behavior near the Pt( 100) surface (see Ref. 150, 151) is qualitatively similar to 
the one on the Hg( 1 1 1)  surface. It is only noted here that with the flexible BJH model 
used in Ref. 150 the bimodal character of the distribution function is not observed, 
apparently because the flexibility of the model allows for a wider range of low energy 
orientations within the adlayer hydrogen bond network. 

4.5 Interfacial Potential Drop 

The charge density profile p,(z) and the dipole density profile p,(z) can be calculated 
from the atomic density profiles and the orientational distributions. Figures 18b and 
18c show the dipole and charge density, respectively, for water near the mercury 
surface. For both the first and the second water layers, a quadrupolar charge profile 
with alternating regions of positive, negative, and again positive charge density is 
observed. The form of the charge profiles originates from the fact that the centers of 
mass (or the oxygen atom) of the water molecules are mostly well localized while the 
hydrogen density distribution is broadened due to librational motions and due to the 
hydrogen bonding between layers. Beyond the second layers the charge density 
approaches zero within the limits of statistical uncertainty. 

The dipole density profile p,(z) indicates ordered dipoles in the adsorbate layer. 
The orientation is largely due to the anisotropy of the water-metal interaction 
potential, which favors configurations in which the oxygen atom is closer to the 
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Fig. 18. (a) Oxygen (full) and hydrogen (dashed) density profiles. (b) Charge density p,.. (c) Dipole density 
pit. (d) Water contribution to the surface potential x calculated from the charge density p,. by means of 
Eq. (13).  All data are taken from a 150 ps simulation of 252 water molecules between two mercury phases 
with (1 11)  surface structure using Ewald summation in two dimensions for the long-range interactions. 
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surface. Most quantum chemical calculations of water near metal surfaces to date 
predict a significant preference of “oxygen-down’’ configurations over “hydrogen- 
down” ones at zero electric field (e.g., Ref. 82, 85-88, 152, 153). The difference in 
sign on the left and right side of the lamina is a consequence of the vector nature of 
the dipole moment, which points into opposite directions near the two interfaces. The 
dipole orientation in the second layer is only weakly anisotropic (see also Fig. 16). 

Solving the one-dimensional Poisson equation with the charge density profile 
p,(z) leads to the electrostatic (dipolar) potential drop near the interface according to 

x ( z )  = -- P,(z’)(z - 2’) dz’ 

with EO the permittivity of the vacuum (Fig. 18d). 
The potential is constant in the center of the lamina. It is demonstrated in Ref. 26, 

27 that the use of proper long-range boundary conditions like the Ewald summation 
method is crucial to obtain the field-free bulk region in the center of the lamina at 
vanishing surface charge density. In the case of the mercurylwater interface, the 
potential drop across the interface is 0.55 V. Experimentally, no value for x has been 
determined that is free from assumptions. However, the most likely value of ,y is 
around 0.2 to 0.3 V [ 1541. The simulations seem to overestimate the dipolar ordering 
at the interface. However, there is some indication that the potential drop x is 
reduced upon introduction of molecular polarizability (by about 0.1 V )  [ 1551. Results 
of the liquid water/liquid mercury interface [8 11 also indicate that the inhomogeneous 
broadening of the surface leads to a reduction of ,y by about 0.2 V. Furthermore, in 
the model, the electronic response of the metal to the water phase is taken into 
account only to the extent that it is already included in the quantum chemical cluster 
calculations with a single water molecule. 

4.6 Hydrogen Bonding 

Hydrogen bonds are the most characteristic element of liquid water structure. Water 
models used in computer simulations are able to describe the properties of the 
hydrogen bond network in a realistic way, contrary to many of the dipolar model 
fluids used in analytical theories. Much has been learned about bulk water and sol- 
utions through an analysis of the hydrogen bond network (e.g., Ref. 156, 157). 

The strong changes in the interfacial PCFs discussed in one of the previous sec- 
tions indicate a substantial perturbation of the hydrogen bond network. These 
changes have been studied on the basis of a geometrical hydrogen bond definition used 
previously by Palinkas and Heinzinger [ 1571. In what follows, two water molecules 
will be termed “neighbors” if the 0-0 distance is smaller than 3.35,4; they will be 
termed “hydrogen bonded” if additionally the angle QHB between the intramolecular 
0-H vector and the intermolecular 0-0 vector is smaller than 20”. 
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Fig. 19. Top: Number of neighbors n~ and number of hydrogen bonded neighbors H H B  (for definition see 
text) as a function of the distance z from the surface for TIP4P water near Pt(100) (dashed) and near 
Hg( 1 1  I )  (full). Bottom: the oxygen density profiles near Pt( 100) (dashed) and Hz( 11 1) (full). 

4 4.5 5 5.5 n N  

Fig. 20. Number of hydrogen bonds per molecule ~ H B  as a function of the local number of neighbors f l ~  in 
various systems: Water near Pt( 100) (diamonds), near Hg( 11 1) (+), near a model corrugated surface with 
adsorption energy of 12 kJ mol-' (squares) and 30 kJ mol-' ( x )  at 298 K. The line is drawn to guide the 
eye. 

Figure 19 shows the average number of neighbors n N  and the average number of 
hydrogen bonds of a water molecule, n H B ,  as a function of distance from the Pt( 100) 
and Hg( 11 1) surfaces. The oxygen density profiles are included in order to identify 
the length scales. The number of neighbors in the center of the lamina is around 4.4, 
the same as in bulk TIP4P water using the same definition. In the adsorbed layer and 
to some extent in the second layer, the number of neighbors increases to a value of 
approximately 5 in the case of the Pt(100) surface and almost 6 in the case of the 
mercury surface. The large number of neighbors is due to the fact that most of the 
adsorption sites are occupied by water molecules. 

In Fig. 20 the local number of hydrogen bonds per molecule is plotted versus the 
local coordination number at all distances and for several simulations. There is a 
clear correlation between the decrease of the number of hydrogen bonds and 
the increase in coordination number for all simulations, independent of the interface. 
The values near the interface (at large n ~ )  fall on the same line as the bulk values, 
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( n ~ ,  ~ H B )  = (4.5,2.3). This demonstrates quite clearly that the local coordination 
number (which is mostly a function of adsorption energy, curvature of the potential 
energy surface, and corrugation) plays a more important role than the surface 
geometry (( 100) or (1 11) surfaces) or the lattice spacing (2.54, 2.77, and 3.00 A for the 
model, Pt, and Hg surfaces, respectively). The changes in the hydrogen bond network 
near the metallic interface thus correlate quite well with the changes in local coordi- 
nation. The changes are less drastic than one would expect from the geometric 
changes near the interface. The hydrogen bond network is flexible enough to adapt to 
the specific geometric situation near the metal surface. 

4.7 Water Dynamics 

Dynamical properties of water near metallic surfaces have been investigated, among 
others, by Spohr for flexible water near the Pt(100) surface [158], Heinzinger and 
coworkers for water near the charged Pt(100) surface [l50, 1511, Zhu and Robinson 
for flexible polarizable water between rigid plates [ 1491, Berkowitz and coworkers 
for water near Pt( 100) and Pt( 11 1) [53, 541 and Rose and Benjamin for solutions of 
Na+ and C1- near the Pt(100) surface. Most groups analyzed the single particle 
dynamics by computing the self diffusion coefficient (sdc) from mean square dis- 
placements and velocity autocorrelation functions. Information about water dy- 
namics near metallic and other interfaces can also be found in Ref. 76, 106, 139, 141, 

In the interfacial region, the sdc has, in most cases, been calculated for different 
distance intervals and separately for the directions parallel and perpendicular to the 
surface. The results of these studies can be summarized by stating that the dynamics 
is usually different from the one in the bulk only in the first layer of molecules. 
Beyond the second layer the sdc is very similar to the one in the bulk. If the water- 
surface interaction energy is large, like in the case of metals, the sdc decreases near 
the interface by about one order of magnitude, because the increased mobility due to 
the smaller number of hydrogen bonds is more than compensated by the mobility 
decrease due to the geometrical confinement (which manifests itself in the increased 
coordination number; see Fig. 19) and the barriers due to surface corrugation. 

The scatter plots shown in Fig. 12 are a very intuitive approach to investigate the 
mobility parallel to the surface. These plots show that the water molecules next to the 
(weakly corrugated) mercury surface are obviously more mobile than the molecules 
on the (strongly corrugated) Pt( 100) surface, and that the molecules in the second 
layers are more mobile than the ones in the adsorbed layers. 

Sonnenschein and Heinzinger [ 1631 and later Wallqvist [ 1411 calculated residence 
times for water in various layers. While the residence times of water near non- 
metallic surfaces are typically of the order of ten to hundred picoseconds, the 
values near uncharged metal surfaces are of the order of several hundred picoseconds 
11671. 

The reorientational dynamics of water molecules has been analyzed by calculat- 
ing the relaxation times of the molecular dipole vector relative to the laboratory fixed 

145, 159-166. 
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Table 1. Dipole relaxation times, in picoseconds, (calculated from Eq. (14) for water in contact with a 
corrugated model surface with different adsorption energies. Three regions corresponding to the first (LI; 
z < 1.3 8, in Fig. 8) and second layer (L2; 1.3 A < z 5 3.8 A) and a bulk region with constant density (L3; 
6 A  < z 5 IOA) are distinguished. Results are given for four different adsorption energies. Also shown are 
the results for a water slab confined between two mercury surfaces. All simulations were performed using 
the image charge model. Ewald summation in two dimensions was used to treat the long-range inter- 
actions. The numbers in parentheses are obtained from the integration of the autocorrelation function up 
to 50ps (Eq. (14)). All other numbers are from a fit to the exponential region of the dipole acf in the time 
interval from 1 to 7.5 ps. 

LI L2 L3 L1 L2 L3 

5.5 (4.8) 3.3 (3.0) 3.2 (2.9) 3.7 (2.2) 4.0 (3.4) 3.8 (3.2) 
6.6 (6.1) 3.6 (3.2) 3.3 (2.9) 3.7 (3.2) 4.0 (3.7) 4.1 (3.6) 
8.2 (7.6) 3.7 (2.9) 3.6 (3 .1)  5.7 (4.4) 4.5 (3.7) 3.9 (3.4) 
9.4 (8.6) 3.5 (2.8) 3.2 (2.6) 5.2 (4.4) 4.7 (4.9) 3.7 (3.5) 

9.5 3.5 3.3 6.3 4.6 3.1 

I I I I 

I I parallel I perpendicular I 

unit vectors in x, y (parallel) and z (perpendicular) directions. The relaxation times 
are calculated as the integral of the components of the dipole autocorrelation func- 
tion cpz (CY = xy or z )  

t = J C P z ( t )  dt. 
0 

Table 1 summarizes the results. With increasing adsorption energy the relaxation 
times in the adsorbate layer increase. In the adsorbed layer, the relaxation of the 
dipole moment components parallel to the surface is slower than the one for the 
component perpendicular to the surface. Hydrogen bonding of water molecules to 
neighboring atoms in the adsorbate layer is obviously more important than hydrogen 
bonding between adsorbed and second layer. The anisotropy of the relaxation in the 
second layer increases also slightly when the adsorption energy increases. In this (and 
to a lesser extent in the third) layer, relaxation parallel to the surface is faster than 
relaxation perpendicular to the surface. The average bulk values of the relaxation 
time from the fit (about 3.3 and 3.9 picoseconds for relaxation parallel and perpen- 
dicular to the surface, respectively) at temperatures between 297 and 299K are, 
within the estimated error limits, equal to the value of pure TIP4P water (3.8 ps at 
293 K [ 1681). It should be noted, however, that the anisotropies of dynamical prop- 
erties seem to have a slightly larger range than the ones of structural properties. Lee 
and Rossky [ 1661 and Zhu and Robinson [ 1491 observed a similar slowing down of 
orientational relaxation relative to the bulk near polar silica surfaces and near a 
Lennard-Jones wall. 
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0 1. layer 
@ 2.  layer 

Fig. 21. Schematic diagram of a perfect, 
infinite water bilayer. 

4.8 The Bilayer Model 

Low energy electron diffraction (LEED) experiments of water adsorption on metal 
surfaces in ultra-high vacuum and at temperatures of about 120 to 150 K revealed 
hexagonal patterns from epitaxial ice grown on Pt( 11 1) and Ag( 11 1) surfaces [169, 
1701. These results have been interpreted in terms of the so-called “bilayer” model. In 
this model, water forms three-dimensional structures, in which a “first layer” of water 
molecules is bound by direct chemisorption bonds, and molecules in the “second 
layer” are hydrogen bonded to the first-layer molecules. The “bilayer” can be regarded 
as 2 layers of molecules cut from a hexagonal ice Ih crystal. Figure 21 illustrates the 
arrangement of molecules on the hexagonal surface. The LEED pattern indicative of 
the “bilayer” has later been found on Ru(001) even at low coverages [171]. A 
c(2 x 2) LEED pattern on Cu and Ni has been interpreted in terms of a slightly dis- 
torted hexagonal ice-like bilayer [ 172-1741. For further references, see the excellent 
review by Thiel and Madey [97]. 

In computer simulation studies of water adsorption on the (100) and (1 1 1) faces 
of Pt, Berkowitz and coworkers [52, 54, 53, 1431 interpreted the water dipole and 
intramolecular oxygen-hydrogen vector orientational distributions near the surface as 
being consistent with the bilayer structure (Figure 2 in Ref. [143]). They also pointed 
out that the oscillatory nature of the water motion shows the solid-like character of 
the adsorbate layer. The orientational distribution functions in Fig. 16 allow the same 
interpretation: Very close to the surface (panels a and b) there is a predominance for 
orientations where the dipole moment (i.e., the hydrogen atoms) point into the liquid 
phase (like the ‘1. layer’ molecules in Fig. 21). Slightly further into the liquid phase 
(panels c and d) configurations with a dipole moment pointing in an opposite direc- 
tion become more abundant. Thus, the simulated first layer contains molecular con- 
figurations belonging to both of the layers of Fig. 21. Even at elevated temperatures 
(349K) remnants of the bilayer structure have been found [49]. However, the dis- 
tributions are rather broad and substantial deviations from the ideal structure in 
Fig. 21 are observed. In another computer study, Barnett et al. [I751 deposited a 
monolayer of water on Pt( 11 1) at 50 K. They show a snapshot of the resulting equi- 
librium structure. The hydrogen-bonded bilayer honeycomb superlattice exists with 
some obvious dislocations. All these studies have been performed with the water- 
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platinum interaction model proposed in Ref. 48, which is discussed in section 3, or a 
modification of it. 

4.9 Summary 

A wide variety of different models of the pure water/solid interface have been inves- 
tigated by Molecular Dynamics or Monte Carlo statistical mechanical simulations. 
The most realistic models are constructed on the basis of semiempirical or ab initio 
quantum chemical calculations and use an atomic representation of the substrate 
lattice. Nevertheless, the understanding of the structure of the liquid/metal surface is 
only at its beginning as (i)  the underlying potential energy surfaces are not known 
very well and (ii) detailed experimental information of the interfacial structure of the 
solvent is not available at the moment (with the notable exception of the controversial 
study of the water density oscillations near the silver surface by Toney et al. [140, 
1761). 

In this situation computer simulations are especially important, because mean- 
ingful results within the framework of classical statistical mechanics can be generated 
for well-defined models and predictions can be made. A few general results, which are 
fairly independent of the details of the model assumptions, are summarized below. 

0 Density inhomogeneities decay rapidly into the liquid phase near uncharged 
surfaces; usually only two or three, or at most four layers can be discerned. 

0 Lateral density inhomogeneities are even more short-ranged and are confined 
almost exclusively to the adsorbate layer; depending on the strength of the poten- 
tial energy corrugation, the lateral density inhomogeneities mimic the substrate 
lattice. 

0 Molecular polarizability is an effect of secondary importance. Effective pair 
potential models are a reasonable approximation. 

0 Unscreened electric fields lead to long-range density inhomogeneities. 
0 Hydrogen bonding in water determines to a large extent the structure near the 

interface; ice-like arrangements, which are observed in ultrahigh vacuum at low 
temperatures [97], occur near the interface, but are obscured by large thermal 
fluctuations. 

0 The properties of atom-atom pair correlation functions and the hydrogen bond 
analysis show that the local water structure is affected by the surface only within 
the range of the density inhomogeneities (a few Angstrerm); in the constant-density 
region structural isotropy is observed. 

0 Orientational distributions near the interface are rather broad; consequently, 
simple discrete-state models of interfacial structure are unrealistic. 

0 Electrostatic properties like the surface potential drop x can be calculated; the 
simple quantum chemical interaction models lead to qualitatively correct results. 

0 The mobility of water decreases substantially in the adsorbed layer. The character 
of the motion becomes more oscillatory than diffusive. 

0 The reorientation dynamics of water is slowed down and becomes anisotropic near 
the interface. 
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5 Electrolyte Solution/Metal Interfaces 

5.1 Overview 

The behavior of simple and molecular ions at the electrolyte/electrode interface is at 
the core of many electrochemical processes. The substantial understanding of the 
structure of the electric double layer has been summarized in various reviews and 
books (e.g., Ref. 2, 81, 177-183). The complexity of the interactions demands the 
introduction of simplifying assumptions. In the classical double layer models due to 
Helmholtz [3], Gouy and Chapman [5, 61, and Stern [7], and in most of the studies 
cited in the reviews the molecular nature of the solvent has been neglected altogether, 
or it has been described in a very approximate way, e.g., as a simple dipolar fluid. 
Computer simulations can overcome this restriction and describe the solvent in a 
more realistic fashion. They are thus able to paint a detailed picture of the micro- 
scopic structure near a metal electrode. 

Understanding the structure and dynamics of pure water on a molecular level is 
only the beginning. Simulations of electrolyte solutions near metallic interface are 
much more demanding in terms of computer time than those of bulk water, because 
the relatively small number of ions even in a highly concentrated electrolyte solution 
mandates the treatment of systems with a much larger total number of particles than 
in pure water for a longer time span. Furthermore, as was discussed in section 3, 
much less is known from quantum chemistry about nature and strength of the ion- 
metal interaction than about the water-metal interactions, so that the interpretation 
of the results obtained from the simulations is less clear. 

Since specific adsorption is an important phenomenon in electrochemistry, the 
solution/metal interface has nevertheless been studied in various ways. An ion is 
considered to be adsorbed specifically in the “inner Helmholtz plane” when it is 
partially dehydrated and in direct contact with the metal surface (see, e.g., Ref. 15). 
On the other hand, an ion that is adsorbed further away from the electrode with 
its hydration shell essentially intact is considered to be adsorbed non-specifically in 
the “outer Helmholtz plane”. In the classical treatment of contact adsorption, the 
balance between the energy of hydration of the ion and the strength of the image 
interactions determines which ions are specifically adsorbed and which ones are not 
[15]. The larger alkali and halide ions (Cs+, C1-, Br-, I-) are thought to be contact 
adsorbed at the potential of zero charge, whereas strongly hydrated small ions like 
Li+ and F- do not make contact with the metal surface. Computer simulations are 
able to test the validity of these predictions; they provide additional insight into the 
problem since they explicitly incorporate changes in the structure and energetics of 
water near the electrode, which is completely neglected in the classical treatment. 

Two basic simulation approaches can be taken. The most obvious one is the 
direct ‘brute force’ simulation of the entire double layer including an electrode with 
or without surface charge, ions and counterions, which screen this surface charge, 
and which form a diffuse layer. This approach has become possible only very recently 
due to the long time scales (in excess of 1 nanosecond) necessary to obtain converged 
results. Even with present day computing power these calculations are difficult to do. 
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A more rigorous approach within the framework of statistical mechanics is the cal- 
culation of the potential of mean force of the ion as a function of distance from the 
electrode. It involves a series of simulations of one dissolved ion at different distances 
or in different distance intervals from the surface. The potential of mean force W ( z )  
is the free energy difference between the ion at position z, A ( z ) ,  and the bulk, Abuik; it 
is related to the ion density profile p(z) by 

with Boltzmann’s constant k,  the absolute temperature T ,  and the bulk density Pbulk. 

There are two well-established and widely used methods to calculate free energy 
differences and both have been applied to the problem of ion adsorption. In the 
umbrella sampling scheme due to Torrie and Valleau [ 184, 1851, an external confin- 
ing potential is applied to the degree of freedom of interest, in this case the ion-metal 
distance, in addition to the physical interactions from the environment. During one 
simulation, the ion can probe only a confined set of distances. By performing several 
simulations with different confinement regions the whole distance spectrum is 
sampled (from a non-Boltzmann distribution). After corrections for the confining 
potential, the distance dependence of the free energy of ion adsorption is obtained. 
Alternatively, the “constrained MD” simulation method due to Ciccotti et al. [ 1861 
can be used: Here the ion is fixed at a specified distance from the metal surface (but 
allowed to move laterally). In a series of simulations in which the ion is kept fixed at 
different distances from the surface, the mean force acting on the constrained degree 
of freedom is calculated and the PMF is determined by integrating from a reference 
state, which is chosen to be the solvated ion far from the metal surface. 

Both the brute force approach and the free energy approach have been used. In 
the following subsections the main results are reviewed and several examples taken 
from work in my group are discussed. 

5.2 Single Ion Studies 

Alkali and halide ion adsorption near metal surfaces has been investigated by a 
variety of groups. A simple (9-3) Lennard-Jones potential, first used by Lee et al. 
[137], together with the image charge model has been employed in a series of direct 
simulations of single ions by Glosli and Philpott [107-1091. They observed that the 
larger ions Br- and I- are contact adsorbed, and that the small ions Li+ and F- are 
not contact adsorbed, Cl- being a borderline case. Benjamin and coworkers calcu- 
lated free energies of adsorption for Na+ and Cl- on charged and uncharged platinum 
surfaces [187, 1881 and found C1- to be contact adsorbed while Na+ is not. They 
used the water-platinum potential function introduced by Spohr and Heinzinger [48] 
together with a modified image model for the ion-platinum interactions. Seitz-Beywl 
et al. 189 studied the adsorption of Li+ and I- on Pt(100) by direct simulation, using 
the same water-metal interaction potentials and ion-metal interaction potentials 
derived from ab initio calculations at the SCF level [115] of ion-platinum clusters. 
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Fig. 22. Ion adsorption near mercury with ( 1  11) surface structure. Top: Total potential of mean force for 
Li+ (long-dashed), F- (short-dashed), and I- (full) ions. Bottom: The reduced oxygen density profile for 
the same system. 

From the positions of the maxima of the ionic density profiles relative to the minima 
of the ion-metal interaction potentials, they concluded that I- is contact adsorbed 
and Li+ is not. Spohr [190] and later Perera and Berkowitz [I911 obtained similar 
results by means of free energy calculations for I- and simultaneous Li+ and I- 
adsorption, respectively, on Pt( loo), using the same interaction potentials. Eck and 
Spohr [77, 1921 and Toth and Heinzinger [80] studied the adsorption of Li+ and 
several halide ions near the ab initio model of the mercury interface [40]. The liquid/ 
gas interface, contrary to metallic interfaces, is depleted in the interfacial region 
[193-1951. This is a consequence of the driving force towards fully hydrated ions. 

As an example for results obtained by the constrained MD method, we briefly 
discuss some of the differences between the free energy profiles of Li+, F-, and I- 
ions on the mercury surface. In this study [ 1921, only the water-metal interactions are 
described by the SCF interaction energies [40]. The ions interact with the surface 
exclusively by means of image interactions. Ewald summation in two dimensions is 
used to properly describe the long range polarization effects near the interface. 

Figure 22 shows the PMF in units of the thermal energy at room temperature, 
W ( z ) / k T ,  of the three ions. The metal surface is located to the right at z = 0. On the 
left side (at about z = -25A) the lamina is confined by a smooth (9-3) Lennard- 
Jones surface like the one in Fig. 7 [137]. At 12A from both surfaces W ( z )  is set 
equal to zero. W ( z )  does not change much until about z = -9A. In this range the 
forces on the hydrated ion are, on average, isotropic, and, therefore, the hydration 
shell is on average symmetric. Starting at about -6A from the surface, W ( z )  
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becomes repulsive for the iodide ion. This behavior is analogous to the one observed 
on Pt(100) [190]. The repulsion ( W / k T  x 30 at z = -2A) is weaker than in the 
platinum case. The repulsive region of W ( z )  originates from the work of hole 
formation on the surface. Because water molecules are adsorbed on or bound to 
the surface, work needs to be done to desorb them before the ion can adsorb. The 
chloride ion behaves similarly to iodide and is not shown; since the ion is smaller, the 
repulsion of the ion due to the solvent interactions is weaker. 

The behavior of the fluoride ion is qualitatively different. The solvent interactions 
stabilize the ion thermodynamically in the range from -8 to -5A, whereas the 
solvent effect is mostly repulsive for I- (and C1-). For F- the attraction by the layer 
of adsorbed water (which are oriented preferentially with the hydrogen atoms point- 
ing into the solution) appears to dominate over the steric repulsion. The distance of 
the minimum (at about 5.5A) corresponds to an adsorbed species F-(H20)6 or 
F-(H20)7 on top of the adsorbed layer of water molecules. A detailed analysis [196] 
shows that the very strong repulsion at distances below 5 A is due to hydration. 

The PMF for Li+ adsorption shows two solvent-induced local minima. In bulk 
solution, the hydration shell of Li+ forms a rather rigid octahedral complex. Li+ and 
the water molecules in its hydration shell move cooperatively. Consequently, the 
hydration complex is sensitive to the barriers formed by the two pronounced layers of 
water molecules around z = -6 A and z = -3 A. This leads to a local free energy 
minimum on the solution side of each of the two maxima in the oxygen density pro- 
files. There, molecules from the water layers can be part of the hydration complex 
(see below). 

The results of these calculations imply that none of the ions would be contact 
adsorbed when no specific interactions between ions and metal are taken into account 
in the model. The Li+ ion, believed to be nonspecifically adsorbing, would be able to 
approach the surface more closely than the anions, mostly because of its small size, 
which allows it to penetrate the surface layers without displacing water molecules. 
The simulation results thus indirectly demonstrate the importance of specific chem- 
ical interactions for realistic models of the electric double layer. Apparently, also 
some specific features of the hydration shell structure of the ions must be taken into 
consideration in order to fully understand the adsorption of ions. 

5.3 Double Layer Simulations 

An early study of an LiI solution in water confined between non-metallic Lennard- 
Jones surfaces [164] did not last long enough to draw any conclusions about the 
density distribution. The first simulation studies of full double layers with molecular 
models of ions and solvent were performed by Philpott and coworkers [102, 101, 1031 
for the NaCl solution, using the fast multipole method for the calculation of 
Coulomb interactions. The authors studied the screening of a negative surface charge 
by the free ions in several highly concentrated NaCl solutions. Figure 23 shows the 
ionic density profiles and the corresponding predictions of the Gouy-Chapman 
theory for three different ion concentrations [103]. The results show a large bulk-like 
electrolyte region with constant ion density, vanishing average electric field, and 
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Fig. 23. Ion density profiles for 1 m to 3 m NaCl solutions. 
Solid line Na+, broken line C1-. 1 m and 2m solution at 
303K, 3m sol.ution at 373K. Vertical dashed lines at 
(11 = 1.615nm mark where the (9-3) Lennard-Jones wall 
potentials pass through zero. The metallic surface is to the 
right of the figure. Inclined curves rising monotonically 
from left to right are the integrals of the ion density profiles. 
The profiles from the Gouy-Chapman theory are shown as 
monotonous curves rising from left to right for Na+ and 
falling for C1-. (Reproduced with permission from Ref. 
103.) The surface charge density is -4.6 ~ C c m - ~  for the 1 m 
and 2 m solutions and -9.2 pCcm-* for the 3 m solution. 
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Fig. 24. 1 m NaCl solution at 303 K and surface charge 
density 00 = -4.6 ~ C c m - ~ .  Top: Atom and ion density 
profiles. Bottom. Total electrostatic potential and 
component (monopole, dipole, combined monopole 
plus dipole, quadrupole and octopole) electric multi- 
pole potentials. The total potential was calculated from 
the total electric charge distribution. Note that the sum 
of monopole and dipole components is smaller than the 

-1.6 -.8 0 .B 1.6 quadrupole component. (Reproduced with permission 
from Ref. 103.) 
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constant electrostatic potential (Fig. 24, top). The ionic density profiles are clearly 
nonmonotonic. The Na+ ions form layers between the first and the second water 
layer, the height of which increases with increasing concentration. The estimate of the 
width of the diffuse layer yields consistently larger values than the Debye-Hiickel 
screening length. The authors correctly point out, however, that the Gouy-Chapman 
theory is not applicable at these high concentrations. 

Glosli and Philpott also analyzed the various contributions to the total electro- 
static potential. Figure 24 shows, for the 1 m NaCl solution at a surface charge 
density of -4.6pCcm-’, the contribution of the free (ionic) charges and of the 
dipole, quadrupole, and octupole contributions from the bound (water) charges to 
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Fig. 25. Snapshot of the simulation with surface charge 
CJ = +9.9 pCcm-2. Na+: small spheres, CI-: large 
spheres. The liquid slab is confined by the metal sur- 
face (bottom) and by a ‘free’ surface (top). 

the electrostatic potential. The variation of the electrostatic potential due to the ionic 
charge distribution in the central bulk-like region (curve labeled ‘monopole’) is com- 
pensated by appropriate ordering of the water dipoles (curve labeled ‘dipole’), as can 
be seen in the rather small value of the combined (‘m + d’)  curve. The quadrupole 
contribution is important to specify the absolute value of the potential in the liquid 
phase, while the octupole moments make only minor contributions close to the 
interfaces. 

Quite recently, Spohr [104] investigated the 2.2 molal NaCl solution in the 
vicinity of a more realistic corrugated surface as a function of surface charge density. 
In the simulations, water films consisting of 400 water molecules solvate 32 ions in 
the vicinity of the metal surface, with image charges and a full 2D Ewald treatment 
for the Coulomb interactions. Like in the studies by Philpott et al., the solution is not 
necessarily electroneutral; the total charge in the solution is balanced by the image 
charges which give rise to the surface charge density 0. Surface charge densities 
0 = -9.9 pC cmP2, D = 0, and 0 = +9.9 pC cm-* correspond to simulations with 
17 Na+ + 15 C1-, 16 Na+ + 16 C1-, and 15 Na+ + 17 C1-, respectively. Figure 25 
shows a snapshot of the simulation cell for surface charge o = +9.9 pC cm-*. The 
z-direction is from bottom to top. The large dark spheres are the C1- ions, the small 
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Fig. 26. Density profiles and running integrals n ( z )  of the 
ion densities for Na+ (full lines) and C1- (dashed lines) at 
three different surface charge densities in units of ~ C c r n - ~  .. . ..~ I , .-._ - 

5 10 15 Z/ A as indicated. 

grey ones the Na+ ions. In this particular configuration, four anions and one cation 
are adsorbed on the metal surface. 

Figure 26 shows the ion density profiles near the metal surface for all three 
surface charges investigated. Beyond z = 20A all ion density profiles are identical 
within the limits of statistical errors. The oxygen density profile does not change 
much with surface charge and is repeated here only to provide a geometric reference 
for the ion positions. The ion densities have been smoothed by a Gaussian filter with 
half width of 0.25A. Together with the ion densities the running integrals, n, of the 
densities defined by 

are plotted for Na+ (full lines) and C1- (dashed lines). L, = L, = 18 A are the box 
dimensions parallel to the interface and p is the particle number density. 

In the vicinity of the metal surface the ionic densities are not monotonous, as 
might be expected on the basis of a simple extrapolation of the Gouy-Chapman 
theory to high concentrations. Rather, the ionic densities oscillate in the region 
z < l0A. The ion densities follow to some extent the oscillations of the oxygen den- 
sity which are the consequence of the ‘layering effect’ occuring in all liquids near a 
surface. At finite positive and negative surface charge densities, the counterion den- 
sity profiles exhibit significantly higher maxima; the counterion positions are corre- 
lated much more strongly with the metal surface. This makes possible the definition 
of planes in which most of the countercharge is included, in analogy to the inner and 
outer Helmholtz planes of the classical electrochemical models. 



Computer Simulations of Electrochemical Interfaces 47 

At positive surface charge, a = 9.9 pC cmP2, the chloride ions are attracted 
directly to the surface. From the running integral it can be concluded that about 3 
C1- ions are adsorbed on the surface. The three ions overcompensate the surface 
charge density which corresponds to only two elementary charges for the entire sim- 
ulation cell. This behavior is reminiscent of the concept of super-equivalent adsorp- 
tion [15]. Approximately one cation remains in the interlayer region between the 
adsorbate water and the second layer. Hence, the surface charge of 2e is compensated 
by -3e from the anion density and +le  from the cation density. 

At negative surface charge, CT = -9.9 pC cm-*, the maximum of the Na+ density 
profile grows substantially but remains more or less at the same position as for the 
uncharged surface. About 4 Na+ ions are located in the region of this density max- 
imum. At the same time the maximum of the anion density is shifted to the region 
between 6 and 98,. 

When the difference between the running integral of cations and anions becomes 
equal to the negative value of the surface charge, the entire surface charge can be 
regarded as screened by the mobile charges. The distance at which this happens 
changes from about 5 .58 ,  (a = $9.9 pCcm-*) to about 8 A (a = 0) to about lOA 
(a = -9.9 pC cmP2). Hence, the double layer thickness is dependent on the surface 
charge density. In all cases, the thickness of the double layer is of the order of several 
Debye lengths ( r ~  = 2.1 8, at the simulated concentration). 

5.4 Ion Hydration 

Early studies of ion hydration in confined geometries usually found no drastic 
changes of hydration shell properties. In a study of a 2.2 molal LiI solution between 
apolar Lennard-Jones walls, Spohr and Heinzinger [ 1641 found the hydration shell of 
Li+ unchanged compared to the bulk LiI solution. Seitz-Beywl and Heinzinger [189] 
studied the hydration of single Li+ and I- ions near the platinum (100) surface. The 
interaction potentials in this study were based on quantum chemical calculations. 
The rather strong ion-surface interactions lead to adsorption of both ions. For both 
ions, a significant reduction of the hydration number (from 6 in the bulk to 5 and 
from 9 to 5 for Lit and I-, respectively) was observed close to the surface. In the Li+ 
hydration shell one corner of the octahedron is missing, leading to a pyramidal 
coordination shell. Because of the large hydration energies, the preferential position 
of the Li+ ion is at larger distances from the surface than the position of the energy 
minimum of the Li+-surface interaction potential. The hydration shell of the I- ion 
near the metal surface does not show any detectable symmetry, but ion-oxygen pair 
correlation functions show long-range lattice-induced order. 

Rose and Benjamin [194, 1871 studied the adsorption of Na+ and C1- on the 
Pt(100) surface and concluded that “the structure of the solvation complex around 
Na+ and C1- is very similar to the structure in the bulk”. In this study, the same 
model for the water-metal interactions was used as in the preceding study of Li+ and 
I- hydration [ 1891. The ion-surface interactions, however, were described by a 
modified image charge potential which was smoothly truncated. The authors dis- 
cussed in some detail the anisotropy of the hydration complex that is induced by the 
density inhomogeneities at the interface. In a study of Fe2+ and Fe3+ hydration [197], 
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the same authors found no disturbance of the octahedral hydration shell in the 
vicinity of the Pt( 100) surface. Because of the strong electrostatic forces holding 
together the Fe2+( H20)6 and Fe3+( H20)6 hydration complexes, the ions are not 
specifically adsorbed. 

Spohr [190] studied the adsorption of I- on the Pt(100) surface. The free energy 
barrier towards iodide adsorption that is produced by the layers of adsorbed water is 
associated with a significant intermediate increase in coordination number, before the 
hydration number decreases at short ion-metal distances for geometrical reasons. 
Philpott and Glosli [lo91 observed in a series of MD studies of ion adsorption on 
charged electrodes that the Li+ hydration shell structure in the vicinity of a model 
metal surface does not depend on the halide counterion (F-, C1-, Br-, I-) .  In this 
study, no specific interactions between the metal surface and water molecules or ions 
were employed. 

As an example of the type of information that can be obtained, the composition 
and anisotropy of the hydration shells in the vicinity of the mercury surface is ana- 
lyzed. Figure 27 shows the average coordination number of the ions as a function of 
position (the mercury surface is located at z = OA). Here, the coordination number is 
defined as the number of water molecules the ion-oxygen distance of which is smaller 
than 2.5A, 3.2& 3.9& and 4.2A for Li+, F-, C1-, and I- ,  respectively. This defi- 
nition is based on the positions of the first minima of the ion-oxygen pair correlation 
functions. 

The hydration number of iodide as a function of its position is roughly constant 
up to about z = -6.5 A. The penetration of the ion into the layers of adsorbed water 
leads to an increase up to about z = -4.5A. At smaller distances from the surface, 
the coordination number decreases, as expected, due to the geometric effect of the 
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Fig. 28. Left: Distribution of the cosine of the angle between the Li+-oxygen vector and the inward directed 
surface normal (full) and running integral of p(cos9) (dashed) at various positions relative to the metal 
surface as indicated. The running integral is normalized to yield the total hydration number at a given 
distance for cos 9 = 1. Right: Distribution of the cosine of the oxygen-Li+-oxygens angle 6.  Only oxygen 
atoms in the first hydration shell of the Li+ ion contribute. 

surface. The increase in hydration number coincides with the rise of the repulsive 
solvent free-energy barrier (see Fig. 22). Chloride behaves qualitatively similar to 
iodide. The hydration number is constant up to the region where the hydration shell 
penetrates the inhomogeneous water region around z > -6 A and increases signifi- 
cantly in the distance range -6 A < z < -4A. Note that in Fig. 27 the hydration 
number of chloride is offset by -4. 

Contrary to the larger halide ions the coordination number of F- remains con- 
stant in the whole region of thermodynamic stability (see Fig. 22). At distances 
smaller than about 4 A from the surface, excluded volume effects lead to a similar 
reduction of the hydration number as for the other anions. 

The hydration number of the Li+ cation is slightly less than 6 up to z % -4.5A, 
except around z = -6.5 A where there is a significant reduction to a value well below 
5. This position coincides with an increase in the free energy (see Fig. 22). Appa- 
rently, the penetration of the Li+ cation into the second layer of water molecules 
around z = -6A is associated with partial dehydration (see also the discussion of 
Fig. 28 below). For small ion-surface distances (z = -4.5 A) the hydration number is 
reduced once more when the ion penetrates the contact layer of water molecules. 

Figure 28 demonstrates some interesting changes in the structure of the hydration 
shell of the Li+ ion as a function of its position. It contains the distribution function 
~ ( c o s ~ ) ,  where 9 is the angle between the ion-oxygen vector and the laboratory z- 
axis, which points towards the surface in this case. Only water molecules in the first 
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hydration shell of Li+, i.e., with ion-oxygen distance smaller than 2.5& are taken 
into account. cos 9 = - 1 corresponds to an arrangement where the ion is between the 
hydrating molecule and the surface, whereas cos 9 = 1 indicates the situation where 
the hydrating water molecule is located between the ion and the surface. The dashed 
lines are the running integral of p(cos $), normalized in such a way that the total 
integral yields the hydration number at the specified position. 

The left side of Fig. 28 demonstrates that at z-values of -8.5 and -5.5A an 
octahedral hydration shell complex exists, where one corner points to the surface 
(which can be deduced from the fact that one water molecule contributes to the 
coordination number at cos 9 = 1). At distances of -7.0 and -4.5 A from the surface 
the octahedron remains stable but is rotated in such a way that two triangular planes 
are now parallel the surface. At -6.5 and -3.5A, the first hydration shell consists of 
only five water molecules in a roughly pyramidal coordination with the basis of the 
pyramid again parallel to the surface. In all cases, the structure is more pronounced 
when the ion is closer to the surface. 

The sharp maxima at linear and rectangular 0-Li+-0 arrangements in the dis- 
tribution of 0-Li+-0 angles (right panel of Fig. 28) at large distances from the sur- 
face point towards a regular octahedral hydration complex. At z = -3.5A and 
z = -6.5 A, coincident with the reduction in hydration numbers, p(cos 9) shows sig- 
nificant deviations from the octahedron and the distributions broaden. In between 
the octahedral shell is reestablished. At z = -3.5A the hydration number is 5. 
However, unlike on Pt(100) [189], the hydration shell is distorted from the quadratic 
pyramid (seen by the rather wide maximum around COSS z -0.2), because the hex- 
agonal substrate geometry on the Hg( 11 1) surface does not easily support a square 
arrangement of water molecules. 

In short, the structural order observed for the hydration shell of the Li+ ion at 
various distances from the mercury surface results from the strong tendency of this 
ion to form an octahedral arrangement with its six nearest neighbor water molecules 
in bulk solution. This structure adjusts to the densities and inhomogeneities deter- 
mined by the metal surface. This example demonstrates how mechanistic information 
about the process of ion adsorption can be extracted from computer simulations. 

5.5 Ion Dynamics 

Because of the small number of ions involved in typical simulations, it is difficult to 
calculate the self diffusion coeficient reliably. However, the differences in mobility 
between different ions and the trends, when the ion approaches the metal surface, can 
be qualitatively assessed by a scatter plot like that in Fig. 29. The figure shows the 
area parallel to the surface probed by I-, F-, and Li+ ions. Each ion is dissolved in a 
film of adsorbed water on a mercury surface consisting of 150 water molecules and 
held fixed at the indicated distance from the surface. Trajectories are shown over 60 
picoseconds. Both in the bulk (left panels) and closer to the surface (right panels) 
the mobility decreases in the sequence large anion (I-) > small anion (F-) 2 small 
cation (Li+). The mobility close to the surface is reduced quite substantially, espe- 
cially for Li+ and F-. 

In simulations of the full electric double layer near the corrugated model surface 
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Fig. 29. Lateral density distribution of I - ,  F-, and Li' ions far from the electrode surface (left) and close to 
the electrode. A symbol is plotted every 0.1 ps for a total time of 60ps during the simulations. The scale on 
the x and y axes is in A. The ions are dissolved in a film consisting of 150 water molecules in contact with 
the mercury surface. 
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the self diffusion coefficient of ions is reduced slightly at the potential of zero charge 
for those ions which are close to the electrode. For charged electrodes, the reduction 
of mobility is more pronounced, and a larger number of ions is affected up to a larger 
distance from the surface [104]. 

Benjamin and coworkers studied various aspects of ion dynamics near the liquid/ 
vapor and the liquid/liquid interface. Time-dependent probability distributions of the 
ion position were studied near the interface between immiscible apolar and polar 
liquids [198]. The simulation results were in almost quantitative agreement with a 
one-dimensional diffusion model. Small differences were attributed to the solvent 
reorganization dynamics. Later this work was extended to the ion and solvent 
dynamics following charge transfer [ 1991 near the same polarlapolar interface and to 
the liquid water/vapor interface [200]. 

Benjamin and Rose [188] also studied the adsorption dynamics of Na+ and C1- 
on the charged Pt( 100) surface. They performed trajectory calculations of a single ion 
dissolved in water and attracted to the surface by an external electric field. A constant 
drift velocity proportional to the strength of the electric field is observed until the ion 
approaches its equilibrium position. The authors conclude that the adsorption pro- 
ceeds in two steps: the drift of the ion toward the surface and the subsequent dis- 
placement of adsorbed water molecules. This mechanism is consistent with the pic- 
ture emerging from the free energy calculations. During the drift stage the hydration 
shell of Na+ remains mostly intact at low field strengths while considerable exchange 
is observed in the C1- hydration shell. At high field, both ions appear to drift inde- 
pendently of their hydration shell. 

5.6 Summary 

The adsorption of monovalent cations and anions has been investigated using a 
variety of different methods and interaction models. Electrochemical experience sug- 
gests that small ions like Li+ and F- are not contact adsorbed to uncharged surfaces 
whereas larger cations and anions like Cs+, C1-, Br-, and I- adsorb specifically on 
electrodes near the potential of zero charge. In the case of I- and C1- specific 
adsorption results in the formation of ordered monolayers on platinum and gold 
surfaces, which can be observed by scanning tunnel microscopy and other techniques 
(e.g., Ref. 201-205). 

The most simple, purely electrostatic model without specific interactions between 
water molecules/ions and the surface leads to qualitative agreement with the experi- 
mental evidence. The use of more sophisticated interaction potentials, however, 
makes the situation less transparent. Specifically, the following simulation results 
were obtained by various groups: 

0 The description of both water-metal and ion-metal interactions by a short-range 
repulsive potential without significant adsorption energy, augmented by the image 
charge model of electrostatics, leads to contact adsorption of Br- and I- and to no 
adsorption in the case of Li+ and F-. C1- is a borderline case. 
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0 With the same ion-metal interactions as above, but a realistic description of 
water-metal interactions and proper long-range boundary conditions, non-specific 
adsorption occurs in single ion studies for small and large ions alike. The long- 
range 1/1z1 ion-metal attraction is weakened by dipolar screening to such an extent 
that the solvent repulsion cannot be compensated. 

0 The description of both water-metal and ion-metal interactions by purely local 
potentials derived from ab initio SCF calculations leads to contact adsorption of 
the I- ion on Pt(100). The observed distance spectrum of Li+ is intermediate 
between that expected for specific and non-specific adsorption. 

0 In simulations of the full electric double layer, ionic density profiles are oscillatory 
in the concentration range between 1 and 3 mol/l. Surface charges are screened by 
free ions over a distance of several Debye lengths. 

0 Changes in the free energy of ion adsorption are obviously correlated with changes 
in orientation, composition, and internal arrangement of the hydration shells. The 
small, strongly hydrated Li+ cation is affected as strongly as the anions, in spite of 
the fact that the PMF shows only relatively low free energy barriers. 

0 Adsorbed water molecules always form a barrier that must be crossed before the 
ion is adsorbed. The barrier height is related to the work of hole formation prior 
to ion adsorption. The small Li+ ion plays a special role as it can approach the sur- 
face without disturbing the water layer significantly; hence the barrier is very small. 

0 Ion mobility is reduced near the electrode; range and magnitude of the reduction is 
larger near charged than near uncharged electrodes. 

0 The simulations can also provide mechanistic insight into the adsorption process. 
In the case of Li+ it was shown that the free energy barrier is associated with the 
temporary loss of hydration shell molecules, while the increase of I- hydration 
number is indicative of a mechanism where the steric barrier to adsorption by the 
adsorbate water layer is most important. 

While it is possible to model ion adsorption reasonably well on the basis of these 
simple models, open questions remain. Experiment, electronic structure calculations 
and simulations point towards a substantial adsorption energy of water on metal 
surfaces. Simulations show that the solvent barrier can be strong enough to prohibit 
ion adsorption. Obviously computer modeling of the adsorption of ions from aque- 
ous solution onto metal surfaces suffers from the present inability to describe the 
delicate balance between electrostatic, steric, and electronic effects in one (computa- 
tionally feasible) model. Currently, the biggest problem that awaits solution is the 
adequate calculation of the ion-metal interactions from quantum mechanics. 

6 Reactions at Interfaces 

6.1 Outer Sphere Electron Transfer 

Electrochemical electron and ion transfer reactions are commonly interpreted by the 
phenomenological Butler-Volmer law, according to which the rate constant k for 
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the anodic reaction depends on the temperature T and on the electrode potential in 
the following way: 

k = A e x p ( s ) e x p ( - )  n&eV 
kB T kBT 

where the pre-exponential factor A is independent of the temperature and the elec- 
trode potential, E,O,, is the energy of activation at the standard equilibrium potential 
of the reaction, the overpotential q is the deviation of the electrode potential from the 
standard equilibrium value. The transfer coefficient c( is a phenomenological constant 
of the order of 1/2, n, is the number of electrons transferred in the reaction (n, = 1 
for electron transfer reactions), e is the elementary charge, and kB is Boltzmann’s 
constant. 

For outer sphere electron transfer reactions the Butler-Volmer law rests on solid 
experimental and theoretical evidence. An outer sphere electron transfer reaction is 
the simplest possible case of an electron transfer reaction, a reaction where only an 
electron is exchanged, no bonds are broken, the reactants are not specifically adsor- 
bed, and catalysts play no role (see, e.g., Ref. 2). Experimental investigations such as 
those by Curtiss et al. [206] have shown that the transfer coefficient of simple electron 
transfer reactions is independent of temperature. The theoretical basis is given by the 
theories of Marcus [207] and of Levich and Dogonadze [208]; these theories also 
predict deviations at high overpotentials which were experimentally confirmed [209, 

Several groups have investigated heterogeneous outer-sphere electron transfer 
reactions in the vicinity of model interfaces by means of computer simulations on the 
basis of the theory of Marcus. Much of this work is based on the computer simu- 
lation of the free energy functions for electron transfer in the bulk liquid by Warshel 
and other groups [211-2161. According to the Marcus theory, the reaction coordinate 
for an electron transfer reaction corresponds to a generalized solvent coordinate. 
There are two potential energy curves, one for the reduced, one for the oxidized state, 
both of approximately parabolic shape. The oxidation of a molecule occurs in the 
following way: a thermal fluctuation excites the reduced state and takes the system to 
the crossing point of the two potential energy surfaces (see Fig. 30), where it gives up 
an electron. Subsequently the system relaxes to its new equilibrium position on the 
potential energy curve for the oxidized state. So the electron transfer is caused by a 
solvent fluctuation and not by the movement of the redox couple. The elementary 
step is the transfer of the electron to or from the metal; no chemical bonds are broken 
and the reactants are not specifically adsorbed. 

The so-called ‘solvent coordinate’ is usually chosen as the difference in the solute- 
solvent energy between the reactant and the product system. For many models, this 
difference is proportional to the electrostatic potential due to the water molecules at 
the location of the ion. The approximately parabolic solvent reorganization energy 
functions can be calculated from computer simulations using umbrella sampling 
techniques. 

Benjamin [2 171 calculated the solvent reorganization free energy functions for the 
electron transfer reaction of a monovalent ion near the interface between immiscible 

2101. 
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Fig. 30. Free energy curves in the Marcus theory for electron transfer reactions. 

polar and nonpolar solvents. Straus and Voth [2 181 calculated similar functions for 
the electron transfer between a donor atom in water near the Pt( 11 1 )  electrode, using 
model potentials based on those discussed in section 3. The solvent reorganization 
free energy in the bulk and near the surface exhibits very similar behavior. The 
authors concluded that the inhomogeneities in the water density near the metal elec- 
trode are only of minor importance. They also observed some deviations of the sol- 
vent activation free energy from standard Marcus behavior in the inverted region. 

Rose and Benjamin [ 1971 calculated the diabatic and adiabatic free energy curves 
for the reaction Fe3+ + e- 4 Fe2+ in aqueous solution near the Pt( 100) surface using 
the ion-water potential functions developed by Kuharski et al. [213] for the simu- 
lation of electron transfer in bulk aqueous solution. The studies of the Fe2+/Fe3+ 
system near a metal surface were extended by Smith and Halley [219], who studied 
the free energy curves systematically as a function of the ion-metal distance and the 
surface charge on the electrode. The influence of the magnitude of the ion charge on 
the electron transfer reaction was investigated by Rose and Benjamin [220]. They 
conclude that the calculated solvent free energies follow by and large the linear 
response approximation of the Marcus theory but do observe deviations for the 
electron transfer involving neutral atoms. 

This is illustrated by Fig. 31 which shows the free energy curves for the reaction 
Fe’+ + e- + Fe2+ taken from Benjamin’s work. The solvent coordinate is given in 
units of volts and is shifted so that the transition state for the symmetric reaction is 
at zero. First we note that the calculated free energy curves indeed do not deviate 
very much from the ones extrapolated from a parabolic fit to the minimum region. 
Second, the figures indicate that the presence of the metal surface does not change 
the curvature of the free energy functions by much. Rose and Benjamin also inves- 
tigated the effect of an external field on the diabatic free energy curves and found in 
general that the reorganization energy is only mildly affected. Similar results have 
been reported by Smith and Halley [219] who investigated also the influence of the 
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Fig. 32. Adiabatic free energy curves as a function of reaction coordinate for selected overpotential q (in V )  
and electronic coupling constant (in eV) .  Data are taken with permission from the work of Rose and 
Benjamin 1971. 

distance of the ion from the electrode surface. These authors point out that a tran- 
sition from diabatic to adiabatic behavior of the electron transfer occurs at short 
distances. 

Rose and Benjamin [197] calculated the adiabatic free energy curves for several 
choices of overpotential and electronic coupling parameter (Fig. 32) from 
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the diabatic free energy curves depicted in the bottom of Fig. 3 1. A change in over- 
potential not only changes the free energy of the reaction but also the location of the 
transition state. An increase in the coupling parameter lowers the barrier at constant 
overpotential, as expected, and makes the barrier less sharp. The activation energy 
for small values of is found to be in good agreement with the experimental value of 
56 kJ/mol [206]. 

The authors proceed to calculate the reaction rates by the flux correlation 
method. They find that the molecular dynamics results are well described by the 
Grote-Hynes theory [221] of activated reactions in solutions, which is based on the 
generalized Langevin equation, but that the simpler Kramers model [222] is inade- 
quate and overestimates the solvent effect. Quite expectedly, the observed deviations 
from transition state theory increase with increasing values of r. 

Straus et af. [223] noticed that the quantization of the librational and vibrational 
modes of water (by means of the Feynman path integral formalism [224]) can signifi- 
cantly influence the solvent free energy barrier and the thermodynamic driving force 
of the heterogeneous electron transfer process. For more information the reader is 
referred to the cited publications and the references therein. 

6.2 Ion Transfer Reactions 

In ion transfer reactions the transfer of an ion or proton from the solution to the 
surface of an electrode is one elementary step. It is often accompanied by either total 
discharge (e.g., deposition of a metal ion on a metal electrode of the same composi- 
tion) or partial discharge (e.g., adsorption of halide ions; see also below). While for 
outer sphere electron transfer the reaction coordinate describes the solvent reorgan- 
ization, the reaction coordinate for ion transfer reactions is associated with the 
motion of the ion. The rate-determining step in an ion transfer reaction is often the 
adsorption step of the ion on the electrode, which involves the penetration of 
the barrier formed by the adsorbed solvent (see, e.g., Ref. 2 and section 5.2 for a 
discussion). 

Contrary to outer sphere electron transfer reactions, the validity of the Butler- 
Volmer law for ion transfer reactions is doubtful. Conway and coworkers [225] have 
collected data for a number of proton and ion transfer reactions and find a pro- 
nounced dependence of the transfer coefficient on temperature in all cases. These 
findings were supported by experiments conducted in liquid and frozen aqueous 
electrolytes over a large temperature range [226, 2271. On the other hand, Tsionskii 
et al. [228] have claimed that any apparent dependence of the transfer coefficient on 
temperature is caused by double layer effects, a statement which is difficult to validate 
because double layer corrections, in particular their temperature dependence, depend 
on an exact knowledge of the distribution of the electrostatic potential at the inter- 
face, which is not available experimentally. Here, computer simulations may be 
helpful in the future. Theoretical treatments of ion transfer reactions are few; they are 
generally based on variants of electron transfer theory, which is surprising in view of 
the different nature of the elementary act [229]. 

In the remainder of this subsection the results of recent studies of the diabatic free 
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Fig. 33. Adsorption of iodide and iodine from aqueous solution on Pt(100): Solvent contribution to the 
PMF for I- (diamonds) and Io (crosses). 

energy surfaces for adsorption of Io and I- on Pt(100) [230, 2311 are summarized. 
The constancy of the transfer coefficient c1 is investigated by calculations of the 
solvent barrier as a function of temperature and external electric field, i.e., surface 
charge density. Because of strong electronic coupling, the two diabatic free energy 
curves merge into a single partially charged state close to the metal surface, and 
partial charge transfer occurs. In subsection 6.3 the role of ion-water interactions on 
the partial charge transfer near the interface is investigated, again using I- on Pt( 100) 
as the model system. 

The model of iodine is very simple: Io interacts with water by the non-electrostatic 
part of the I--water interactions [ 1 151. Figure 33 shows the solvent contribution W s  
to the potential of mean force (PMF) for the ion and the neutral atom. As for the 
ion, the solvent PMF is purely repulsive for the atom. In the region from 2 = -8 A to 
2 = -5 A both curves are almost identical. This is in keeping with the interpretation 
of this part of the free energy increase being due to “steric” interactions rather than 
hydration forces (which are absent for the neutral Io, as the hydration energy 
becomes almost zero after removal of the electrostatic contributions to the inter- 
action potential). 

For distances smaller than about 4 A  from the surface, W s  decreases for the 
neutral atom. Once the atom has penetrated the compact surface layer and dislocated 
some of the adsorbed water molecules, the system is stabilized by pushing the atom 
towards the surface. The behavior is an example of “hydrophobic” interactions 
where the “insoluble” Io atom is pushed out of the aqueous phase. As it cannot be 
pushed into the solid phase, the contact adsorbed geometry is the more favorable 
arrangement. In order to keep the model simple, W s  for the ion and the atom has 
been combined with the same ab initio interaction energy obtained for I--Pt9 clusters 
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Fig. 34. Adsorption of iodide and iodine from aqueous solution on Pt(100): Total PMF for I- (diamonds) 
and 1" (crosses) on the basis of the quantum chemical ion-metal interactions. The I' bulk level has been 
shifted to account for the differences in bulk free energies (see text). 

[ 1 151. The image charge model has not been used, because additional assumptions 
would have to be made for the I'-platinum interactions. The total PMFs of the 
iodine atom and the iodide ion are shown in Fig. 34. 

To obtain the total free energy curves experienced by the ion and by the atom 
the interaction energy of the particles with the metal are added. Since the MD 
simulations yield only free energy differences relative to the bulk state, the relative 
energies of the two bulk levels have to be obtained by going through a cycle that 
decomposes the reaction 1- + I' + e- into a series of steps: 

I-(solution) --f I-(above solution) 

I- --+ I' + e- 

AG = -AGi(I-) 

AG = - A  

e-(above solution) -+ e-(above metal) AG = -eo($, - $,) 
e-(above metal) -+ e-(metal) AG = -@ 

Io(above solution) -+ I'(so1ution) AG = -AG;(I') (18) 

In these equations AGi denotes the free energy of solvation of the indicated species, A 
is the electron affinity of the iodine atom, $,y and $m denote the outer potentials of 
the solution and the metal at the potential of zero charge (pzc), and @ is the work 
function of the metal; 'above' refers to a position in the vacuum just above the indi- 
cated phase. All the quantities in Eq. (18) are measurable, but not all are known 
exactly. Going through the cycle of Eq. (18) and following the arguments in Ref. 230, 
a value of 58 kJ mol-' results for the free energy difference between iodine and iodide 
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in the bulk of the solution; due to the uncertainties in the various quantities the error 
is estimated as +20kJmol-'. As expected, the ionic state is energetically more 
favorable in the bulk of the solution. 

Both particles experience similar free energy curves as they approach the surface 
from the bulk (see Fig. 34). They pass through a local minimum at a position where 
they are separated from the surface by one layer of water molecules. This can be 
interpreted as an adsorption site for a solvated particle. A closer approach to the 
electrode surface requires an energy of activation as the free energy curves pass 
through a maximum. This energy barrier contains two contributions: the displace- 
ment of water from the metal surface, and the partial loss of the solvation shells. The 
latter contribution is much larger for the ion, which attracts water molecules through 
Coulomb forces. Hence the energy barrier, defined as the energy difference between 
the maximum and the local minimum near -5.5& is higher for the ion (about 
22kJmol-I) than for the atom (about 12kJmol-'). Both free energy curves show 
pronounced minima right on the metal surface. The calculated minimum is some- 
what lower for the atom than for the ion. Because of the electronic coupling to the 
metal surface, there is only one adsorbed state near the metal surface with a partial 
charge and a broadened electronic orbital (see below and Ref. 232-234). The curve 
for the iodine atom has a lower minimum so that the adsorbed state can be expected 
to carry a partial charge which is substantially lower than the ionic charge. 

The rate of an electrochemical ion transfer reaction depends on the electrode 
potential or on the charge density at the electrode surface. Therefore, simulations in 
the presence of an external electrostatic field E were performed [230]. The direction of 
the field was chosen such that the ion is attracted toward the surface. The resulting 
solvent free energy curves are shown in Fig. 35; they have been adjusted by sub- 
tracting the constant force in the center of the lamina that is due to incomplete 
screening of the external field. Clearly, the solvent barrier decreases with increasing 
electric field. 

Electrochemical ion transfer reactions are usually observed in solutions with a 

I I I I I 

-1 0 -8 -6 -4 -2 Z I A  

Fig. 35. Solvent contribution, W",  to the free energy of adsorption of I- on Pt( 100) for different homoge- 
neous electric fields across the lamina. The field strength is indicated in units of Vm-' and the direction of 
the field is such that the surface carries a positive charge. 
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Fig. 36. Solvent contribution W' to the free energy of adsorption of I- on Pt( 100) at different temperatures 
as indicated. 

high concentration of supporting electrolyte, which shields the external field. The 
resulting changes in the potential energy profile will affect the free energy curves for 
the ions. The largest changes will occur in the bulk, where the free energy will attain a 
constant value, and in the region distant by about one Debye length from the surface. 
The screening will be less effective directly at the interface; therefore one expects that 
the variations in the solvent barrier caused by external fields of varying strength will 
remain qualitatively similar, in this region, to what is observed in Fig. 35. 

The solvent free energy barrier for the adsorption of I- was also calculated at 
three different temperatures. The results [231] are displayed in Fig. 36. The barrier 
decreases, as expected, with increasing temperature from about 120 kJ mol-' at room 
temperature to about 80 kJ mol-' at 360 K. 

The simulations suggest the following picture for an ion transfer reaction: before 
the reaction the ion is located in a weak adsorption site, where it is separated from 
the electrode by one layer of water molecules. As the ion approaches the electrode 
surface it displaces water from the surface and partially looses its solvation shell; this 
requires a substantial energy of activation. Subsequently, the ion moves down the 
free energy curve towards an adsorption site on the metal surface; simultaneously the 
electronic interaction with the metal increases, electron exchange becomes adiabatic, 
and the adsorbed particle carries a partial charge (see next section). 

The situation is fundamentally different from that for outer sphere electron 
transfer reactions where, according to Marcus theory, the solvent reorganization 
determines the reaction. In contrast, the model calculations discussed in this section 
indicate that the energy of activation for the ion transfer step is not related to the 
electron exchange with the electrode, since the crossing between the two diabatic 
energy states of I- and I' occurs only at such short distances where the ion has 
already surpassed the solvent barrier. Contrary to the approach discussed here, Xia 
and Berkowitz [235] assumed the validity of the outer sphere mechanism from the 
outset. The analysis of the dependence of the solvent barrier on external electric field 
and temperature indicates that c( in Eq. (17) is indeed not constant but depends on 
temperature. 
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Fig. 37. Charge, in units of the elementary charge e, of the iodide ion above the hollow site of a Pt9 (4 + 5 )  
cluster from quantum chemical calculations [ I  15, 2391 in vacuum, q,, (diamonds) and the self-consistently 
calculated electrochemical charge of the ion, q h ,  as a function of the ion-metal distance 2. Taken from 
Ref. 234. 

6.3 Partial Charge Transfer 

Schmickler [236] recently discussed the iodide ion transfer reaction near the Pt( 100) 
surfaces in some detail based on the Anderson-Newns model of chemisorption [237, 
2331. Some of the model parameters used in this work were obtained from computer 
simulations [190, 230, 2341. Besides the study of Ref. 234, which is outlined in the 
remainder of this subsection, no other simulations using similar realistic molecular 
models have been performed. 

Figure 37 shows the formal charge of I- as a function of distance from a Pt9 
cluster, obtained by Mulliken population analysis of ab initio calculations of Pt91- 
clusters [ 1 15, 2391. The effect of solvation on the partial charge of the hydrated iodide 
ion near the Pt(100) surface was investigated [234] by a combination of quantum 
chemical calculations, the Anderson-Newns model of chemisorption and MD calcu- 
lations of the free energy of iodide adsorption [190]. On the basis of the approx- 
imations discussed in Ref. 234, the charge on the bare ion can also be calculated from 
the relation 

qv = 1 - -arctan 
71 

E, is the electronic energy level of the adsorbate ion relative to the Fermi energy of 
the metal. The electronic interaction between ion and metal induces the broadening A 
of the adsorbate energy levels. A characterizes the strength of the ion-metal inter- 
action and decays rapidly with the distance from the surface. &, and qo are known 
from the ab initio calculations; A was then calculated from Eq. (19) for different 
values of the distance of the ion from the surface, z. 



Computer Simulations of Electrochemical Interfaces 63 

In a polar medium, the partial charge transfer depends on two additional con- 
tributions due to the ion-solvent and metal-solvent interactions. Following the theory 
of “electrochemical” adsorption by Schmickler [232], the adsorbate energy level in 
solution, E,* is given by 

where ES is the solvation energy of the ion, x the surface potential drop due to the 
orientation of the solvent molecules near the interface (see subsection 4 3 ,  and e the 
elementary charge. Assuming transferability of the parameter A from the situation 
in vacuum to the aqueous solution, the partial charge q h  of the hydrated ion was 
calculated from 

q h  = 1 --arctan 
71 

in analogy to Eq. (19). Clearly, the solvation energy ES depends on the charge q h .  
This makes a self-consistent evaluation of q h  and ES necessary. From the MD simu- 
lations in Ref. 190 ES was known only for the full ion charge (full line in Fig. 38). eS at 
a given value of q h  was then calculated by a Born-like approximation. (see Ref. 234 
for details). Figures 37 and 38 show the partial charge, q h ,  of the solvated ion and the 
associated interpolated hydration energies, ES,  respectively. 

The partial charge on the ion in vacuum, qa, decreases substantially at small 
distances from the surface (Fig. 37). Ion hydration stabilizes the ionic charge and 
consequently the partial charge transfer from the ion to the surface is reduced. Sub- 
stantial charge transfer in solution occurs only at distances smaller than 4.5 A from 
the surface. At larger distances, q h  is almost equal to -1. At 4SA, however, the 

- 5 0 [  ,..b? 

-100  

0.3 0 . 4  0 . 5  0 . 6  z / n m  

Fig. 38. Distance dependence of the iodide hydration energy from computer simulations, c ,~(z ,  - l ) ,  (dia- 
monds) and the self-consistent hydration energy at reduced charge, C . ~ ( Z ,  q h )  (squares). The hydration 
energy c .~(z ,  -1) has been shifted to reproduce the experimental value beyond 0.6nm. Taken from Ref. 234. 
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layer of adsorbed water exerts already a significant repulsive force on the ion. This 
supports the conclusions drawn in the previous section and in Ref. 236 that the rate- 
determining step in the iodide ion transfer reaction near a metal surface is the pene- 
tration of the ion into the layer of adsorbed water. 

6.4 Proton Transfer 

The transport of a proton is involved in many electrochemical reactions like, e.g., the 
hydrogen evolution reaction. Existing theories have mostly been extensions of the 
theory of electron transfer reactions, in which the proton tunnels from its initial to its 
final state. So far, quantum simulation techniques have only been applied to proton 
transfer in the bulk aqueous phase and clusters (e.g., Ref. 240-246), but not near 
interfaces. 

Quite recently, Pecina and Schmickler [247, 2481 proposed a new model for pro- 
ton transfer, based on the observation that the isotope effects for proton transfer on 
non-catalytic metals like silver, gold, and mercury are small and similar in magnitude 
to those in bulk solutions. They suggest that the rate-determining step near these 
surfaces is similar to the Grotthus mechanism in the bulk. Their model assumes that 
the rate-determining step is the transfer of a proton from a hydronium ion in the 
second water layer to the first layer, from where the proton transfer to the metal is 
assumed to be fast. In a series of Monte Carlo simulations of an aqueous hydronium 
ion next to a model silver surface, the activation parameters for the reorientation are 
calculated as a function of surface charge and temperature. Based on the simulation 
results, the authors offer explanations for the experimentally observed correlation 
between exchange current density and potential of zero charge and for the experi- 
mentally observed entropic component to the transfer coefficient. 

Figure 39, taken from their work, shows the decomposition of the activation free 
energy into enthalpic and entropic contributions. The authors explain the sizable 
entropic term at small negative surface charges by the strong temperature dependence 
of the hydrogen bond network in water. At higher temperatures the hydrogen bonds 
are weakened and it becomes easier to turn the mediating water molecules towards 
the surface, which is the rate-determining step in their model. Consequently, the free 

Fig. 39. Activation parameters as a function of sur- 
face charge density. Data taken with permission 

-25 -20 -15 -10 o/CICCm-* from Ref. 248 
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energy of activation is expected to decrease with temperature, resulting in the 
observed positive entropy of activation. At more negative surface charge densities 
most hydrogen bonds are broken and it is the water dipole that is oriented in the 
external electrostatic field, resulting in the rise of activation energy and the reduction 
of the entropic term. 

6.5 Other Reactions 

Isomerizations are very simple model reactions that are among the most common 
chemical processes. Solvent effects on these reactions have been studied extensively in 
the bulk phase. The study of solvent effects near the interface is especially interesting, 
since the gauche-trans equilibrium can involve two species with significantly different 
dipole moments; consequently, a substantial interfacial effect can be expected. The 
isomerization reaction of 1,2-dichIoroethane near the waterlvacuum interface [249], 
and of 1,2-dichloroethane and of dialanine near the water/hexane interface [249, 2501 
has been studied. An increase of the gauche + trans isomerization rate is observed 
near the interface (for a review see Ref. 251). 

Computer simulations have also been used by various authors to investigate 
primary events following electron injection into adsorbed water layers [ 1751 and to 
calculate tunneling probabilities (e.g., Ref. 252-255). 

6.6 Summary 

Various simulation approaches to electron and ion transfer reactions are reported 
in the literature. Outer sphere electron transfer reactions have been investigated by 
simulation studies within the framework of the Marcus theory. The role of the sol- 
vent barrier for ion transfer reactions has been investigated on the basis of free ener- 
gies of adsorption. 

Simulations of outer sphere electron transfer reactions [197, 217-220, 2231 show 
that the Marcus theory is valid over a wide range. Deviations from the linear 
response regime were found. 
The diabatic free energy curves for the adsorption of I- and I' near Pt(100) were 
calculated. I- is the energetically favorable species in solution, while the more 
stable species on the surface is Io. The crossing between the two diabatic curves 
occurs at short distances, when the ion has already penetrated the adsorbed water 
layer. 
Due to ionic hydration, partial charge transfer from the iodide ion to the metal is 
reduced in solution relative to that in vacuum. The partial charge transfer becomes 
important only at small ion-surface distances. 

0 Therefore, the rate-determining step for ion transfer reactions near the surface, at 
least for large ions, appears to be the penetration of the ion into the layer of 
adsorbed water molecules. rather than the excitation of solvent fluctuations. 
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7 Adsorbed Organic Molecules 

The adsorption of organic molecules from aqueous solutions onto electrodes is quite 
important for a number of technological processes (see, e.g., Ref. 12). In spite of this 
fact, the only study on this subject known to the author is about the coadsorption of 
benzene on an electrode, which was the subject of a simulation study by Philpott and 
coworkers [ 102, 2561. The authors observe that adsorption of benzene from aqueous 
NaCl solution takes place on the uncharged electrode. Charging the electrode neg- 
atively leads to desorption while charging it positively does not change the adsorp- 
tion. The reason for this asymmetry lies apparently in the different behavior of the 
Na+ and C1- ions: while C1- contact adsorbs on the positively charged surface and 
thus screens the electric field, the Na+ ions do not adsorb and the benzene molecules 
leave the high-field region. 

Currently, we are studying in our group the adsorption of polyelectrolytes from 
aqueous solutions on charged and uncharged surfaces. Investigations of thiol 
adsorption on surfaces (e.g., Ref. 257, 258) conformational equilibria of polymers 
near surfaces (e.g., Ref. 259), of surfactants with surfaces and micelles [260-2631 and 
others were mostly done without explicit modeling of the solvent. 

Liquid/Liquid Interfaces 

Conformational equilibria [249, 2641, electron [217, 2651, ion [200, 266, 2671, and 
molecule transfer [268] across liquid/liquid interfaces consisting of water and an 
organic solvent have recently been studied by several authors. Also, the aqueous/ 
liquid mercury interface has been investigated (see above and Ref. 78, 81). Much of 
this work has been reviewed recently in two excellent papers by Benjamin [251, 2691. 
Here, I would like to state that simulations of liquid/liquid interfaces are likely to 
become increasingly important, for several reasons: 

0 Much of the interest in the interfaces between two immiscible electrolyte solutions 
(ITIES) derives from the fact that they can be regarded as models for biological 
and artificial membranes, which are currently actively studied by computer simu- 
lation methods (for an incomplete list, see Ref. 270-275). 
New experimental techniques, foremost the sum frequency generation and other 
spectroscopic methods, provide a wealth of data on microscopic structure and 
dynamics that need to be interpretated on the molecular level [276-2831. 

0 Last, but not least, there are less problems to obtain realistic interaction potential 
surfaces (the most important input to computer simulations) than in the case of 
liquid/metal interfaces, since ab initio calculations can be performed more reliably 
for molecule-molecule interactions than for molecule-metal interactions. 
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9 Summary and Outlook 

Simulation studies of the interfacial region between aqueous solutions and crystalline 
or liquid metals focused in recent years increasingly on the realistic description of the 
distinctive features of these systems. Both Molecular Dynamics and Monte Carlo 
computer simulations of such realistic models are nowadays a very active area of 
research . 

The field evolved out of the simulation of liquids and solutions and has adopted 
many of the models from there. Water, ions, and atoms are described by point charge 
models, augmented by empirical or ab initio short-range and dispersion potentials, 
the use of which has been validated for the bulk phase. Many models of the interface 
have been employed, ranging from representations of simple, atomically smooth 
walls to parametrized interaction potentials from ab initio quantum chemical calcu- 
lations that describe the interactions with atomic crystals. The metallic character of 
the solid phase has in most cases been approximated by the image charge model. 

The models used so far in computer simulations are still too unspecific, in spite of 
the fact that quantum chemical calculations have occasionally been used to generate 
them. Therefore, the results show trends rather than they reproduce specific experi- 
ments. The role of computer simulation in interfacial electrochemistry lies in the vis- 
ualization of concepts that can lead to simplified pictures, or even cartoons, of reality, 
and the detailed exploration of the consequences of assumptions made. 

A variety of different aspects of the electrochemical interface have been addressed 
by simulations that have been reviewed and discussed in this chapter: 

0 The structure of water next to the metal is strongly perturbed only over two layers, 
and the range of other inhomogeneities and anisotropies appears to be not more 
than four layers at most. Detailed structural information has been derived. It has 
been demonstrated that the translational and rotational mobility of water and ions 
near a metal surface is reduced compared to the bulk. 

0 Specific and non-specific ion adsorption has been studied and first attempts to 
study the structure of the diffuse layer have been made. Simulations of the full 
double layer are becoming possible, at least at ion concentrations of the order of 
1 mol/l. 

0 The interplay between ion adsorption and ion hydration, and the relation between 
thermodynamic quantities like the free energy of adsorption and microscopic 
structure, characterized, e.g., by hydration shell properties and hole formation, has 
been elucidated. 

0 Electron, ion, and proton transfer reactions have been modeled by several groups 
as prototypical reactions at the electrochemical interface. 

Many open questions remain, however, a challenge for computer simulations of 
the electrochemical interface. What needs to be done in the future? 

0 For many electrochemical problems, the models at hand are not adequate. Neither 
the image charge models nor quantum chemical calculations lead to completely 
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satisfactory results. More computationally feasible potential energy surfaces need 
to be developed and extensively tested. This will have to proceed along several paths: 
- devise simple empirical one-body potentials that describe efficiently the 
interaction of water, simple ions and organic molecules with low index faces of 
noble metals (e.g., copper, silver, gold) and selected transition metals (e.g., nickel, 
palladium, platinum, ruthenium); 
- allow for ‘jellium corrections’ to the raw image interactions at small distances, 
which are due to the delocalized electrons in the first atomic layer; work in this 
direction is currently carried out 172-741 
- perform ab initio cluster calculations and density functional calculations on large 
systems to understand bonding, geometry, and vibrational properties of the 
adsorbed species on metal surfaces. 

0 Studies of the structure of the diffuse layer at finite ion concentrations and for 
different electrode potentials with and without dissolved organic molecules will 
certainly become very interesting applications of computer simulations. Much 
larger systems than the ones that have been treated up to now must be simulated. 

0 A phenomenon so far only touched on by simulations is the dissociation of water 
near the surface and the water autohydrolysis reaction. 

0 Many other aspects of electrode reactions like the transport of material to and 
from the surface and the occurrence of more complex reactions than electron or 
ion transfer will certainly be investigated. Appropriate simulation techniques have 
already been tested in bulk liquids. 

0 Real surfaces have point defects and steps while the interfaces in simulations are 
usually ideal. Defects play a very important role in electrochemical and catalytic 
reactions. Models need to be developed that are able to account for the electronic 
structure near these defects. First steps in this direction have been made [98, 99, 
2841. 

0 Realistic simulations should ultimately take into account the electronic structure 
of reactants, products, the surface, and active sites. The Car-Parrinello simulation 
scheme seems to be the most appropriate method for the future. First steps into 
this direction were made by Price and Halley, using a hybrid scheme [285]. 

Currently, modeling of electrochemical systems and reactions is only in its 
infancy. However, even today, with state-of-the-art computers, exciting work can be 
done that could only be dreamt of five years ago. It is certainly not very daring to 
predict that modeling the electrochemical interface on the basis of realistic yet simple 
models of solvent, solutes, and reactive species will become increasingly important in 
the near future. 
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constant for indirect optical transitions 
effective capacitance = CycCH/(Csc + C,) 
Helmholtz capacitance 
limiting high frequency capacitance in PEIS 
limiting low frequency capacitance in PEIS 
space charge capacitance 
width of the space charge region at the semiconductor electrolyte junction 
diffusion coefficient 
effective diffusion coefficient in presence of trapping 
activation energy for electron injection during photocurrent multiplication 
energy of the conduction band edge 
demarcation level for electrons 
demarcation level for holes 
energy of the valence band edge 
Fermi energy 
quasi Fermi energy for electrons 
quasi Fermi energy for holes 
redox Fermi energy 
bandgap energy 
ac frequency in Hz 
Fermi occupancy factor 
minority carrier flux predicted by the Gartner equation (Eq. 20) 
modulated component of the Gartner flux 
dimensionless system transfer function 
Planck constant 

incident photon flux corrected for reflection loss 
current density for electron transfer through the Helmholtz layer 
photocurrent density measured in external circuit 
current density for to minority carrier transport through the depletion layer 
modulated photon flux 
constant photon flux 
electron flux 
hole flux 
energy dependent electron transfer rate constant 
rate constant for electron injection during photocurrent multiplication 
phenomenological rate first order constant for electron transfer 
phenomenological first order rate constant for recombination 
rate constant for electron transfer from the valence band 
Boltzmann constant 
diffusion length of minority carriers 
electron density in the dark at equilibrium 
electron density at surface (cm-3) 
bulk volume electron density 
surface electron concentration (cm-2) 
effective density of states in the conduction band 
donor density 
effective density of states in the valence band 
oxidised species in solution 
hole concentration at the surface ( ~ m - ~  j 
bulk volume hole concentration 
surface hole concentration (cm-2) 
concentration of free holes 
concentration of trapped holes 
elementary charge 

J-? 
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surface charge density ( C  cm-2) 
resistance 
electrolyte resistance 
limiting high frequency resistance in PEIS 
limiting low frequency resistance in PEIS 
series measuring resistance 
reduced species in solution 
sensitivity factor in light modulated microwave reflectivity 
electrode potential 
flat band potential 
drift velocity of electrons or holes 
filled surface state 
vacant surface state 

absorption coefficient of semiconductor 
hole capture rate constant 
mean tunnelling distance for electron transfer 
potential drop across the Helmholtz layer 
potential drop across the space charge region 
modulated incident photon flux corrected for reflection loss 
modulated voltage 
modulated photocurrent density 
modulated photovoltage 
modulated microwave reflectivity 
modulated surface charge density 
potential difference across the space charge (depletion) layer 
relative permittivity 
permittivity of free space 
potential 
photocurrent conversion efficiency jphoro/qlo 
dimensionless term in IMPS solution for diffusion controlled electron transport 
efficiency of electron injection in dye sensitised cells 
wavelength of light 
mobility of electrons and holes 
pre-exponential frequency factor 
phase shift in ac response 
capture cross section for electrons and holes 
transit time for transport across a nanocrystalline film 
minority electron and hole lifetimes 
RC time constant 
radial frequency 271 f 
radial frequency corresponding to maximum in complex plane plot 
radial frequency corresponding to minimum in complex plane plot 

1 Introduction 

1.1 Photoelectrochemistry 

As its name suggests, photoelectrochemistry is a hybrid of electrochemistry and 
photochemistry, and it also incorporates aspects of solid state physics, photophysics 
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and surface science [ 1-61. The common feature of all photoelectrochemical systems is 
that they involve electron transfer induced by light absorption. An explosion of in- 
terest in photoelectrochemistry in the 1980s was stimulated by the exciting possibility 
that semiconductor/electrolyte junctions could be utilised for solar energy conversion 
[7-161. The extraordinary level of research activity during this period is reflected in 
the impressive conversion efficiencies that were achieved for liquid junction photo- 
voltaic cells. In spite of their initial promise, however, fundamental problems with 
stability [ 171, and ultimately with cost, have so far prevented practical large scale 
implementation of these devices. The hydrogen economy is an important goal for the 
next century, and photoelectrolysis systems aimed at generating hydrogen and other 
chemical fuels by light driven reactions at semiconductor electrodes were also devel- 
oped during the 1980s [8, 18, 191. Unfortunately, the solar conversion efficiencies 
of photoelectrolysis cells have remained stubbornly low. Failure to develop low 
cost electrolyte-based systems to challenge established photovoltaic technologies led 
inevitably to a decline in interest (and funding) in photoelectrochemistry at the end of 
the last decade. However, the development of the dye sensitised Ti02 cell by Gratzel 
and co-workers [20-261 in the early 1990s triggered a resurgence of interest in the 
practical potential of photoelectrochemical solar energy conversion. At the same 
time, the fundamental properties of nanocrystalline semiconductor electrodes have 
become the subject of widespread research activity. 

In fact, the scope of photoelectrochemistry is more general than the preceding 
brief historical sketch might suggest. Light driven electron transfer lies at the heart of 
many important processes. Photosynthesis and colour photography both involve 
light stimulated charge carrier separation, and mundane but practically important 
processes such as the photodegradation of paint layers containing Ti02 are also 
essentially photoelectrochemical in nature. Photoelectrochemical reactions may in 
principle also involve light absorption by solution species rather than by the electrode. 
These photogalvanic reactions are also part of photoelectrochemistry, although they 
are rarely considered alongside semiconductor photoelectrochemistry. This chapter 
restricts its focus to photoelectrochemical systems in whlch light absorption takes 
place either in a semiconducting solid or in a monolayer of dye adsorbed on the 
surface of a wide bandgap semiconductor like TiOz. However, the conceptual and 
experimental approaches outlined here may well be applicable to other systems. 

1.2 A Generalised Approach to Dynamic Processes 

Conventional kinetics is largely concerned with the description of dynamic processes 
in the time domain, and in consequence few conceptual problems are encountered in 
understanding time resolved experiments. By contrast, frequency resolved measure- 
ments often pose more of a challenge to understanding, in spite of the obvious cor- 
respondence between the time and frequency domains. This conceptual difficulty may 
explain why the only frequency resolved method to achieve universal acceptance in 
electrochemistry is electrochemical impedance spectroscopy ( EIS) [27-291, which 
analyses the response of electrochemical systems to periodic (sinusoidal) perturba- 
tions of voltage or current. It is clear that EIS is a very powerful method, and there 
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are relatively few cases where small amplitude transient experiments performed on 
the same systems and analysed in the time domain are preferable. Since in EIS both 
the perturbation and the response are electrical, the analysis of experimental data is 
normally based on linear equivalent circuit elements (resistors and capacitors). 
Unfortunately, the equivalent circuit approach can easily obscure the physical and 
chemical origin of the electrochemical response, and it can be argued that it intro- 
duces an unnecessary conceptual barrier that hinders more widespread application of 
frequency resolved techniques in modern electrochemistry. 

Recent progress in photoelectrochemistry has shown clearly that frequency 
resolved methods offer unmatched diagnostic power and resolution, particularly for 
processes taking place on a time-scale of microseconds to seconds. EIS can be used to 
study semiconductor electrodes not only in the dark, but also under conditions of 
steady illumination, in which case it has been termed photoelectrochemical impedance 
spectroscopy ( PEIS) [30-351. Another widely applied method is intensity modulated 
photocurrent spectroscopy ( IMPS) [36-901 which involves modulation of the intensity 
of illumination incident on a photoelectrode and measurement of the magnitude and 
phase shift of the resulting photocurrent relative to the periodic illumination. IMPS 
has been used to study a wide range of single crystal semiconductors as well as anodic 
films on metals [54-56, 69, 70, 711 and porous or nanocrystalline systems [78-80, 87, 
901. Methods closely related to IMPS include intensity modulated photovoltage 
spectroscopy [9 1-93] and light modulated microwave reflectance [73, 94-96]. 

Intensity modulated methods were originally developed using conventional lamps 
[36], but these were replaced by cw laser sources coupled to acousto-optic modulators 
[38]. More recently, the availability of efficient light emitting diodes with emission 
wavelengths ranging from the blue to the near IR has greatly simplified the optical 
arrangement; laser sources are now only necessary for measurements at high inten- 
sities or short wavelengths. IMPS measurements have also been carried out using 
stepped or scanning laser microscope systems in order to relate information about 
photochemical kinetics to surface topography and composition [67, 72, 761. 

Many of the techniques used to study electrochemical kinetics involve perturba- 
tion and measurement of electrical variables such as voltage and current. However, 
an electrochemical system in some initial steady state condition can also be perturbed 
by a suitable periodic non-electrical stimulus, and the monitored response may also 
be non-electrical: examples are periodic modulation of mass (electrochemical quartz 
crystal microbalance [97] and of optical transmission (electrochromic systems) [98- 
1001. In general, the relationship between input and response is described by the 
transfer function, G, which contains information about the system under study [loll, 
and analysis can be performed either in the time or frequency domain. In the latter 
case, the frequency dependent transfer function G(o) is defined as 

output (o)  
= input (o)  

where the input and output are characterised by their magnitude, phase and appro- 
priate physical dimensions. Examples of some of the types of perturbation and 
response that are relevant to electrochemical systems are listed in Table 1. 
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Perturbation 

voltage A V 

current AI 

voltage A V 

Table 1 

Response 

current AI 

voltage A V 

charge A Q  

Type of transfer function (units) 

admittance A I / A V  (AV-' = 0 - I )  

impedance A V I A I  (VA-' = 0) 

integrated admittance A Q / A V  (CV-' = F) 

voltage A V 

voltage A V 

absorbance AA 

mass change ( A m )  

optical transfer function A A / A  V (V-' ) 

gravimetric transfer function A m / A  V (kg V-' ) 

[ light flux AIo 1 photocurrent bjphofo I quantum efficiency @ = Ajph,,,,,/qAIo (dimensionless) 

light flux A&, photovoltage A Vphorr, photovoltage impedance AV,,~, , , /qAI,  (VA-' = Q) 

It is clear that different transfer functions are often related to each other. 
For example, changes in optical absorbance of an electrochromic system due to a 
Faradaic reaction are proportional to the charge passed. Inspection of the definitions 
in Table 1 confirms that the optical transfer function is therefore also proportional to 
the integrated Faradaic admittance [99]. The same relationship also holds for the 
gravimetric transfer function [97, 1011. The advantage of measuring absorbance or 
mass changes is that they depend only on the Faradaic charge and not on the charge 
associated with double layer charging. This opens the way to deconvolution of the 
overall response of electrochemical systems in a way that cannot be achieved by EIS 
alone. 

It can be seen from this discussion that a more broadly based approach to the 
characterisation of the dynamic properties of electrochemical systems is desirable. 
One of the objectives of this review is to provide a cohesive and unifying approach to 
the application of time and frequency resolved methods in photoelectrochemistry. 
The input functions are generally either light or voltage, and the output functions may 
be current, charge, voltage, optical absorbancelreflectance or microwave reflectivity. 

The terminology used for the transfer function requires some care. If the input 
function is an intensive quantity such as voltage (also called an 'across' function), and 
the output function is an extensive quantity such as current (also called a 'through' 
function), the ratio of output to input can be referred to as an admittance. If the type 
of input and output functions are reversed, then the ratio becomes an impedance. If 
the input and output functions are both of the same type, the ratio of output to input 
can be referred to as a gain function. However, these conventions, which are usually 
employed in network analysis, have not always been followed consistently in the 
development of new photoelectrochemical techniques. For example, the frequency 
dependent photocurrent efficiency, 0, shown in Table 1 is often referred to as the 
opto-electrical admittance and its inverse as the opto-electrical impedance [62, 64- 
661, in spite of the fact that it is the ratio of two through functions. It would be 
preferable to use the term opto-electrical transfer function. The inverse of 0 has also 
been called the photoelectrochemical impedance [53, 701. To avoid confusion, the use 
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Fig. 1. Simple photodiode circuit. R is the current measuring 
resistor and C is the junction capacitance of the diode. The pho- 
todiode signal is attenuated at frequencies above f = 1/2 xRC. , 

of the term ‘photoelectrochemical impedance’ is restricted in this review to the de- 
scription of the electrochemical impedance of an electrode measured under conditions 
of steady rather than modulated illumination, in other words the periodically per- 
turbed variable is the voltage rather than the photon flux. 

A simple example of how the frequency response of an opto-electronic system is 
defined by its transfer function is provided by the equivalent circuit for a conven- 
tional photodiode shown in Fig. 1. 

The photodiode generates a current in response to illumination, and the current is 
measured as a voltage difference across an external measuring resistor. The space 
charge capacitance of the diode appears in parallel with the measuring resistor, 
leading to attenuation of the response at high frequencies. The transfer function of the 
photodiode is determined by the product of the transfer function @(a) for the process 
of conversion of light to current in the semiconductor junction and the dimensionless 
complex transfer function A ( o )  = 1/ (  1 + i o R C )  due to RC attenuation: 

1 
1 + iwRC 

G(o) = @(w) 

Here i = a. @ ( w )  corresponds to the quantum efficiency of the photodiode, and 
except at very high frequencies where electron transport effects become important, it 
is effectively constant so that the frequency response is determined only by A ( o ) .  The 
product RC is referred to as the RC time constant, ZRC. The complex attenuation 
factor A(w)  = ReaZ[A(o)] + i Zmaginary[A(o)] can be plotted in the complex plane 
as shown in Fig. 2a, noting that it has real and imaginary components given by 

1 
1 + 0 2 R 2 C  

Re[A(o)]  = 

-wRC 
1 + 02R2C2  Zm[A(o)] = 

It can be seen the plot of A(wj describes a semicircle in the lower complex plane with 
the lowest point at o = l / R C  = l / t ~ ~ .  The corresponding Bode plots of the mag- 
nitude and phase of A ( o )  are shown in Fig. 2b. 

Until recently, most experimental photoelectrochemical studies have focused on 
single crystal semiconductors, but an upsurge of interest in nanocrystalline semi- 
conductors has been stimulated by the development by Gratzel and co-workers of 
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Fig. 2a. Complex plane plot of the attenuation factor A ( w )  calculated for the circuit in Fig. 1 with 
R = 100 l2 and C = 1 nF. Note that the minimum of the semicircle is located at a frequency 
fmin = 1/2 nRC = 1.58 MHz. 
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Fig. 2b. Bode plot of magnitude IA(w)l and phase shift of the attenuation factor A(w).  The plot is an 
alternative way of representing the data shown in Fig. 1. Note that the magnitude of A(w)  is 0.5 and the 
phase shift is 45" when f = I/2nRC. This corresponds to the minimum of the semicircle in Fig. 2a. 

efficient solar cells based on dye sensitised titanium dioxide [20-261. The porous 
electrodes in these cells consist of interpenetrating solid and liquid phases, and they 
exhibit a number of unique properties, some of which are not well understood. Time 
and frequency resolved methods are being used to study charge generation and col- 
lection in these interesting systems, and this review therefore encompasses not only 
studies on well-characterised (generally single crystal) semiconductors but also more 
recent work on nanocrystalline electrodes. The main emphasis is placed on small 
amplitude periodic perturbation with analysis of the response in the frequency 
domain, but time resolved measurements are also included in order to establish a 
clear conceptual bridge between the two domains. 
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1.3 Photoelectrochemical Systems: Processes and Time-scales 

Processes in photoelectrochemical systems take place over an enormous range of time 
and distance scales. Interfacial electron transfer over tunnelling distances of atomic 
dimensions is coupled to the transport of electrons, holes and ions over macroscopic 
distances in the solid and liquid phases. The shortest time scales are associated with 
the process of dye sensitisation of Ti02 by adsorbed ruthenium dyes (the basis of the 
Gratzel cell), where spectroscopic studies [102, 1031 have established that the excited 
state of the dye injects an electron into the conduction band of the oxide on a fem- 
tosecond timescale. Electron and hole transport times can vary considerably from 
system to system. Section 2 of this chapter discusses field driven collection of photo- 
excited minority carriers in the space charge region of semiconductor junctions: this 
process is also very fast - generally on the picosecond time-scale. At the other end of 
the timescale, electron diffusion in nanocrystalline semiconductor electrodes is many 
orders of magnitude slower; as discussed in section 5, the collection of electrons in a 
dye sensitised Ti02 cell can take several tens of milliseconds. A similarly wide range 
of time-scales is also encountered when considering trapping and recombination 
processes. Trapping of electrons and holes can be fast if the trap density is high, 
taking place in nanoseconds. By contrast, bulk electron-hole recombination in very 
pure silicon occurs on a millisecond time scale, whereas in most 11-VI and 111-V 
compound semiconductors it is much faster. Electron-hole recombination at semi- 
conductor surfaces can also be slow, particularly when the density of majority car- 
riers is reduced by the presence of a space charge region. 

Heterogeneous electron transfer reactions have been studied extensively 1104- 
1061, mostly at metal electrodes. The electron density in the metal can be considered 
to be invariant, and theoretical considerations suggest that the upper limit for the 
first order heterogeneous rate constant is of the order of 104cm s-l. The electronic 
density of states in semi-metallic highly oriented pyrolytic graphite (HOPG) is con- 
siderably lower than that of metals, and it has been observed that the rate constants 
for electron transfer at HOPG are correspondingly lower by 3-5 orders of magnitude 
[107]. In the case of metal electrodes, experimental limitations such as mass transfer 
and the RC time constant of the electrochemical cell usually restrict the experimen- 
tally accessible upper limit of rate constants to 10 cm s-l or less. The situation is dif- 
ferent in the case of majority carrier electron transfer at semiconductor electrodes 
because the rates of electron transfer depend not only on the concentration of elec- 
tron donor (or acceptor) species in the solution but also on the density of carriers in 
the semiconductor. The simplest case arises where measurements are performed in 
the dark and the reaction involves majority carriers from the semiconductor. Under 
weak depletion, the density of majority carriers at the semiconductor surface is much 
lower than in the case of a metal, and in the absence of surface charging effects it 
varies exponentially with potential according to the Boltzmann equation. This means 
that high values of the electron transfer rate constant can be determined directly from 
the dark current-voltage characteristics by appropriate selection of the potential 
range. For example if we consider an n-type semiconductor where the bulk density of 
electrons is 1 O I 6  cmP3, the surface density of electrons is reduced to 1014 cmP3 at a 
potential 120 mV positive of the flatband potential. Consequently, the electron 
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transfer rate can be determined readily since it is six to seven orders of magnitude 
lower than at a metal electrode where the electron density approaches lo2' ~ m - ~ .  The 
experimental access to high values of the electron transfer rate constant provided by 
semiconductor electrodes has led to recent controversy about the upper limit to the 
value of rate constants. Lewis and co-workers [ 108-1 111 have argued that the upper 
limit to the second order heterogeneous rate constants of outer sphere redox reactions 
taking place at semiconductor electrodes lies around cm4 s-I, and their mea- 
surements on well defined silicon surfaces and on InP appear to confirm this conclu- 
sion. However, values of rate constants as high as cm4 s-I have been derived by 
Memming, Nozik and co-workers [ 1 12- 1 141 from measurements on GaAs and 
GaInP. To place this value in context, it can be translated into an equivalent rate 
constant for a metal electrode, where for an electron density of 1021 ~ m - ~ ,  the corre- 
sponding rate constant would be 10" cms-I. Thls is more than seven orders of 
magnitude higher than the generally accepted upper limit of lo4 cms-'. 

In the case of photoelectrochemical reactions, it is the minority carriers that take 
part in the interfacial electron transfer. Carriers are generated by absorption of light 
in the bulk of the semiconductor and collected at the interface by diffusion and 
migration. Unless the illumination level is very high, the rate of photoelectrochemical 
reaction is constrained by the supply of carriers to the surface. This means that the 
density of minority carriers at the surface is not known a priori because it depends on 
the rate of arrival from the bulk and on the rate of removal by electron transfer and 
surface recombination. An idea of the shortest time scale associated with minority 
carrier reactions can be obtained by considering a fast redox reaction with a rate 
constant at the theoretical upper limit for outer sphere reactions of cm4 s-'. A 
typical value of the concentration of redox species in solution is 10'9cm-3 (corre- 
sponding to 1.6 x mol dm-3). The pseudo-first order rate constant is then given 
by cm4 scl x lOI9 ~ m - ~ / d c m  = 102/6 s-l where 6 is a reaction length of the 
order of the tunnelling distance. For S = lop7 cm, the upper limit to the pseudo-first 
order rate constant for the reaction of minority carriers is lo9 s-I, corresponding to a 
nanosecond time-scale. As shown in section 3 ,  the time required for a carrier to reach 
the surface is even shorter. Such rapid processes lie outside the range of conventional 
frequency response analysis, which for electrochemical systems is generally restricted 
by experimental problems to frequencies below 1 MHz. However, it has been found 
that many multistep photoelectrochemical reactions of interest, such as hydrogen 
evolution on InP and Si [35, 731, oxygen evolution on Ti02 [84], CdS photo- 
decomposition [59] or photocurrent multiplication during photoanodic dissolution of 
Si [46, 491, occur on a time-scale of microseconds to milliseconds, so that they can 
easily be studied by frequency response analysis. 

Surface recombination of electrons and holes is also relatively slow. Usually, the 
recombination lifetime depends inversely on the majority carrier concentration at the 
surface. For a n-type semiconductor, the lifetime of a hole trapped at a surface state 
is given by tp = l/j?nsu,f, where @ is the rate constant for electron capture For 
example if nhulk = lOI7 ~ m - ~  and the band-bending qAdSc = lOksT, nsu< = 
5.10L2 crnp3. Taking a typical value of j? = lo-'' cm-3 s-I, the recombination lifetime 
is obtained as zP = 2.10-3 s. Under flat-band conditions where nsur. = nbulk, zp is 
reduced to 100 ns. Surface recombination rates can therefore also be measured under 
depletion conditions using frequency resolved methods. 
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The accessibility of different time domains under well-defined conditions is 
subject to instrumental limitations. Intensity modulated photocurrent measurements 
are commonly performed under potentiostatic conditions using a fast potentiostat, 
and roll-off and phase shift normally restrict the upper frequency limit for reliable 
data to 30 kHz or less. Data acquired at higher frequencies must be corrected for the 
combined transfer function of the potentiostat and electrochemical cell. An alterna- 
tive approach is to eliminate the potentiostat and to use a simple circuit with a small 
measuring resistor. Since the measuring resistor is in series with the electrolyte and 
contact resistances, it increases the RC time constant of the cell (the influence of the 
RC time constant of the cell on the measured response is analogous to the attenuation 
of the photodiode response illustrated in section 1.2, and it is discussed in more detail 
in section 3.2). The RC time constant for a moderately doped semiconductor elec- 
trode under depletion conditions is two to three orders of magnitude lower than the 
value for a metal electrode. The difference arises from the fact that the space charge 
capacitance of the semiconductor electrode is typically 100 nF cm-2 or less, whereas 
the Helmholtz capacitance is around 10 pF cm-2. For a series resistance of 10Qcm2, 
the corresponding RC time constants are s and lop4 s respectively. As shown in 
section 3.2, at times shorter than the RC time constant, the photogenerated charge is 
stored in the electrode capacitance, so that for example an experiment involving a 
very short (ns) light pulse corresponds essentially to coulostatic conditions, and the 
measured quantity is a photopotential rather than a photocurrent. 

2 Review of Fundamental Processes 

2.1 Electron-hole Pair Generation 

An electron hole pair is created in a semiconductor when a photon of sufficient energy 
is absorbed, resulting in excitation of an electron from the valence band to the con- 
duction band [ 1151. In the context of semiconductor photoelectrochemistry, it is useful 
to distinguish between direct and indirect optical transitions. If the top of the valence 
band and the bottom of the conduction band are both situated at k = 0 ( k  being the 
electron wave vector), one-step optical processes between delocalised states in the 
valence and conduction band can occur. The absorption coefficient for direct ab- 
sorption of photons of energy hv, in a semiconductor with bandgap E, is given by 

The proportionality constant Adirect is determined by the effective masses of the elec- 
tron and hole and by the index of refraction of the semiconductor. Typically, the 
absorption depth 1/adirect(hv) of photons absorbed in a direct transition is 100- 
1000 nm. 

If the bottom of the conduction band is not located at k = 0, an optical transition 
from the top of the valence band to the bottom of the conduction band requires 
absorption or emission of one (or more) quantised energies of lattice vibrations 
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(phonons) to conserve the momentum of the electron (also denoted as crystal 
momentum). The absorption probability depends on the phonon density and hence 
on the temperature. At a given temperature (> 0 K), the absorption coefficient can be 
approximated by 

Indirect optical transitions are generally characterised by an absorption depth 
1 /cqndirecl(hu) that is orders of magnitude larger than for direct transitions. For in- 
stance, the absorption depth of green light (wavelength 5 15 nm) in GaP is about 
104nm at room temperature because its energy falls below the direct bandgap but 
above the indirect bandgap of the material [116, 1171. 

In direct and indirect optical transitions, a delocalised electron in the valence 
band is excited into a delocalised state in the conduction band. Absorption of a 
photon can also result in an electron transition from the valence band to a localised 
state in the band gap or from a localised state in the band gap to a delocalised state in 
the conduction band. Such transitions have been studied less extensively than band to 
band transitions. (Transient) light absorption, photoconductivity and photovoltage 
studies have been used to probe transitions with photons of energy considerably 
below the band gap [ 1 18- 1211. In a few cases, photocurrents induced by absorption 
of sub-bandgap light in bulk single crystalline semiconductor electrodes have been 
studied [ 122- 1251. The mechanisms of free carrier and photocurrent generation in 
semiconductors induced by absorption of a sub-band gap photon have been discussed 
recently [126]. The work was motivated by the growing interest in nanostructured 
nanoporous semiconductors which exhibit a huge volume density of surface atoms 
and in consequence a strongly enhanced probability for light absorption mediated by 
localised band gap states [127, 1281. 

Fig. 3 summarises the possible sub-band gap transitions between localised and 
delocalised states. 

semiconductor electrolyte 

X 0 

Fig. 3. Mechanisms that generate free electrons and holes (and photocurrent) by absorption of sub- 
bandgap photons. Continuous vertical arrows represent optical transitions and broken vertical arrows 
thermal transitions. Interfacial electron transfer is indicated by the horizontal arrow. 
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It is important to recognise that a sub-band gap optical transition leads to a delo- 
calked carrier of one type and a localised carrier of opposite type. Steady-state pho- 
tocurrent flow requires that the localised carrier is excited subsequently to the valence 
or conduction band, either by absorption of a second photon (process (b) in Fig. 3) 
or by thermal excitation (processes (c, d)). Bandgap states localised at the semicon- 
ductor surface may be of special importance for sub-band gap photocurrent flow. In 
process (e), an electron (majority carrier) is optically excited into the conduction 
band, and the resulting empty surface state is refilled by an interfacial electron 
transfer process. The latter process is similar to the process of dye sensitised electron 
injection in the nanocrystalline Ti02 solar cell [20-26, 1291. 

2.2 Electron-hole Pair Separation in a Semiconductor Electrode 

2.2.1 The Efficiency of Electron-hole Pair Separation 

The simplest photoelectrochemical cells consist of a semiconductor working electrode 
and a metal counter electrode, both of which are in contact with a redox electrolyte. 
In the dark, the potential difference between the two electrodes is zero. The open 
circuit potential difference between the two electrodes that arises from illumination 
of the semiconductor electrode is referred to as the photovoltage. When the semi- 
conductor and counter electrode are short circuited, a light induced photocurrent can 
be measured in the external circuit. These phenomena originate from the effective 
separation of photogenerated electron-hole pairs in the semiconductor. In conven- 
tional photoelectrochemical studies, the interface between the flat surface of a bulk 
single crystalline semiconductor and the electrolyte is two dimensional, and the elec- 
trode is illuminated from the electrolyte side. However, in the last decade, research 
into the properties of nanoporous semiconductor electrodes interpenetrated by an 
electrolyte solution has expanded substantially. If a nanocrystalline electrode is pre- 
pared as a film on a transparent conducting substrate, it can be illuminated from 
either side. The obvious differences between a flat (two dimensional) semiconductor/ 
electrolyte junction and the (three dimensional) interface in a nanoporous electrode 
justify a separate treatment of the two cases. 

Fig. 4 illustrates the energetics (in the dark) of a single crystalline bulk n-type 
electrode in equilibrium with a redox system. 

The equilibrium Nernst-potential of the redox electrolyte determines the redox 
Fermi level E F , ~ ~ ~ ~ ~ .  In the case illustrated here, the redox Fermi level lies below the 
Fermi level in the semiconductor before contact is made. On contact, electronic 
equilibrium is established by the transfer of electrons from the semiconductor to the 
oxidising agent in solution until the Fermi energies of the two phases are equal. As a 
result of the removal (depletion) of electrons, a space charge region consisting of 
immobile positively charged donor ions is formed in the semiconductor. The positive 
charge of the ionised donors in the depleted region of the semiconductor is compen- 
sated by an excess negative charge in the Helmholtz-layer on the electrolyte side. 
From Poisson’s equation, and applying Fermi-statistics for the free electrons, it is 
found that the width, of the depletion region, d,,, and the potential drop between the 
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Fig. 4. Energy diagram for a bulk monocrystalline n-type semiconductor electrode in the dark, in equili- 
brium with a redox system that has an equilibrium potential Ueq. The Fermi-level ( E F )  and the energy of 
the band edges are shown as a function of distance, x, perpendicular to the surface. The electrode is 
depleted of majority carriers at its surface. dsc is the width of the depletion layer and A&= is the potential 
drop over the depletion layer. 

surface and the bulk of the semiconductor, Aqi,,, are related by 

Here nbu/k is the free electron concentration in the bulk of the semiconductor and E is 
the relative permittivity of the solid. For E = 10 and Aqis, = 1 V, the width of the 
depletion layer is 10, 100, and 1000 nm for free carrier concentrations of loi7, 
and 1015cm-3, respectively. The capacitance CSC of the depletion layer can be 
calculated from 

For densities of free carriers between lOI5 and IOl9  ~ m - ~ ,  CSC ranges from lop9 to 
1 OW’ F cm-2. 

In the absence of electronic equilibrium established by a redox electrolyte, the 
potential difference across the semiconductor/electrolyte junction can be controlled in 
a three electrode cell with a reference electrode. The variation of the depletion layer 
capacitance with potential, U, is described by the Mott-Schottky equation [ 11: 

Plots of C$ vs. potential are used to determine the flatband potential, UFB, and the 
doping density N d .  

The situation sketched in Fig. 4 pertains to equilibrium conditions in the dark, 
and consequently the spatial derivative of the electron Fermi energy, dEF/dx, is zero. 
If the n-type semiconductor electrode is illuminated from the electrolyte side with 
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Fig. 5. An n-type semiconductor electrode under depletion conditions, illuminated from the electrolyte side. 
Holes generated in the depletion layer and in the diffusion layer (width L)  reach the surface and can con- 
tribute to the photocurrent. Holes generated deeper than dsc + L are lost by bulk recombination. 

monochromatic light (h,  > Eg)  with an intensity Z (x = 0) (corrected for reflection 
losses), electron-hole pairs are generated in the semiconductor at a rate aZ(x). The 
holes are minority carriers, and so they have a finite lifetime in the bulk of the semi- 
conductor that is determined by recombination with electrons. Holes generated in 
the depletion layer migrate towards the surface and escape bulk recombination (see 
Fig. 5 ) .  If the holes react sufficiently rapidly with the reducing agent in solution, the 
electrostatics of the semiconductor/electrolyte interface under short circuit conditions 
can still approximated by Fig. 4. In general, light absorption increases the hole con- 
centration substantially above the dark value, tending to drive the electrochemical 
cell away from equilibrium. The departure from equilibrium can be described by 
introducing the concept of quasi-Fermi levels for electrons and holes, denoted as 
and EF.,, respectively (see section 2.3.3). 

If the density of photogenerated electrons is negligible compared with the electron 
density in the dark (i.e. E F , ~ ( x )  = EF) ,  the recombination rate is first order in the hole 
concentration and characterised by a (minority carrier) life time for holes denoted as 
r,,. This is usually the case in the bulk semiconductor unless the doping is low or the 
illumination intensity is very high. Holes generated adjacent to the depletion layer 
may reach the edge of the depletion layer by diffusion. This is accounted for by 
assuming a diffusion length L, in which electron-hole pair separation is fully effective: 

Here D is the diffusion coefficient and ,up is the corresponding mobility of the hole. 
Electron-hole pairs generated in the neutral bulk region deeper than the diffusion 
layer (i.e. at x > dsc + L)  will recombine. 

It is clear that the photocurrent quantum yield of a flat semiconductor electrode 
will depend on the relative magnitudes of the width of the retrieval layer, dsc + L, 
and the penetration depth of the light, (l/a). An expression for the flux of photo- 
generated minority carriers arriving at the surface, g, was derived originally by 
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Gartner [ 1301 for the boundary condition that the concentration of minority carriers 
tends to zero in the depletion layer. The Gartner equation can be written in the 
normalised form 

The ratio g / I ( O )  defines the photocurrent efficiency a. In the absence of surface 
recombination, qg corresponds to the photocurrent density jphoro measured in the 
external circuit. The Gartner equation has been used successfully to explain the 
photocurrent-potential characteristics of many semiconductor electrodes under con- 
ditions where surface recombination is absent. Plots of h( 1 - @) against dsc (which 
according to the Mott-Schottky relationshlp is proportional to ( U - UFB)’’~) have 
been used to determine the absorption coefficient of the light and the diffusion length 
L of minority carriers. The method is most accurate for cases where l /a >> d,, + L 
[44, 125, 131-1341, 

The preceding discussion is based on a simple one-dimensional model of the 
semiconductor/electrolyte junction. This model is not appropriate for porous net- 
work electrodes. Remarkably high values of the photocurrent quantum yield are 
found with nanostructured porous semiconductor electrodes when an efficient scav- 
enger for the minority carrier is present in the interpenetrating electrolyte solution. 
Such electrodes have been prepared from single crystals by (photo) anodic etching 
leading to a single crystalline semiconductor network with interconnected structural 
units [135-1411. Nanocrystalline porous electrodes can also be fabricated by coating 
a layer of semiconductor colloid (size 1-100nm) on a conducting substrate and slight 
sintering [20-261 or by electrodeposition [ 1421. 

A comparison between electron-hole pair separation in bulk single crystalline and 
nanostructured electrodes can be made using n-GaP as an example, since both single 
crystalline and nanostructured GaP electrodes have been studied. n-type GaP can be 
made porous by anodic etching under conditions of dielectric breakdown. The po- 
rous network formed (Fig. 6) has interconnected structural units in the 100 nm range. 

Fig. 6. SEM photograph of a nano- 
porous G a P  network obtained by anodic 
etching of single crystalline n-Gap. The 
white areas are GaP and the dark areas 
pores. Note that the G a P  retains its 
monocrystalline character after etching. 
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Fig. 7. Electron-hole pair separation in a nanostructured semiconductor electrode (the darker area repre- 
sents the nanocrystalline material). The charge carriers are generated within a distance from the internal 
surface that is comparable with the minority carrier diffusion length L. This leads to very efficient electron 
hole separation. 

Optical transitions in GaP are indirect in the photon energy range 2.25eV < 
hv < 2.76 eV, so that the penetration depth for green light is large (1 /LY % lo4 nm). 
For the doping densities of the samples used, the width of the depletion layer and the 
diffusion length of holes were both much smaller (around 50nm). For the unetched 
electrode, the photocurrent efficiency, @, for green light was found to be 0.01 in the 
absence of surface recombination. This value agrees with the prediction based on the 
Gartner equation (Eq. 10). For the porous electrode, on the other hand, it was found 
that @ tends to unity for all light of energy greater than the indirect bandgap of 
2.25eV. The reason for the remarkable difference between the flat and porous elec- 
trodes is that in the latter all photogenerated holes can easily reach the semiconduc- 
tor/electrolyte interface at a pore wall before they recombine because the character- 
istic dimensions of the network are comparable with the diffusion length, L (see 
Fig. 7). Since the interface extends into a third dimension, the photocurrent quantum 
efficiency depends only on the relative magnitudes of the penetration depth of the 
light and the film thickness. 

High photocurrent quantum yields have also been obtained with porous, nano- 
crystalline CdS, CdSe, Ti02, and ZnO electrodes [142-1441. In these systems, bulk 
recombination is negligible due to the small size of the structural units ( L  > size). 
Surface recombination is prevented by effective scavenging of the photogenerated 
holes by a reducing agent interpenetrated in the nanoporous system. 

Nanostructured particulate semiconductor electrodes are a topic of current inter- 
est since they offer the possibility of cheap and efficient dye sensitised solar cells 
[20-261. These cells rely on efficient light harvesting by a dye adsorbed on the high 
internal surface area of the electrode. Rapid electron injection from the excited dye 
into a Ti02 particle and subsequent regeneration of the dye from its oxidised state by 
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electron donation from I- make the primary electron-hole pair separation very effi- 
cient (see Fig. 3 ,  process e). 

2.2.2 Dynamic Aspects of Electron-hole Pair Separation 

It is useful to estimate the characteristic time required to achieve primary separation 
of the electron-hole pair in a bulk single crystalline semiconductor electrode with a 
flat interface with the electrolyte. If there is a depletion layer at the interface in which 
an electron-hole pair is generated (see Fig. 5 ) ,  the electron will move to the interior 
and the hole to the surface. Provided that the mean free path length for electron- 
lattice scattering is much smaller than the width of the depletion layer, the drift 
velocities of the electron and hole are described by the relationships 

It is difficult to estimate the driving force dEF,,/qdx for the movement of the 
majority carriers, since it is necessary to account for diffusion and migration. How- 
ever, for minority carriers, it can be assumed that the driving force dEF,,/qdx is en- 
tirely due to the electrical field in the depletion layer. Since the mean electric field 
is A&/dsc, the drift velocity of a hole is of the order of ppA&/dsc. The transit time 
of the minority carrier through the depletion layer, z(dsc) ,  can be expressed as 
equivalent to an RC time constant using Eq. 6-7: 

For E = 10 and pp  = m2 V-' s- ' ( for simplicity, the dependence of mobility on 
doping density is neglected), the transit time through the depletion layer is about 
lo-", and 10-'4s for doping densities of and 10'9cm-3 respec- 
tively. The equivalent resistance term, dSC/qppnbu/k,  is many orders of magnitude 
smaller than the electrolyte resistance Re[, and correspondingly the time required for 
photogenerated charge carriers to move through the space charge region is orders of 
magnitude smaller than the time constant, zce// = R,/Csc, of the electrochemical cell. 
This conclusion is important with respect to time resolved measurements with flat 
semiconductor electrodes (see section 3). The time needed for minority carriers 
photogenerated in the neutral bulk region to reach the edge of the depletion layer is, 
by definition, the bulk recombination lifetime tp (see Eq. 8). Experimental results 
indicate that photo-induced electrical transients can be considerably influenced by 
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minority carrier diffusion from the neutral bulk region to the edge of the depletion 
layer [145-1461. 

It is reasonable to assume that in a nanoporous electrode (Fig. 7), the time 
required for a photogenerated minority carrier to reach the semiconductor surface by 
drift or diffusion is not very different from that estimated for a flat semiconductor/ 
electrolyte interface. However, the photogenerated majority carrier must travel 
through the porous structure’to reach the back contact. Much work has been devoted 
recently to the study of electronic transport through nanostructured electrodes 
(cf. sections 3 and 5). It has been found that the characteristic time required for a 
majority carrier to travel through the porous network can be extremely long (in the 
ms to s range). 

2.3 Interfacial Processes 

2.3.1 Introduction 

For a flat semiconductor/electrolyte contact, the flux, g, of photogenerated minority 
carriers close to the semiconductor surface can be predicted (see Eq. 10) if it is 
assumed that minority carriers are consumed sufficiently rapidly by interfacial elec- 
tron transfer processes to ensure that their concentration in the depletion layer and at 
the surface can be neglected. The Gartner model has been used successfully to explain 
the photocurrent-potential characteristics of many single crystalline semiconductor 
electrodes, especially in the potential region where the band-bending, qAbsc = 
q( U - U F ~ ) ,  is relatively large (> 1OkaT). However, for lower values of band bend- 
ing, it is often observed that the photocurrent quantum yield decreases more steeply 
with decreasing potential than predicted by Eq. 6 and 10. In fact, the photocurrent 
often falls to zero while there is still a considerable depletion layer. Since this implies 
that the flux of minority carriers taking part in electrochemical reactions is smaller 
than the flux, g, arriving at the surface from the interior of the electrode, it is assumed 
that minority carriers recombine at the surface. The rate of surface mediated recom- 
bination depends on the local concentration of majority carriers. Here, a n-type 
photoanode is taken as an example, in which electrons in the conduction band are the 
majority carriers. By use of Fermi-statistics, it is found that the surface concentration 
of electrons is given by 

The occurrence of surface recombination can be taken to indicate that interfacial 
electron transfer proceeds rather slowly, leading to a non-negligible density of free 
and surface trapped minority carriers. Moreover, the density of recombination- 
mediating bandgap states is evidently much higher at the surface and in the near 
surface region [125] than in the bulk. Interfacial bandgap states may originate from 
bonds to surface atoms, from chemisorbed ions and molecules or from surface and 
near surface defects. 
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2.3.2 Competition for Minority Carriers between Direct Transfer and Trapping 

Holes generated by illumination of a flat n-type single crystalline semiconductor 
electrode in contact with a simple redox system may be consumed at the surface by 
electrochemical electron transfer, i.e. oxidation of a reduced species in the electrolyte: 

hi + Red 2 0 (14) 

Several reviews of the Marcus and Gerischer theories of electrochemical electron trans- 
fer (EET) are available in the literature [104-106, 147-1501. It is assumed that EET 
involves iso-energetic tunnelling between electronic states in the electrode and in the 
(activated) redox-system. The oxidation of the reduced species involves tunnelling of 
an electron from a thermally activated state of Red to a vacant level (hole) at 
an energy close to the valence band edge E V .  The fact that iso-energetic tunnelling 
generally requires a non-equilibrium state of the reducing agent means that electro- 
chemical electron transfer is not necessarily very fast (maximum values for electro- 
chemical rate constants are discussed in section 1.3.) For instance, electrochemical 
electron transfer is usually much slower than electron tunnelling from a metal to a 
hole in the valence band (which occurs, for instance, in a semiconductor/(insulator)/ 
metal Schottky barrier). An important reason for this difference is the fact that the 
density of states involved in tunnelling is much higher in a metal than in a redox 
electrolyte. 

Kinetic investigations with semiconductor electrodes have shown that the local- 
isation of holes (trapping of holes) in interfacial bandgap states may compete effec- 
tively with direct electron transfer (comprehensive reviews of this work are given 
in [48, 131, 151, 1521). Trapping of a hole in an interfacial state in the gap can be 
written as: 

h C + X 2 X t  

X and Xf represent bandgap states occupied and unoccupied by an electron respec- 
tively. The detailed mechanism of process (1 5) is not very clear. One might think that 
hole trapping in an interfacial state is very similar to trapping of a hole in a localised 
bulk state. The rate constant for hole trapping, pp,  should then be defined as the 
product of the thermal velocity of free electrons and the capture cross section. 
(Detailed reviews of electronic processes in bulk semiconductors can be found in 
[153-1571). Alternatively, the interfacial state X + / X  might be considered to be simi- 
lar to a redox system chemisorbed at the electrode surface. Hole trapping should then 
be seen as an electrochemical reaction, which might require a finite solvent reorgan- 
isation energy. 

Formally, the rate of hole trapping per state can be written as p,p(O)f(E) with 
p ( 0 )  being the concentration of free holes at the surface and f ( E )  the electron 
occupation factor of the bandgap state. Trapped holes may be thermally excited from 
an interfacial state into the valence band. The rate of this process depends exponen- 
tially on the energy difference between the state and the valence band. In the frame- 
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work of the theory developed for electronic transitions in bulk semiconductors, the 
rate per state at an energy E is given by PpNv exp[-(Ev - EF)/kBT].  Thermal release 
of holes from band gap states is usually neglected in photoelectrochemical kinetics 
(a simplified phenomenological treatment of the competition between direct transfer 
and hole trapping based on this approximation is given in section 4). Neglect of the 
thermally activated reverse process implies that only those states are considered for 
which the rate of some other competing processes (e.g. capture of an electron from 
the conduction band or from a reduced species by interfacial electron transfer) is 
faster than the thermal release process. The competition between direct transfer and 
trapping in interfacial bandgap states is expressed as 

6 a  = g - kvp(O)[Red]  
dt 

Here g, the flux of photogenerated minority carriers arriving at the surface, is given 
by Eq. 10, [ X ( E ) ]  is the concentration of interfacial bandgap states at a given energy 
E (in cmP2 eV-I), 6 is the distance from the surface ( x  = 0)  over which the potential 
varies with an amount kBT; and [Red] is the concentration of the reducing agent 
within tunnelling distance from the surface. 

2.3.3 Competition between Interfacial Electron Transfer and Recombination 

The vacant interfacial bandgap state X +  formed by hole trapping can be refilled with 
an electron in two ways: by electron donation from a reducing agent in solution, or 
by capture of an electron from the conduction band. The first process involves iso- 
energetic electron tunnelling from a suitable non-equilibrium state of the reducing 
agent at a given energy E. 

X +  + Red '5 X + Ox (17) 

Alternatively, Xf can capture an electron (majority carrier) from the conduction 
band: 

At a given energy, the electron capture rate per state is given by P,,n(O)[l - f ( E ) ] ,  
where the concentration of majority carriers at the surface, n(O),  is given by Eq. (13). 
Electron release from X, leading to a free electron in the conduction band, (i.e. the 
reverse of process 18) occurs with a rate which increases exponentially with decreas- 
ing energy difference between the state at an energy E and the conduction band edge 
Ec.  The rate of thermal electron excitation per state can be written as the product 
P, NC exp [- (EC - E )  /kB T ]  f ( E ) .  
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The electron occupation factor f ( E )  for the interfacial bandgap states is deter- 
mined by the rates of electron capture and removal: 

From Eq. 19, it follows that the electron occupation factor 
ditions ( d f ( E ) / d t  = 0) is given by 

(19) 

under steady-state con- 

It is useful to consider the energy dependence of the electron occupation factor in 
more detail. A comprehensive treatment dealing with localised bandgap states in the 
bulk of a semiconductor can be found in [157]. In the energy range close to the 
valence and conduction band edges, thermal excitation processes predominate, and 
according to Eq. 20, the electron occupancy factor f ( E )  becomes unity near to 
the valence band edge and zero near to the conduction band edge. More precisely, 
the states are fully occupied below a demarcation energy, Ep, defined by 

The density of holes at the surface can be described conveniently by the quasi-Fermi 
level for holes, E F , ~ ( X  = 0), given by Ev - k ~ T f n [ p ( O ) / N v ] .  The states are empty 
above a demarcation energy, En, defined by: 

Between the demarcation levels E, and Ep, the occupation factor is determined by the 
rates of hole and electron capture and interfacial electron transfer between the states 
and the reducing agent: 

The effective density of recombination states used in the phenomenological treatment 
of photoelectrochemical kinetics in section 4 corresponds to the density of states 
X ( E )  integrated over the energy range between the demarcation levels. The electrical 
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flux of holes lost by surface recombination is given by 

The recombination flux can be approximated by 

if the occupation factor between En and Ep does not depend strongly on the energy, 
which is the case if the interfacial rate constant k ( E )  is approximately constant 
between the demarcation levels. 

When losses due to surface recombination are taken into account, the photo- 
current efficiency, @, is given by 

The photocurrent is due to direct and surface state mediated transfer of holes 
(processes 14 and 17 respectively). The competitive processes which determine the 
photocurrent quantum yield are summarised in Fig. 8. 

In a number of systems, it has been observed that the photocurrent quantum yield 
exceeds the Gartner limit given by Eq. 10. Examples are GaP and GaAs photo- 
cathodes in a solution containing H202 as an oxidant, and ZnO, TiO2, CdS and 
CdSe photoanodes in aqueous solutions containing two equivalent reducing agents 

Fig. 8. Overview of the interfacial processes induced by photogenerated minority carriers. The numbers in 
parenthesis refer to the processes described in text. 
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such as alcohols, aldehydes, and carboxylic acids. The phenomenon, referred to as 
photocurrent multiplication, is attributed to majority carrier injection in an electro- 
chemical process initiated by photogenerated minority carriers (for details and refer- 
ences see section 4). 

3 Time and Frequency Windows in a 
Photoelectrochemical Cell 

3.1 Introduction 

Reliable interpretation of time or frequency resolved photocurrent measurements 
requires a clear understanding of the relationship between the time resolved current 
or voltage measured in the external circuit and the photoinduced processes in the 
semiconductor electrode. The dynamics of photogenerated carriers in a bulk single 
crystalline semiconductor electrode involve primary electron-hole pair separation in 
the semiconductor solid and interfacial processes induced by photogenerated minor- 
ity carriers. If the semiconductor electrode consists of a nanoporous network, trans- 
port of photogenerated majority carriers through the network in the direction of the 
substrate is involved too. It is important to realise that there are fundamental and 
practical limitations to the way in which the dynamics of photogenerated charge 
carriers in a semiconductor electrode can be probed by measurement of a photo- 
induced electrical signal (current or potential) in the external circuit. These limi- 
tations are illustrated here for an n-type bulk electrode as an example. The semicon- 
ductor/electrolyte interface is considered to be a series connection of two parallel 
plate capacitors, corresponding to the depletion and Helmholtz layers respectively. In 
principle, the movement of a charge carrier through the depletion and Helmholtz- 
layers is related to current in the external circuit. However, since the capacitance of 
the depletion layer, C,,, is usually much smaller than that of the Helmholtz-layer, 
CH,  it is the movement of a charge carrier through the depletion layer that will be 
detected in the external circuit. In other words, with a semiconductor electrode, 
interfacial electron transfer (i.e. electron tunnelling through the Helmholtz-layer) 
cannot be probed directly by time resolved current measurements. Information about 
the kinetics of interfacial electron transfer at semiconductor/electrolyte junctions can, 
however, be derived from time or frequency resolved measurement of the interfacial 
charge using microwave reflectance. This method is discussed in section 4. 

After the absorption of a photon sufficiently close to the semiconductor/ 
electrolyte interface, primary separation of the electron and hole will occur. The mi- 
nority carrier (hole) may diffuse to the inner edge of the depletion layer, and migrate 
through the depletion layer towards the surface. Diffusion occurs in a time equal to 
the life time of the minority carrier in the bulk, zp,  which for compound semi- 
conductors is often in the microsecond or nanosecond range (in very pure Si, the 
minority carrier life time is much larger (ms) [ 1581). In section 2.2, it was shown that 
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the transit time of a charge carrier through the depletion layer lies in the range 
to lO-'Os. When the hole arrives at the semiconductor surface, it can be involved 
directly in interfacial electron transfer or it may become trapped in an interfacial 
state before being consumed by interfacial electron transfer or recombination (cap- 
ture of an electron from the conduction band). The time-scales for electron transfer 
and surface recombination are discussed in section 1: they range from nanoseconds 
to milliseconds. In general, interfacial processes in which majority carriers are con- 
sumed (electron transfer and recombination) or injected (in photocurrent doubling, 
see section 4) occur on a time scale that is much longer than the transit time through 
the depletion layer. It follows that when an electron is captured by a surface trapped 
hole, equilibration in the depletion layer (corresponding to the movement of an 
electron through the depletion layer) is essentially instantaneous. This means that the 
kinetics of surface recombination and photocurrent doubling processes can be probed 
by time resolved (photo) current measurement in the external circuit. 

The timescales of the processes occurring after photo-generation of an electron 
hole pair can be shorter or longer than the RC time constant of the photo- 
electrochemical cell, ~ ~ ~ 1 1 .  In many cases, the time scale for interfacial processes at a 
semiconductor/electrolyte junction is longer than t c e l / ,  whereas electron-hole separa- 
tion and electron transit through the depletion layer are much faster. The apparatus 
used to probe electron-hole separation is therefore different from that used to study 
the kinetics of photoinduced interfacial processes. 

3.2 Two Time Windows, Separated by 7cell 

Fig. 9 is an electrical representation of an electrochemical cell with a semiconductor 
working electrode and metal counter electrode. 

The system is perturbed by time dependent illumination that generates electron- 
hole pairs in the semiconductor electrode. The time resolved voltage, jphotoARm, is 
measured in the external circuit. ( A  is surface area of working electrode). The elec- 

Fig. 9. Electrical representation of a photoelectrochemical cell with an illuminated semiconductor working 
electrode and a metal counter electrode (see text for details and definition of terms). 
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trodes are connected to a power source that maintains a constant potential difference, 
dsc (x > dsc)  - #p over the cell at all times. Here #sc (x > dsc)  is the potential of 
the semiconductor electrode in the neutral bulk region, and #,, is the potential on one 
side of the measuring resistance R,, which is connected to the counter electrode at 
the other side. The potential at the semiconductor surface is # ( O )  and the potential at 
the outside of the Helmholtz-layer is #H. The potential of the outer Helmholtz-plane 
of the counter electrode is denoted as &, and the potential of the lead connected to 
the counter electrode as #cE. Electron-hole pairs generated by illumination of the 
semiconductor electrode are separated rapidly, and minority carriers participate in 
interfacial processes such as recombination and electrochemical electron transfer 
(electron tunnelling across the Helmholtz-layer). These processes are accounted for 
by the photocurrent densities jsc(r)  and j H ( t )  that flow in parallel with the capaci- 
tance of the depletion ( Csc) and Helmholtz-layer ( CH) respectively. For the circuit of 
Fig. 9 

In Eq. 26, #sc(x > dSc) - d(0) is the potential drop over the depletion layer A&, 
# ( O )  - bH is the potential drop over the Helmholtz-layer at the semiconductor elec- 
trode A 4 H ,  #H - q$, and &- - dP are equal to jphoto(t)AR,r and j,,hoto(t)ARm respec- 
tively. It is assumed that the impedance of the counter electrode is so small that the 
potential drop 4; - #cE is constant and independent of the current through the cell. 
It follows from Eq. 26 that 

dA#sc dA#H djphoto (4 
dt + - = -A(& + Re/) dt dt 

Application of Kirchoffs laws to the electrical circuit of Fig. 9 gives 

If dA#,/dr is negligible with respect to dA#,,/dt, the relationship between internal 
current flow through the depletion layer, j sc ( t ) ,  and the measured voltage over R, 
can be obtained directly from Eq. 27 and 29. If dA#,/dt is not negligible, a some- 
what more elaborate treatment is necessary. Eq. 28 allows dA#,/dt to be expressed 
as a function of dA#,,/dr, and using Eq. 27 and 29, it is found that 
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The RC time constant of the electrochemical cell, tce1l, is given by 

The value of zCell can be determined independently from electrical impedance mea- 
surements. Eq. 30 gives the relationship between the photoinduced current flow 
through the depletion and Helmholtz-layers and the transient voltage measured in 
the external circuit. Solving Eq. 30 makes it clear that the relationship between the 
externally measured signal and the photoinduced current flow through the semicon- 
ductor electrode (closely related to the rate of photoelectrochemical processes) 
depends on the time, t ,  relative to zce/l. Willig et al. [159] have solved Eq. 30 for per- 
turbation by a short light pulse to obtain an analytical relationship between the cur- 
rents j sc ( t )  and j H ( t )  and the voltage jphotoRm measured in the external circuit. Peter 
[48] has also shown that definition of the RC attenuated photocurrent transfer func- 
tion in the Laplace domain leads to solutions for a range of perturbation functions 
(delta pulse, step function and sinusoidal modulation). To simplify the discussion 
here, it assumed that CSC << CH; this is usually the case under depletion conditions. 
The analysis shows that two time windows must be considered, separated by the time 
constant, zcell, of the photoelectrochemical cell. In the time window 0 < t << reel/, the 
measured voltage jphoto(t)Rm is proportional to the integral of jsc(r) over time. This 
can be rationalised by considering the depletion layer of the semiconductor electrode 
as a parallel plate capacitor, electron-hole pair separation leads to charging of the 
capacitor plates and a photovoltage arises between the plates. This photovoltage is 
detected in the external circuit since bP - bsc(x > dsc) is constant. In the time region 
close to ~ ~ ~ 1 1 ,  the photoinduced charge on the capacitor plates is discharged through 
R,, and the photovoltage decays exponentially with a time constant T,,J (it is worth 
noting at this point that Peter [48] has shown that the apparent time constant can in 
fact be shorter than z,ll if fast surface recombination occurs giving rise to an addi- 
tional flux of majority carriers into the surface). In the time window t >> Tcell, the 
photocurrent density jpholo(t) measured in the external circuit is equal to the photo- 
induced current density through the depletion layer jSc(r). It follows that photo- 
electrochemical processes in this time window that lead to the flow of charge carriers 
through the depletion layer can be followed directly by measurement of jphoto(t) in 
the external circuit. 

A similar analysis can be performed for the sinusoidal intensity modulation 
used in intensity modulated photocurrent spectroscopy (IMPS). Under conditions of 
harmonic light modulation, djpholo ( t ) /dt  = -iWjphoto(t), and Eq. 30 becomes 

It is clear that two frequency windows must be considered, corresponding to the time 
windows defined above. In the high frequency window o >> l/rcell,  ~ z c e i ~ j p h o ~ o ( o )  
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is proportional to the photocurrent flow, j,,(o), in the depletion layer and R,,,w 
7 c e f ) j p h & ( O )  is a measure of the modulated photopotential caused by photoinduced 
charging of the depletion layer capacitance. In the low frequency window w << l / ~ ~ ~ l l ,  
the ac photocurrent density through the depletion layer, j s c ( o ) ,  is measured directly 
in the external circuit as the photocurrent density response jp,,o,o(o). IMPS studies of 
the mechanisms and kinetics of relatively slow photoinduced interfacial processes at 
single crystalline semiconductor/electrolyte interfaces are usually performed in the 
low frequency window os l/zcell. In principle, the method can also be used in the 
high frequency window o >> 1 /rCel~ to study primary electron-hole pair separation 
and faster interfacial processes. Intensity modulated photovoltage measurements at 
modulation frequencies higher than 1 / 7ce~ l  have been used to determine depletion 
layer capacitances [91, 921. 

3.3 Experimental Results 

This section presents results that show how the rates of photoelectrochemical pro- 
cesses can be derived from time resolved measurement of the photoinduced current or 
potential in the external circuit of a photoelectrochemical cell. The capacitance of the 
Helmholtz-double layer is of the order of 1 0-5 F cmP2, the depletion layer capaci- 
tance of an extrinsic semiconductor junction is typically 10-8-10-9 F cmP2, while the 
capacitance of an insulator is orders of magnitude lower. With a value of 100 Ohm 
for the resistance Re/ + R, of the cell, the time constant of photoelectrochemical cells 
is 1 Ow3 s for metallic electrodes, 1 0-6- 1 0-5 s for semiconductor electrodes and much 
lower for insulator electrodes. The rates of photoelectrochemical processes also span 
a wide range. This makes photoelectrochemical kinetics a rich, albeit demanding, 
area for research. 

An excellent example of time resolved photoelectrochemistry is provided by a 
study by Willig and co-workers [ 1591 of primary electron-hole pair separation at the 
single crystalline n-type GaAsfelectrolyte interface. Primary electron-hole pair sepa- 
ration occurs in the sub-nanosecond range in the early time window 0 < r < 7ce[l ,  and 
short light pulses with time resolution of at least 10-los are required in order to 
investigate the process. Fig. 10 illustrates a photocurrent transient recorded for a 
n-GaAs semiconductor electrode in the nanosecond regime [ 1591. 

The 2.14eV laser pulse is also shown; its pulse width is about 1 ns. The photo- 
induced potential over the measuring resistance, R,Ajphoto( t ) ,  rises and reaches a 
plateau after 4 ns. The shape of the transient voltage corresponds to integration over 
time of the laser pulse, and this indicates that the electron-hole pair separation in the 
depletion layer of the GaAs electrode is faster than the time resolution of the laser 
pulse so that the internal photocurrent charging the depletion layer capacitance 
simply follows the shape of the laser pulse. The plateau in the photovoltage is 
followed by an exponential decay in the microsecond time range determined by the 
value of z,,~~. In some experimental systems it has been noted that the photopotential 
decays faster than expected from ~ ~ ~ 1 1 .  This has been explained by Peter [48] in terms 
of the discharging of the depletion capacitance by the flow of majority carriers into 
surface states brought about by fast surface recombination. 
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Fig. 10. Photocurrent transient recorded for a n-GaAs semiconductor electrode in the nanosecond regime 
[159]. The 2.14 eV laser pulse is also shown. Note that the initial shape of the transient voltage corresponds 
to integration over time of the laser pulse. The subsequent exponential decay is determined by T,// (taken 
from ref [ 1591). 

It is clear that laser pulses shorter than 1 ns are required to deconvolute the 
dynamics of electron-hole pair separation in semiconductor electrodes. Bitterling et al. 
[ 1601 have reported transient measurements with an GaAs electrode illuminated with 
20 ps light pulses. The rise-time of the electrical response RrnAjphofo(t) was attributed 
to diffusion of (screened) minority carriers generated in the neutral region adjacent to 
the edge of the depletion layer (see section 2.2.2), allowing determination of the bulk 
recombination life time of the minority carriers. Other groups have reported transient 
photopotential measurements in the nanosecond range with Ti02 electrodes [ 146, 
1611 and with InP electrodes [61, 1621. The photopotential transients were attributed 
to electron-hole pair separation in the depletion layer. 

Insulator electrodes have much lower capacitances than semiconductor elec- 
trodes, so that T,-~// is moved to times shorter than those in whch charge carrier 
transport can be characterised. For example, the photoelectrochemical cell with a dye 
sensitised anthracene electrode studied by Willig and co-workers [ 1591 is charac- 
terised by a cell time constant of 1 ns. Since the mobility of the photoinjected holes in 
anthracene is lower than in most semiconductors, their transit time Td through the 
anthracene crystal can be measured because it is larger than T,,". In this case, the 
externally measured transient voltage RrnAjpholo( t )  is directly related to the move- 
ment of charge carriers through the anthracene crystal. The average velocity of the 
photogenerated holes and hence the hole mobility (1 cm-* V-' s-' ) could therefore 
be derived from the photocurrent transient. Similar results have been reported earlier 
by Kepler [ 1631. 

In semiconductor device physics, transient photocurrent measurements are known 
as time-of-flight measurements and have been used to measure the transit time of 
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electrons or holes through a semiconducting or insulating crystal (see, for instance 
[164-166)). Much work has been devoted to the study of the dynamics of photo- 
generated charge carriers in amorphous hydrogenated silicon, which forms the active 
layer in p-i-n a-Si:H solar cells (see, for example, [167-1731). In these devices, the 
insulating layer is relatively thick (typically 500 nm), and transport of charge carriers 
is attenuated by an enhanced scattering of the carriers with the lattice and by multiple 
trapping of the carriers in bulk defects. Generally, transit times are considerably 
larger than the time constant of the device. 

More recently, the transport characteristics of photogenerated electrons through 
nanoporous semiconductor networks interpenetrated with an electrolyte have be- 
come a matter of interest. This is due to novel and remarkable properties of such 
electrodes and their potential use in photoelectrochemical solar cells (see section 5 ) .  
Nanoporous electrodes have a huge interfacial area which, under accumulation con- 
ditions at least, may increase T ~ ~ / /  up to about 1 ms or more. However, the transit of 
electrons through a nanoporous network is also very slow (in the ms - s range) and 
most of the work performed until now pertained to the long time window ( t  >> rCe" or 
low frequency regime o < l/r,,l,). A clear example of how rCe~/  can influence IMPS 
results has been observed with nanoporous GaP networks prepared on single crystal- 
line GaP substrates by anodic etching [78] (see section 5) .  Interpretation of the IMPS 
results obtained with these electrodes was made possible by independent determina- 
tion of the potential dependence of rre// by electrical impedance measurements. 

4 Frequency Resolved Kinetic Studies at 
Single Crystal Photoelectrodes 

4.1 IMPS: Competition between Electron Transfer and Recombination 

In the absence of surface recombination, all minority carriers that are collected by 
diffusion and migration in the semiconductor/electrolyte junction will eventually 
either transfer to redox species in the solution or react with the semiconductor itself 
leading to anodic or cathodic photodecomposition. Slow interfacial kinetics will 
result in the build up of photogenerated carriers at the interface, but unless photo- 
current multiplication occurs, the saturation photocurrent will simply be determined 
by the light intensity, and the quantum efficiency will be unity. This means that the 
photocurrent contains no information about interfacial kinetics. In reality, most 
semiconductor/electrolyte interfaces are non-ideal, and a substantial fraction of 
the photogenerated electrons or holes do not take part in interfacial redox reactions 
because they recombine via surface states (see section 2.3.3). It is this competition 
between interfacial electron transfer and surface recombination that opens the way to 
obtain information about the rates of interfacial processes. 

The competition between charge transfer and recombination via surface states 
can be treated exactly by Hall-Shockley-Read statistics, taking proper account of 
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the capture and thermal release of carriers (see sections 2.3.2 and 2.3.3 and [174]). 
The present section uses a simplified phenomenological approach developed by 
Ponomarev and Peter [74] because it leads to less cumbersome expressions for the 
steady state and dynamic photocurrent responses that allow IMPS to be compared 
with PEIS and light modulated microwave reflectivity measurements. 

Fig. 11 illustrates the simplified scheme of minority carrier generation, collection 
and reaction for an n-type semiconductor. 

Note that it is assumed that trapping and charge transfer processes are effectively 
irreversible. Holes generated in the bulk of the semiconductor can diffuse into the 
space charge region where they are swept rapidly to the surface. The flux, g, of holes 
generated by these processes is given by the Gartner equation (Eq. 10). In the absence 
of photocorrosion reactions, holes in the valence band can either react with an elec- 
tron donor in solution (rate constant kkTfree) or become trapped at the surface (rate 
constant kirap). The trapped holes can either react with the electron donor (rate con- 
stant kkTtraP) or recombine with an electron from the conduction band (rate constant 

The minority carrier density can be expressed in terms of an equivalent surface 
concentration, ps (cm-2), since this allows a convenient formulation of the kinetic 
equations. The surface concentrations can be converted to equivalent volume den- 
sities, p ( 0 )  (cmP3) by dividing by a nominal reaction length 6. Further simplification 
is achieved by considering the concentrations of redox species and majority carriers 
to be time invariant. 

Consideration of the rates of arrival, charge transfer, trapping and recombination 
of minority carriers leads to expressions for the time dependent surface concentrations 
(cm-2) of free ps,free and trapped ps,  holes: 

‘Lc ) 

and 

(33) 

(34) 
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Here g is the Gartner flux of holes into the surface generated by illumination, [Red]  is 
the bulk concentration of reduced species in solution and n, is the surface electron 
density. Two limiting cases have been considered by Peat et al. [43]. In one case, hole 
transfer to redox species occurs entirely via the valence band; trapped holes can only 
recombine. This limit is appropriate for so-called 'near-surface' states, which arise 
from defects close to the surface that interact strongly with the conduction and 
valence bands but not with electrolyte energy levels [125]. In the second case, holes 
are trapped very rapidly at surface states, but the resulting vacant surface electron 
energy level can accept an electron from a redox species as well as from the conduc- 
tion band (recombination). For the present discussion, it is assumed that the second 
case applies, i.e. electron transfer and recombination involve a common intermediate 
state. The corresponding simplification of Eq. 33 and 34 is obtained by assumed 
k&,Nlro,, >> kLTfree[Red]) and the concentration of free holes and its time derivative 
are negligible. In this case, Eq. 34 simplifies to 

dp, = g -  
dt (35) 

Here ps,rrap has been replaced by ps ,  since essentially all holes are trapped. If [Red]  is 
considered constant (the pseudo first order situation), kLT2 [Red]  can be replaced 
simply by k,, (units s-'). Similarly, if the density of electrons is assumed to be con- 
stant, i.e. there is no change in band bending under illumination, k;,,n, can be 
replaced by k,, (units s-I), Eq. 35 then assumes the very simple phenomenological 
form 

where ps  is the density (cm-2) of trapped holes at the surface. 
The surface concentration of electrons depends on the potential drop (band 

bending) in the semiconductor, and in the absence of complications due to surface 
state charging (Fermi level pinning) it is given by 

where U is the electrode potential and ufb is the flatband potential. Consequently the 
first order rate constant for surface recombination k,, = k;,,ns is expected to depend 
exponentially on potential: 

The recombination rate constant k:', depends on the doping density Nd, the thermal 
velocity v,, of majority carriers and the majority carrier capture cross section on of 
recombination centres: 



Time and Frequency Resolved Studies of Photoelectrochemical Kinetics 109 

For Nd = 1017cm-3, G,, = 10-l6cm2, v,, = lO'cms-', k!!, = 1O6sP'. 

that the surface hole concentration is given by 
Under conditions of steady state illumination, dp,y/dt  = 0 in Eq. 33, and it follows 

9 
Ps = ktr + krcc 

The photocurrent density is therefore 

where q is the elementary charge. The dimensionless ratio kfr / (k f r  + k,,,) represents 
the fraction of minority carriers that undergo electron transfer. This simple treatment 
suffices to show that the rate constants for electron transfer and recombination cannot 
be separated by steady state measurements. 

In order to separate kfr and k,, it is necessary to carry out a non steady state 
measurement. The simplest non steady state measurement that can be envisaged is 
switching the illumination on and off. The photogenerated flux of holes towards the 
surface can be coupled to three processes: surface charge storage, interfacial electron 
transfer and recombination. The corresponding components of the total current 
density can be written in terms of the surface charge Qs due to minority carriers: 

The measured photocurrent response is the sum of the charging and transfer com- 
ponents, since holes that recombine are not measured in the external circuit: 

It follows that the time dependent behaviour is described by the differential equation 

It is useful to consider the case where the illumination is switched on at t = 0. The 
initial condition is QJO) = 0. The transfer, recombination and charging components 
of the time dependent photocurrent are 
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Fig. 12. Components of the current response of a n-type semiconductor electrode to an illumination step. 
j rh  is the charging current, j,, is the current due to interfacial electron transfer and j,, is the current due to 
electrons recombining with holes via surface states. The total current, given by the sum of j ,  and j ,r,  is 
equal to qg - jrec, where g is the flux of minority carriers given by the Gartner equation (Eq. 10). The 
dimensionless normalised time axis is (k,, + krec)t. The dimensionless normalised current axis is j / q g .  

The total time dependent photocurrent can therefore be written is dimensionless form 
as 

Fig. 12 illustrates the way in which the time dependence of the photocurrent is 
related to the charging and transfer components. 

It can be seen that at t = 0, QS = 0 and so the measured photocurrent is entirely 
due to charging. At longer times the surface charge tends towards its steady state 
value, and the charging current falls to zero. The current due to charge transfer is 
proportional to Q.?, so it is zero at t = 0 and increases with time towards its steady 
state value. The recombination term also depends on Qs, in other words the fraction 
of charge carriers at the surface that are transferred is determined by the ratio 
k f r / ( k f r  + krec) at all times. Analysis of the transient photocurrent response allows 
separation of k,, and k,,,. A plot of h(j,,,,,,(t) - j p h o r o ( ~ ) ) v ~ .  t has a slope of 
-(kgr + krec). The ratio j p h o r o ( ~ ) / j p h o f o ( 0 )  is given by krr/(ktr + krec). 

Now consider the case where the incident photon flux is modulated sinusoidally: 

I (  t )  = Zd, + Zoc sin (of) (47a) 
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where o = 2n f. Generally Z,, is chosen to be a small fraction of Zdc to ensure linearity 
in more complex systems. The Gartner flux of minority carriers into the surface can 
also be resolved into corresponding dc and an ac components: 

The accumulated surface charge Qs( t )  oscillates periodically, and the time dependent 
charging, transfer and recombination terms are replaced by the sums of their steady 
state and periodic equivalents. 

The time-dependent part of Eq. 48 can be conveniently expressed in a dimensionless 
complex form analogous to Eq. 46: 

The corresponding real and imaginary components of the IMPS response are 

and 

Fig. 13 illustrates the semicircular response predicted by Eq. 5 1. 
The rate constants for electron transfer and recombination are readily separated 

because in the limit (w ---$ 0), Eq. 4.17 tends to krr/(ktr  + krec) ,  and the maximum of 
the semicircle occurs when w = 2nf = ktr + krec. In the absence of RC attenuation 
effects (see section 4.2), the high frequency intercept of the IMPS plot @(w -+ co) is 
unity, so that the uc photocurrent can be used to determine gac, the Gartner flux of 
minority carriers. Measurements of gac as function of potential (band bending) can be 
used to determine the minority carrier lifetime and absorption coefficient [44]. The 
main advantage of using the IMPS data rather than dc measurements of the photo- 
current is that the high frequency limit of the IMPS effectively ‘freezes out’ the effects 
of surface recombination which are responsible for substantial deviations of the dc 
photocurrent from the Gartner equation. 
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Fig. 13. General properties of the normalised IMPS response described by Eq. 49. Note that the rate con- 
stants k,, and krec can be derived from the values of the low frequency intercept and onlUr. 

4.2 The Influence of the RC Time Constant, rcel~ 

An important experimental limitation in IMPS measurements is set by the RC time 
constant, Tcell, of the electrochemical cell which arises from the combination of the 
series resistance from the electrolyte and ohmic contact with the capacitances of the 
space charge and Helmholtz layers (see section 3). This effect was originally treated 
by Li and Peter [37, 381 who showed that r,.,~~ gives rise to an additional semicircle in 
the lower complex plane IMPS plot. These authors assumed that the space charge 
capacitance is much smaller than the capacitance of the Helmholtz layer: a more 
generalised theory which also takes the effects of surface state capacitance into 
account has been given recently by Ponomarev and Peter [74]. The effect arises from 
the fact that the photocurrent is attenuated by the parallel combination of the space 
charge capacitance and the total series resistance. As shown is section 1 for the simple 
case of a photodiode and in section 3 for a photoelectrochemical cell, the frequency 
dependent attenuation factor A ( o )  for this parallel combination is given by 

so that the observed modulated photocurrent response is obtained by multiplying 
Eq. 49 by Eq. 51. If, however, the space charge capacitance and Helmholtz capaci- 
tances are of comparable magnitude, the ac photocurrent is given by 

where the effective capacitance C is defined as 
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Fig. 14. IMPS plot showing the effect of 
T,.,,,. Calculated for R = IOOR, Csc = IOOnF, 
CH = 10 pF. k,, = 500 SKI,  k,,,. = lo3 s-'. The 
upper semicircle arises from surface recombi- 
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Rea4ip*,d(7g,,) attenuation (cf. Fig. 2a). 

The effect of the cell time constant on the IMPS response is illustrated in Fig. 14. 
In this particular case, the time constant for recombination is much longer than t , ,~  
and the normalised plot crosses the real axis close to unity. If the two time constants 
are closer, the IMPS plot crosses the real axis at a point less than unity. 

The upper limit of rate constants that can be accessed by IMPS is normally de- 
termined by tee//. Typical values of C,, for a moderately doped semiconductor under 
depletion conditions are of the order of lop7 FcmP2. If care is taken to minimise the 
sum of the solution and contact resistances below 10 R cm2, tee// will be less than 
lod6 s. For highly doped semiconductors or for samples with poor ohmic contacts, 
larger RC time constants will restrict the range of rate constants that can be deter- 
mined by IMPS. 

If the series resistance is deliberately increased by adding an external resistor, then 
oRC > 1 in Eq. 52, and the measured response is effectively an ac photovoltage 
U p h o t u ( ~ )  "741 given by 

This limit will only be valid if Uphot,, is sufficiently small (a few mV) that k,, can be 
treated as constant to a first approximation]. The complex plane plot of oUphoto(m) 
predicted by Eq. 54 is a semicircle which for (RC)-' << o << (kfr + krec) has a low 
frequency intercept given by 

and a high frequency intercept 
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The maximum of the semicircle appears at w,,,~, = k,, + k,,. It follows that frequency 
response analysis of the small signal photopotential response should give access not 
only to kt,, k,,, but also to CTc and CH.  The possibilities offered by intensity modu- 
lated photovoltage measurements remain largely unexplored, although Kamieniecki 
used the method to determine space charge capacitances as long ago as 1982 [91,92]. 
Since the input impedances of most voltage amplifiers are at least lo8 R and typical 
space charge capacitances are in excess of lo-* FcmP2, the RC time constant for a 
typical electrochemical cell is of the order of 1 second or more under conditions where 
the modulated photovoltage response is measured. 

4.3 Comparison of Theory with IMPS Results and Consideration of 
Mechanisms 

The photoelectrochemical behaviour of p-InP has been studied by a number of 
authors [31, 35, 75, 1621. When a p-InP electrode is illuminated under depletion 
conditions, photogenerated electrons are driven to the surface where they can reduce 
protons to hydrogen. This process competes with surface recombination. Fig. 15 
illustrates a set of experimental IMPS responses measured for p-InP in I .O mol dmP3 
H2S04 [35] at different potentials. The measurements were performed using a small ac 
modulation of the illumination intensity superimposed on a larger steady component. 

It can be seen that diameters of the IMPS semicircles decrease as the potential 
becomes more negative. The high frequency intercept is almost constant, whereas the 
low frequency intercept moves away from the origin as the bend banding is increased. 
Although these trends correspond qualitatively to those predicted by the preceding 

0.0 -1 .o -2.0 -3.0 -4.0 -5.0 -6.0 
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Fig. 15. IMPS plots recorded at different potentials for p-InP in 1.0moldm-3 HzS04 [35]. Note that the 
diameters of the semicircles decrease as the band bending increases and recombination becomes less effec- 
tive. In the saturation photocurrent region, the IMPS response contracts to a point. 
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Fig. 16. Variation of k,, and k,, for hydrogen evolution on illuminatedp-InP [35]. The ratio kl , / (k , ,  + 
represents the fraction of photogenerated electrons transferred across the interface. Note that k, appears to 
depend weakly on potential. The non-ideal variation of k,<, with potential is interpreted as evidence for 
partial Fermi level pinning. 

analysis, closer examination of the IMPS data shows that the experimental system 
does not follow the behaviour predicted by the simple one electron transfer model. 

Fig. 16 shows how the derived values of k,, and k,,, depend on electrode potential. 
The ratio k , r / (k l r  + krec) is also shown; it represents the fraction of photogenerated 
electrons that react to produce hydrogen rather than recombining. 

The first point to note is that k ,  is not independent of potential. As expected, k,,, 
decreases as the potential is made more negative and the majority carrier (hole) con- 
centration falls. However, the plot shows that k,,, decreases by less than two orders 
of magnitude for a potential change of 0.5 V. This decrease can be compared with 
Eq. 34 (in the case of p-InP, the majority carriers are holes rather than electrons, so 
that n in Eq. 34 is replaced by p ) ,  which predicts that k,, should decrease by more 
than 8 orders of magnitude if the band bending is changed by 0.5 eV. The experi- 
mental results appear to indicate that the surface hole concentration changes much 
more slowly with electrode potential than expected for an ideal junction, although it 
should be remembered that the simplified model may not provide a good approxi- 
mation at high band bending (see section 3). It appears likely that not all of the 
change in applied potential appears across the space charge region of the semicon- 
ductor; instead some fraction must appear across the Helmholtz layer as the result of 
the surface charging. This phenomenon is common in semiconductor electrolyte 
junctions and is often referred to as Fermi level pinning. 

The observed potential dependence of k,, is less easily explained using the simple 
phenomenological approach, and at this point it is useful to consider the mechanism 
of the photoelectrochemical reaction. The reduction of H+ to H2 is a two electron 
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process and there are two possible mechanisms: 

followed either by 

H+ + H' + eib --+ H2 mechanism Z 

or by 

H' + H' -+ H2 mechanism ZZ (574 

Mechanism I involves two different electron transfer steps, so that the meaning of k,, 
needs to be clarified. Both mechanisms involve an adsorbed hydrogen intermediate, 
and this may have consequences for the potential distribution across the interface and 
hence the band bending. The formation of adsorbed intermediates is a common 
feature of multi-electron transfer reactions. Other examples are encountered in the 
photodecomposition of compound semiconductors, for example the photoanodic 
decomposition of n-CdS: 

Recombination may occur via the photogenerated intermediate 

Photoelectrochemical mechanisms of this type introduce several complications into 
the kinetic analysis. The first is that the steady state accumulation of the photo- 
generated intermediate results in charging of the surface, which reduces the band 
bending. The second is that photoinduced ac modulation of the surface intermediate 
concentration results in a corresponding modulation of the potential, i.e. an ac 
photovoltage is generated. This ac photovoltage in turn modulates the surface con- 
centration of majority carriers and hence the rate of surface recombination. Finally 
the ac photovoltage also results in a charging current associated with charging of the 
space charge and Helmholtz capacitances. These effects, which lie outside the scope 
of this chapter, have been discussed by de Wit et al. [62] and by Peter et al. [89]. 

A detailed analysis of mechanisms 1 and I1 by Peter et al. [89] that takes all these 
factors into account has shown that the apparent or phenomenological rate constants 
k,, and kreC derived from IMPS data are functions of the rate constants for all the 
steps in the reaction. For both mechanisms, the analysis shows that k,, is no longer 
potential independent because it contains a term associated with recombination via 
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the intermediate. Similarly k,,, is determined by all three rate constants, and no 
longer follows a simple Boltzmann dependence on potential of the type predicted by 
Eq. 38. 

Figs. 17a and 17b illustrate the quite complicated potential dependence of the 
apparent or phenomenological rate constants k,, and k,,, predicted for mechanism I 
when dynamic surface charging is taken into account. More work is required to 
develop the analysis of experimental data to this level of sophistication. 

Recently Fermin et al. [84] have used IMPS to study the photo-evolution of 
oxygen on n-Ti02 and have concluded that the response is consistent with a Case I1 
type mechanism involving OH;,, intermediates. Fig. 18 illustrates the potential 
dependence of k,,,. and kt, derived from the analysis of IMPS responses obtained for 
n-TiOz in 0.1 mol dm-3 NaC104. The same work showed that the OH;,, intermedi- 
ate is also involved in the photooxidation of formic acid. 

Oskam et al. [82] have used IMPS to investigate the role of surface states at the n- 
Si( 1 1 1)/NH4F interface. In this case, the redox reaction is simpler, and appears not to 
involve holes trapped at surface states. This is probably due to the presence of a 
surface oxide layer. However, electron transfer is evidently exceptionally slow in this 
case, since these authors observed a modulated photocurrent even at potentials far 
from the flatband potential where recombination is expected to be negligible. Accu- 
mulation of holes modifies the potential drop across the Helmholtz (and presumably 
also surface oxide region), leading to a capacitive charging current. This effect has 
also been treated by Peter et al. in more detail [89]. 

4.4 Relationship between IMPS and Photoelectrochemical Impedance 
Spectroscopy (PEIS) 

IMPS uses modulation of the light intensity to produce an ac photocurrent that is 
analysed to obtain kinetic information. An alternative approach is to modulate the 
electrode potential while keeping the illumination intensity constant. This method has 
been referred to as photoelectrochemical impedance spectroscopy ( PEIS), and it has 
been widely used to study photoelectrochemical reactions at semiconductors [30-351. 
In most cases, the impedance response has been fitted using equivalent circuits since 
this is the usual approach used in electrochemical impedance spectroscopy. The 
relationship between PEIS and IMPS has been discussed by a number of authors [35, 
60, 641. Vanmaekelbergh et al. [64] have calculated both the IMPS transfer function 
and the photoelectrochemical impedance from first principles and shown that these 
methods give the same information about the mechanism and kinetics of recombi- 
nation. Recombination at CdS and ZnO electrodes has been studied by both methods 
[62, 771. Ponomarev and Peter [35] have shown how the equivalent circuit compo- 
nents used to fit impedance data are related to the physical properties of the electrode 
(e.g. the space charge capacitance) and to the rate constants for photoelectrochemical 
processes. 

In a PEIS experiment, the flux of minority carriers generated by illumination is 
constant to a good approximation, provided that the penetration depth of the light 
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Fig. 17a. Potential dependence of the phenomenological rate constant k,r derived for mechanism I (see 
Eq. 48) [89]. Note that for a two step mechanism, this rate constants contains terms associated with surface 
recombination, so that it is not the true rate constant for electron transfer. The influence of the modulation 
of potential due to surface charging is shown. 
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Fig. 17b. Potential dependence of the phenomenological rate constant k,, for case I [89]. The influence of 
the dynamic modulation of surface potential by accumulated reaction intermediates is shown. 
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Fig. 18. Experimental variation of k,,,. and k,, with potential for photogeneration of oxygen on n-Ti02 in 
0.1 mol dm-3 HC104 [84]. Data derived from analysis of the IMPS response. 

is sufficiently small to fulfil the condition 1/u < dsc + L, where dsc is the width of 
the space charge layer and L is the diffusion length of minority carriers (see section 
2.2.1). Under these conditions, the modulation of the minority carrier flux by the 
applied ac voltage can be neglected and g = Z(0). The main effect of the ac potential 
perturbation is to change the density of majority carriers at the surface and conse- 
quently the value of k,,,. The modulation of kr,, about a mean (dc) value results in a 
corresponding frequency dependent ac photocurrent. The photoelectrochemical im- 
pedance is determined by the ratio of the perturbing ac voltage to the ac component 
of the total photocurrent. For the simple competition mechanism discussed in section 
4.1, it can be shown [35] that the photoelectrochemical admittance ( YpE[s = l/ZpEIs) 
reduces to the simple form 

if the solution resistance is negligibly small and the space charge capacitance is much 
smaller than the Helmholtz capacitance. For simplicity, it is assumed that the flux 
of minority carriers generated by the dc illumination is equivalent to Id, (negligible 
recombination in the bulk). The corresponding complex plane impedance plot 
exhibits two semicircles and can therefore be modelled by the serieslparallel circuit 
shown in Fig. 19. 

The R and C values for the low frequency semicircle both depend on the steady 
incident photon flux, Z(0) and are given by 

and 
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Fig. 19. Serieslparallel equivalent circuit that can be used 
to model PEIS response (see text for definition of com- 

CLF Cti, ponents). 

It is interesting to note that the frequency of the maximum of the low frequency 
semicircle, o,,,(LF) is equal to k,, and is independent of light intensity. 

The corresponding values for the high frequency semicircle are 

In this case, only the resistance component depends on light intensity. The maximum 
of the high frequency semicircle is therefore also dependent on light intensity: 

This analysis shows clearly that PEIS provides essentially the same information as 
IMPS (see also [64]). The physical significance of the RC components only emerges 
from an analysis of the kinetics, and attempts to attribute physical meaning to these 
elements without relating them to the kinetics and mechanism of the photoelectro- 
chemical process will inevitably result in conceptual difficulties of interpretation. 

Fig. 20 illustrates the PEIS response measured by Ponomarev and Peter [35] for 
p-InP in 1 .O mol dm-3 H2S04. The two semicircles predicted theoretically are clearly 
evident. 

The relative magnitude of the two semicircles changes with potential as the dc 
value of the band bending changes the unperturbed (dc) value of the recombination 
rate constant. The fit between theory and experiment is generally satisfactory. The 
flattening of the semicircles probably arises from non-uniform illumination, but it 
does not significantly affect the determination of the rate constants, which were found 
to be in excellent agreement with those obtained by IMPS and shown in Fig. 16. 
Further work will be necessary to extend the theory of PEIS to multiple electron 
transfer processes. 

Schoenmakers et al. [77] have used IMPS, PEIS and potential dependent 
photoluminescence to study the competition between charge transfer and recombi- 
nation at ZnO electrodes. Their results indicate that recombination in the bulk solid 
as well as via surface states is responsible for the reduction in photocurrent conver- 
sion efficiency in the photocurrent onset region. 
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Fig. 20. Experimental PEIS plots for p-InP in I . O r n ~ l d r n ~ ~  HzS04 at the potentials shown [35]. Exper- 
imental data shown as open circles. The lines show the best fit to the theory. 

4.5 Light Modulated Microwave Measurements 

Tributsch and co-workers [93, 941 have pioneered the application of modulated 
microwave reflectivity measurements to the study of the semiconductor electrolyte 
interface. The method is based on the fact that the microwave reflectivity of a mate- 
rial changes when its dielectric constant is perturbed. In the case of a semiconductor, 
perturbation of the density of mobile carriers (electrons and holes) by changes in 
potential in illumination intensity influence the conductivity and hence the imaginary 
component of the dielectric constant at microwave frequencies. For small perturba- 
tions, the change AR,,, in microwave reflectivity becomes a linear function of the 
change in conductivity. A full discussion is given in [176]. 

Schlichthorl et al. [ 1771 have used light modulated microwave reflectivity to derive 
the rates of interfacial electron transfer processes at the n-Silelectrolyte interface. 
In these measurements, the modulation frequency was constant, and the rate con- 
stants for charge transfer were derived from the potential dependent AR,,, response. 
Schlichthorl et al. [73] have extended the technique considerably by introducing fre- 
quency response analysis. The technique is therefore analogous to IMPS, although, 
as shown below, it provides additional information. 

Fig. 21 shows the experimental arrangement for IMPS and microwave 
measurements. 

The semiconductor wafer is mounted at the end of an X-band microwave wave- 
guide so that microwave radiation probes the reflectivity of the sample. The ohmic 
contact is applied as a grid of thin lines in order to minimise microwave losses. The 
front of the wafer is in contact with an electrolyte solution, and a modulated light 
source (for example a light emitting diode) illuminates the sample. The changes in 
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Fig. 21. Experimental set-up for light modulated microwave reflectance based on X-band microwave 
system [177]. The apparatus can also be used for IMPS measurements. 

microwave reflectivity are small, generally a few parts per million, and an ac coupled 
low noise preamplifier is used to amplify the signal to a level where it can be detected 
by the frequency response analyser. The real and imaginary components of the ac 
microwave response are recorded as a function of the modulation frequency of the 
illumination and plotted in the complex plane. 

In the case of light modulated microwave reflectivity measurements, ARM is a 
linear function of the change in the photogenerated charge that accumulates at the 
semiconductor/electrolyte interface 

where S is a sensitivity factor. 
Photogenerated carriers can be transferred to the surface region (charging), be 

transferred across the interface or recombine, so that for modulated illumination 
I,, ( t )  

The photocurrent measured in the external circuit is 
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If we consider the case where the light is switched on at t = 0 (i.e. the initial condition 
is Qs = 0),  the time dependent microwave response is 

The most interesting feature of the time dependent microwave response is the fact 
that it still contains information when there is no surface recombination. If k ,  = 0, 
Eq. 66 becomes 

This time dependence of the microwave reflectivity predicted by Eq. 67 is contrasted 
in Fig. 22 with the corresponding time dependent photocurrent for the case where 
k,, = 0. 

If k,, = 0, the photocurrent simply follows the illumination step and contains no 
information about the rate of charge transfer at the interface. The comparison shows 
that, unlike IMPS and PEIS, light modulated microwave reflectivity measurements 
still provide kinetic information at high band bending where recombination is negli- 
gible and the steady state photocurrent is described by the Gartner equation. 

It can be shown that the real and imaginary components of the microwave 
response to sinusoidal modulation of the light intensity are [73] 

and 

w 
Im(ARM) = -Sgac 

(ktr + kre)2 + w2 
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The microwave response is therefore a semicircle in the lower complex plane. The 
high frequency intercept is zero, and the low frequency intercept is 

The frequency of the minimum in the semicircle is equal to the sum of the rate con- 
stants for charge transfer and recombination: w,jn = k,, + k,,,. Light modulated 
microwave measurements therefore provide the sum of the two rate constants, but 
since it is possible to measure k,, at high band bending where recombination is neg- 
ligible, the rate constants can be separated if it is assumed that k,, is independent of 
potential (this assumption may not be valid for multi-electron transfer reactions as 
noted in section 4.2). 

Light modulated microwave reflectivity has been used to characterise hydrogen 
evolution on oxide free p-Si at low light intensities [73]. The cathodic photocurrent 
reaches a plateau at potentials more negative than -0.5 V, and it can be shown that 
this corresponds to complete collection of photogenerated electrons at the junction 
(i.e. no recombination). This is confirmed by the set of IMPS plots in Fig. 23 which 
collapse to a point on the real axis as the potential becomes more negative. 

The contrast with the microwave results shown in Fig. 24 is striking. A semicir- 
cular microwave response is still observed at - 1 .O V in the plateau photocurrent 
region, and since recombination is clearly negligible at this potential, the pseudo first 
order rate constant for charge transfer can be obtained directly from the frequency of 
the minimum of the semicircle., which in this case is 23 s-I. At less negative poten- 
tials, where recombination takes place, the minimum frequency is determined by the 
sum of the charge transfer and recombination rate constants. 

Comparison of the values of k,, and k,, derived from IMPS with the sum 
(ktr + k,,,) obtained from the microwave measurements shows that they agree to 
better than 5% [73]. These results illustrate the power of frequency resolved micro- 
wave techniques, which should find more widespread application in future. 
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Fig. 24. Set of light modulated microwavereflectivity plots for p-Si in 1 .O mol dm-3 HF [ 1771. Contrast 
these plots with the IMPS plots in Fig. 23. It is clear that k,, can be derived from the microwave response 
even at - l.OV, where the quantum efficiency is unity and the IMPS plot has condensed to a point. 

4.6 Studies of Photocurrent Multiplication by IMPS 

Photocurrent multiplication processes are encountered frequently in photoelectro- 
chemistry. Common examples include the photo-oxidation of formic acid and of 
secondary alcohols at n-type semiconductors [I], and the photoreduction of oxygen 
at p-type semiconductors [40, 41, 481. The mechanisms are generally supposed to 
involve majority carrier injection by a photogenerated intermediate, and IMPS has 
been used to determined the rate constants for these processes. Earlier work has been 
reviewed previously in some detail [48]. The first example to be studied by IMPS was 
the photoreduction of oxygen to H202 at p-GaP [40,41]. Subsequently, the oxidation 
of formic acid at n-CdS was characterised by the same method [52]. The oxidation of 
formic acid to C02 is a two step reaction which involves the following steps 

hv -+ h+ + e- 

HCOOH + hf + COOH. + Hf 

COOH' + h' + C02 + H' 

or 

Reaction 4.37d is responsible for photocurrent doubling since it results in the two 
electron oxidation of formic acid to C02 for the absorption of only one photon. The 
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electron injection step competes with reaction 70c, hole capture, and as a result the 
photocurrent quantum efficiency depends on illumination intensity. At high inten- 
sities, the supply of photogenerated holes to the surface promotes reaction 70 c, and 
the quantum efficiency is 1. At low light intensities, electron injection becomes 
predominant, and the quantum efficiency rises to 2. Further examples of current 
doubling that have been studied by IMPS include the photo-oxidation of formic acid 
at Ti02 [84] and of hydroquinone [178] at CdS. 

The principle behind the application of IMPS to the study of these systems is 
straightforward. Electrochemical injection of majority carriers leads to a component 
of the photocurrent flux that lags behind the in-phase component associated with the 
flux of photogenerated minority carriers. The delay is associated with the first order 
lifetime of the injecting intermediate, and as the frequency at which the light intensity 
is modulated is increased, the injection component is attenuated progressively. The 
IMPS plot in the absence of recombination is a semicircle in the lower quadrant of the 
complex plane. The low frequency intercept corresponds to the dc quantum efficiency 
(2 at low light intensities). The high frequency intercept tends towards a quantum 
efficiency of 1. The minimum of the semicircle occurs at an angular frequency equal 
to the first order rate constant for majority carrier injection. Further details can be 
found in [41, 48, 521. In principle the same kinetic information can be obtained from 
time resolved measurements, and Ponomarev et al. [179] have derived an expression 
for the transient photocurrent response to pulsed laser excitation in the case of pho- 
tocurrent doubling. In practice, however, analysis in the frequency domain is a better 
diagnostic method for photocurrent multiplication reactions. 

Fig. 25 illustrates potential dependent trends in the IMPS response calculated for 
the case where current doubling and surface recombination compete and RC atten- 
uation occurs at high frequencies. 

Fig. 26 illustrates the experimental IMPS response for formic acid oxidation on 
CdS reported by Herrasti and Peter [52]. In the photocurrent saturation region, the 
IMPS response exhibits a semicircle in the lower quadrant as predicted. At lower 
potentials, recombination becomes dominant, giving a semicircle in the upper quad- 
rant. The rate constant for electron injection derived from w,in is 6.0 x lo4 s-l. This 
corresponds to an activation energy of 0.47 eV, if the pre-exponential factor is taken 
to be 1013 SKI. Such a high value may be associated with the change in geometry from 
the non-linear C02 radical to linear C02. The flattening of the semicircle was mod- 
elled by a distribution of activation energies for electron injection with a standard 
deviation of 0.06. 

It is evident from Fig. 26 that it is not possible to measure the IMPS response at 
sufficiently high frequencies to observe the limit where the quantum efficiency tends 
towards unity (i.e. where w >> kinj). The limitations arise in this case from the dy- 
namic response of the potentionstat. In other cases, attenuation due to the RC time 
constant of the system may obscure the injection semicircle. The upper limit to the 
majority carrier injection rate constants that can be obtained by IMPS is around 

IMPS has been used to investigate the involvement of electron injection in the 
photodissolution of n-Si [46, 491. In the case of the photodissolution of n-Si in fluo- 
ride solutions, the quantum efficiency varies from 4 at low light intensities to 2 at 

105 s-1. 
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Fig. 25. Theoretical plots showing competition between recombination and current doubling [52].  Calcu- 
lated for a surface state density of 5 10'2cm-2. The surface state is located 0.3eV below the bulk Fermi 
level. Donor density 1.5 1016cm-3. k , ,  5 104s-'. rrP// = 2 IO-'s. Band bending values a) 0.40eV, 
b) 0.35eV, c) 0.30eV, d) 0.2eV. Note the transition in the IMPS response from current doubling control 
at 0.4eV to recombination control at 0.2eV. 

high light intensities. A quantum efficiency of 4 corresponds to a mechanism in which 
the capture of one photogenerated hoie is followed by the injection of three electrons 
into the conduction band by dissolution intermediates. Peter et al. [49] have given a 
detailed treatment of both the steady state and periodic response expected for a 
mechanism involving surface bound silicon intermediates with nominal valence states 
between ( I )  and (111). The general reaction scheme shown in Fig. 27 considers com- 
petition between the capture of photogenerated holes and the injection of electrons by 
intermediates. Surface recombination occurring in parallel via surface states was also 
considered (a more realistic approach might be to consider recombination reactions 
that involve the photogenerated intermediates). 

The theoretical treatment of the IMPS response predicts that if k, > kb > k,, each 
electron injection step should give rise to a corresponding semicircle in the lower 
quadrant of the complex plane plot. The low frequency intercept corresponds to a 
quantum efficiency of 4 and the high frequency intercept to a quantum efficiency 
of unity (RC attenuation is neglected here). Each semicircle has a diameter corre- 
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Fig. 26. Experimental IMPS for formic acid oxidation on n-CdS [52]. Potentials vs. RHE: a) 0.8 V, b) 0.0 V, 
c) -0.2V, d) -0.4V, d) -0.6V. At high band bending, the response is characteristic of current doubling. 
The value of k,,  derived from w,,,~,, is 6 lo4 s-I . 
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Fig. 27. Reaction scheme for photoanodic dissolution of silicon in low intensity 
limit illustrating the competition between hole capture steps (rate constants ko to 
k, and electron injection steps rate constants k, to k, [49]. The nominal valence 
states of the silicon intermediates are indicated. The final product Si(IV) is the 
soluble hexafluorosilicate species. 

sponding to a quantum efficiency of one (Fig. 28). The rate constants for the electron 
injection steps are equal to the corresponding w,i, values. If k, < kb > k,, two semi- 
circles are seen (Fig. 28), one with a diameter twice that of the other and with wmin 
values equal to k, and k,. If the order of the rate constants is reversed, only one 
semicircle is seen with wmin = k, (not shown). 

IMPS measurements performed at low light intensities were analysed to obtain 
values of the rate constants for three electron injection steps [49]. Fig. 29 illustrates 
the experimental IMPS response and the fitting used to obtain the rate constants for 
the injection processes. 

The three semicircles are flattened considerably, indicating a spread of rate con- 
stants attributed to surface heterogeneity, and this effect was modelled by assuming a 
plausible Gaussian distribution of activation energies with a standard deviation of the 
order of kBT for the electron injection steps. The rate constants obtained from the fit 
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Fig. 28. Theoretical IMPS plots calculated for the scheme shown in Fig. 27. The upper plot is for the case 
where k, > kb > k,.. The values of these rate constants are given by the corresponding w,,,j,, values. The 
lower figure shows the IMPS response expected for k, < kb > kc. In this case the two higher frequency 
semicircle condense into one determined by k,. 

Fig. 29. The upper plot shows the experimental IMPS response measured at very low light intensities for 
the photodissolution of n-Si in 1 .O NH4F at pH 4.5. The lower plot is the calculated best fit [49]. Note that 
the photocurrent efficiency vanes from 4.0 at low frequencies to 1.0 at  high frequencies as expected for the 
scheme shown in Fig. 27. 

are k, = 2 x lo4 SKI, kb = 500 SKI and k, = 0.5 s-l. The remarkably low value of k, 
explains why photocurrent quadrupling during silicon dissolution in fluoride media is 
only observed at very low light intensities. 

The identities of the electron injecting intermediates remain unclear, but one can 
obtain a crude estimate of the energy levels of the injecting states relative to the 
conduction band by assuming that the first order rate constants for electron injection 
are given by 
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Fig. 30. Transient photocurrent response to illumination step measured at low light intensity for n-Si in 
1.0 M NH4F at pH 4.5 [49]. The slow rise and fall are attributed to the slowest step in the photocurrent 
multiplication scheme. The semilogarithmic plot can be used to derive the value of k,. Compare with 
Fig. 29 which demonstrates the superior resolution of IMPS. 

where v is a pre-exponential factor (of the order of 10l2 s-*)  and the activation energy 
E, is determined by the energy difference between the injecting state and the con- 
duction band of the silicon. The activation energies estimated in this way from the 
measured values of kinj are 0.44, 0.54 and 0.69 eV. 

IMPS is certainly the most powerful method available for the study of photocurrent 
multiplication. It is interesting to contrast the IMPS response for the photodissolution 
of n-Si in ammonium fluoride with the corresponding light step measurement. Fig. 30 
illustrates the photocurrent transient obtained at low light intensities [49]. The slow 
rising and falling parts of the transient are associated with the final and slowest elec- 
tron injection step in the sequence. Analysis of the rising and falling parts of the 
transient gives a value of k, in reasonable agreement with the IMPS result, but it is 
difficult to obtain reproducible transients at such extremely low light intensities due 
to fluctuations in the background current, and attempts to obtain k, and kb by fitting 
transients were unsuccessful. 

Another example of photocurrent multiplication that have been studied by IMPS 
is the photo-anodic dissolution of n-InP in HCl [65], which is a six electron process. 
The IMPS analysis is an extension of the 4 electron case for silicon, and analysis of 
the experimental IMPS results show that in three out of the six steps, electron injec- 
tion can compete with hole capture. The rate constants for the three consecutive 
electron injection steps were found to be k, > 6 x lo5 s-] ,  k b  = 6 x lo4 s - I  and 

The mechanisms of many current doubling reactions are undoubtedly more 
complex than the kind of scheme outlined in Eq. 64. This is illustrated by the recent 
work of Schoenmakers et al. [77, 881 who have reinvestigated current doubling reac- 
tions on single crystal ZnO using impedance and IMPS. The simplest mechanism of 
oxidation of organic species at ZnO involves capture of a valence band hole followed 
by injection of an electron by a radical intermediate. However it has been observed 
that photodissolution of ZnO takes place at the same time as current doubling, and 
alternative mechanisms involving formation of surface bound OH radicals by hole 
capture have been considered. 

k, = 6 x lo2 SC'. 
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The upper limit to the electron injection rate constants that can be measured by 
IMPS is determined by zcell and potentiostat performance. If the space charge ca- 
pacitance is high, it may be impossible to determine k,. This is the case, for example, 
for formic acid oxidation on TiOz, where the IMPS response is dominated by the 
combination of the space charge and Helmholtz capacitances [84]. It would be inter- 
esting to explore the possibilities of using intensity modulated photopotential to 
overcome this limitation. 

5 Photoelectrochemistry of Porous and 
Nanocrystalline Semiconductors 

5.1 Introduction 

Porous semiconductor electrodes consisting of interconnected structural units with 
dimensions in the nanometer range have attracted considerable scientific interest, and 
nanoporous electrodes are finding application in a range of novel devices, including 
dye sensitised photovoltaic cells [21], photonic crystals [ 1811 and electrochromic 
windows [ 1821. Nanocrystalline materials can exhibit unusual optical and electrical 
properties that are not observed with bulk single crystal electrodes. For example, 
although bulk silicon has a bandgap of 1.1 eV, nanoporous silicon produced by elec- 
trochemical etching luminesces brightly in the visible region at much higher photon 
energies as the result of quantum confinement effects that lie outside the scope of this 
chapter [ 1831. Such effects are expected only for dimensions less than -5 nm, and 
the present discussion is restricted to nanostructured networks with characteristic 
dimensions above this limit. 

The remarkable properties of porous semiconductor electrodes can be rationalised 
by considering them as three-dimensional semiconductor/electrolyte interphases. The 
dimensions of the structural units in a nanostructured semiconductor electrode may 
range between 1 and 100 nm. An example of a nanostructured single crystalline GaP 
network consisting of large units (about 1OOnm) is shown in Fig. 6. A particulate 
network consisting of smaller Ti02 colloidal particles (ca. 30 nm in diameter) inter- 
connected by slight sintering at 450°C is illustrated in Fig. 31. 

It is useful to compare the physical dimensions of nanocrystalline networks with 
the characteristic lengths used to describe charge distribution in the solid and elec- 
trolyte phases. The width of the depletion region for a bulk semiconductor with a 
doping density of 10’’ cmP3 is of the order of 100nm. By contrast, the Helmholtz 
electrical double layer is of molecular dimensions (the potential drop in the diffuse 
double layer can be neglected in concentrated electrolytes). It follows that conven- 
tional depletion and neutral regions can be formed in a porous semiconductor with a 
doping density of 10’’ provided the size of the structural units exceeds 100 nm, 
but for smaller particles this is no longer possible. If the dimensions of the pores are 
similar to those of the structural units, the Helmholtz electrical double layer is 
formed throughout the large internal surface area of the nanoporous network. As 
a consequence, nanoporous semiconductor electrodes behave as ‘supercapacitors’ 
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Fig. 31. SEM showing a porous nanocrystalline electrode consisting of an interconnected assembly of 
30 nm colloidal Ti01 particles. Electrodes of this type are used, for example, in dye sensitised solar cells. 

under accumulation conditions. Their internal surface area can be estimated experi- 
mentally by measuring the interfacial capacitance under electron accumulation con- 
ditions, where the capacitance is determined primarily by the Helmholtz-layer, as 
shown for porous silicon [ 1841. 

The large surface/volume ratio characteristic of nanostructured systems can have 
several important consequences and applications. For example, the Gratzel dye- 
sensitised photovoltaic cell [21] exploits the high internal surface area to enhance light 
harvesting by a monolayer of sensitiser dye adsorbed on the surface of nanocrystalline 
TiOz. An upper limit to the surface arealvolume ratio can be estimated by assuming 
that the structure is built up from hexagonally close packed spheres of radius r 
(fractional volume occupancy 0.73). The ratio of surface area to total volume A/V = 
0.73 4nr2/(4/3)nr3 = 2.2/r. For a r = 15 nm, for example, the A/V ratio is of the 
order of lo6, and for a 1 cm2 film of 10 micron thickness, this A/V ratio corresponds 
to an internal surface area of 1000cm2. In practice, lower values of internal surface 
area are measured experimentally because sintering introduces 'necks' between par- 
ticles. A monolayer of dye adsorbed on such a high internal surface area will absorb 
almost all of the incident light in the wavelength region corresponding to its absorp- 
tion spectrum. This efficient light harvesting contrasts with the situation at a flat 
electrode, where a monolayer of sensitiser dye absorbs less than 0.1% of incident 
radiation. The high internal surface area also has consequences for the density of 
interfacial electronic states. Surface state densities of 10'2-10'3 cmP2 are common for 
semiconductor electrodes, and for a nanoporous electrode with an A/V ratio of lo6, 
these translate into equivalent volume densities of 10's-10'9 ~ m - ~ .  These high den- 
sities enormously enhance light absorption by electrons in surface states. This effect is 
responsible for the unusually large photocurrent quantum yields for sub-bandgap 
light that have been measured with nanoporous GaP and Sic [127, 128, 1341. 

The steady state and dynamic photocurrent responses of nanostructured electro- 
des are clearly strongly influenced by their structure and by the interaction between 
the solid and solvent phases, but our present understanding of charge carrier transport 
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is still rather limited. Since the diffusion length of photogenerated carriers, L = 
(7rD7) ‘ I2, is usually larger than the physical dimensions of the structural units, holes 
and electrons can reach the interpenetrated electrolyte phase before being lost by 
bulk recombination (see section 2.1). As a result, the photocurrent quantum yield is 
determined entirely by competition between surface recombination and interfacial 
kinetics. Moreover, if, as is usually the case, one type of carrier is transferred 
preferentially from the solid to the solution, long-range carrier transport becomes 
monopolar. This situation contrasts with silicon-based diodes and other devices 
where electron-hole pairs may diffuse over long distances before being separated at a 
junction (bipolar diffusion) [ 1581. 

5.2 Carrier Generation and Transport in Nanocrystalline Electrodes 

Two charge generation mechanisms can be distinguished. The first mechanism 
involves generation of electron-hole pairs by supra-bandgap illumination. Rapid 
reaction of the hole at the solid/electrolyte interface then leaves the electron to 
be transported to the collecting contact. The second mechanism involves photo- 
excitation of an adsorbed dye followed by electron injection into the conduction band 
of the solid. The dye is usually regenerated by reaction of its oxidised state with a 
supersensitiser such as I-. In both cases, photoexcitation leads ultimately to conduc- 
tion band electrons that are collected and measured as a photocurrent. The main 
differences in the physical description of carrier generation and collection arise from 
the fact that light absorption is more homogenous in the dye sensitised nanocrystal- 
line electrodes, whereas direct band-band excitation is associated with a smaller 
penetration depth, at least in the case of direct bandgap semiconductors. The two 
photogeneration mechanisms are contrasted in Fig. 32. 

Fig. 33 is a schematic illustration of a porous semiconductor electrode inter- 
penetrated with a redox electrolyte. Two situations are shown: the dark equilibrium 
situation and the situation under constant illumination from the electrolyte side 
(comparable illustrations for a bulk semiconductor/electrolyte interface are given in 
Figs. 4 and 5). In the dark at equilibrium, the electron Fermi-level in the porous 
network, E F , ~ ,  is equal to the Fermi-level of the redox system Ep,re,iox(= -qUeq) and 
independent of the spatial co-ordinate x normal to the substrate. If an electrolyte 
with a sufficiently positive redox potential is chosen, E F , ~  can be located in the middle 
of the gap, which means that the density of electrons in the nanostructured network is 

interband excitation dye sensitisation 

Fig. 32. Comparison of photoexcitation mechanisms in nanocrystalline electrodes. Interband excitation 
produces electron hole pairs in the solid. Sensitisation involves in electron injection from the photoexcited 
state of a dye adsorbed on the surface of the solid. The dye is regenerated by the supersensitiser R. 
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Fig. 33. Schematic representation of photoinduced current flow in a nanostructured electrode inter- 
penetrated with a solution with a redox system Ox/Red. The band edges Ec and Ev are shown, together 
with the electron Fermi-level EF.~(x). The upper diagram illustrates the equilibrium situation in the dark 
when EF,n does not depend on x and is equal to the Fermi-level of the redox system. The lower figure 
shows what happens when under constant illumination from the electrolyte side. Photogenerated holes are 
consumed in oxidation of Red, and a gradient in E F , ~ ( x )  induces electron transport to the substrate. The 
photocurrent density is equal to Jn(x  = d ) / y .  

negligibly small in the dark, i.e. the electrode is effectively insulating. Under illumi- 
nation with a constant light intensity, a non-equilibrium steady state situation is 
established which can be described formally by the quasi-Fermi levels for electrons 
and holes, E F , ~  and E F , ~ .  

As discussed in section 2, photogenerated holes can readily reach the surface of 
the nanostructured network and it is assumed that they react with Red generating Ox. 
If the holes are consumed rapidly, E F , ~  will remain close to E F , ~ ~ ~ ~ ~ .  In many systems, 
by contrast, it appears that electrons react much more slowly at the interface than 
holes. The reason for this kinetic selection of carriers is not clear at present, but it is 
clearly a prerequisite for the observation of substantial photocurrent efficiencies. If 
electrons do not react rapidly at the interface, their concentration increases substan- 
tially under illumination, so that E F , ~ ( x )  becomes higher than E F , ~ ~ ~ ~ ~ .  Since elec- 
trons are extracted at the substrate, illumination induces an electron flux, Jn(x ) ,  
through the nanostructured system. Under steady state conditions the photocurrent 
density, jphofo, is equal to qJn(x = d ) .  The electron flux is proportional to the gradient 
of the electron quasi-Fermi [ d E ~ , . ( x ) / d x ] ,  which represents a gradient of free energy, 
in other words a ‘driving force’. Since the photopotential in a regenerative nano- 
crystalline solar cell is determined by [ E F , ~ ( x  = d )  - E F , ~ ~ ~ ~ ~ ] ,  the drop of E F , ~ ( x )  
over the nanostructured system required to ensure unidirectional flow of charge 
carriers is effectively an internal voltage loss. 
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At this point it may be asked if the driving force for electron movement is due to a 
gradient in the potential energy of the electrons or to a gradient in their concentra- 
tion, or to both. Unfortunately, there appears to be no clear a priori answer to this 
question. As shown below, a gradient in the concentration of free electrons induces a 
‘chemical’ driving force of the order of ksT divided by the thickness d of the network. 
Photogenerated electrons can be trapped in surface states and induce a change of the 
potential drop over the Helmholtz-layer. If, as a result, the potential drop over the 
Helmholtz-layer becomes dependent on the co-ordinate x, [ ~ E F ,  ,Jx)/dx] may also 
have an electrostatic component due to a gradient in the potential energy of the 
electrons. A recent study by Zaban et al. [185] has related spatially dependent dye 
desorption in nanoporous Ti02 films to the local potential, and this work suggests 
that the potential energy of electrons may indeed vary with distance. The related 
question whether the photoinduced current flow can be described in terms of diffu- 
sion or migration is non-trivial: solutions of the steady state, transient and periodic 
photocurrent responses on the basis of the differential rate equations require appro- 
priate boundary conditions, and these are usually specific for the type of transport 
mechanism. 

It is interesting to compare a nanocrystalline solar cell with a solid state 
p+ - i - n+ solar cell. Electrons photogenerated in the intrinsic region of a p - i - n 
cell layer travel towards the n+ contact, while the holes travel towards the p+ contact, 
and in the steady state, the flux of electrons arriving at one side is equal to the flux of 
holes arriving at the other side. In a cell with a nanostructured electrode, one type of 
carrier (usually the electron) travels through the semiconductor network. The other 
(the hole) reacts at the interface, so that the balancing carrier flux in the nano- 
crystalline cell is due to the movement of oxidised redox ions that must reach the 
counter electrode to be regenerated electrochemically. Under steady-state conditions, 
the number of electrons arriving at the substrate is equal to the number of oxidised 
species arriving at the counter electrode. In the case of the solid p+ - i - n+ diode, 
the conditions can be chosen such that the dynamics of either photogenerated elec- 
trons or photogenerated holes can be probed by transient photocurrent measure- 
ments (see e.g. [186]). In the case of porous and nanocrystalline electrodes the situa- 
tion is less clear. It has generally been assumed that the transient photocurrent 
response is determined by the electron transport properties in the solid phase, but 
recent experimental evidence suggests that ion transport and electron transport may 
not be independent [ 1671. Since concentrated inert electrolytes are commonly used 
in nanocrystalline cells to minimise resistance losses, the transport of redox ions may 
be expected to occur predominantly by diffusion. However, electron transport in a 
porous nanocrystalline phase is likely to be strongly coupled to relaxation of the ionic 
atmosphere in the solution phase, so that the diffusion coefficient may be sensitive to 
changes in solution composition. 

Electron transport in the nanoparticles may be influenced by bulk and surface 
scattering and trapping. If the mean free path of the electron is much smaller than the 
particle radius, additional surface scattering will not have much effect on the move- 
ment of electrons from particle to particle. However, if the mean free path of the 
electrons is larger than the particle radius, scattering at the surface becomes impor- 
tant. The geometry of the junction between particles is also likely to influence camer 
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transport; the presence of a 'neck' at the junction may inhibit movement of electrons 
from one particle to the other, and disorder at the junction may introduce additional 
scattering of electrons. 

It has become clear from transient and periodic photocurrent measurements that 
the apparent diffusion coefficient of electrons in nanocrystalline Ti02 is several orders 
of magnitude smaller than in the bulk crystalline material [80, 90, 1861. However the 
reasons for the remarkably slow electron transport in nanostructured porous elec- 
trodes are not clear at present. During their travel through a nanoporous system, 
photogenerated electrons may be trapped in localised energy levels in the forbidden 
gap. Such states can originate from crystal defects and from the semiconductor/ 
electrolyte interface. As pointed out in the preceding section, the volume density of 
interfacial states can be very high (1018-10'9cm-3). It is therefore likely that inter- 
facial states are more important than localised bulk states. If hole transfer is rapid, 
these surface states will act predominantly as electron traps. Attenuation of elec- 
tron transport is mostly due to temporary localisation of electrons in the deepest 
unoccupied traps, i.e. those near the demarcation level (f(E) z 1 in the energy 
region below the demarcation level En; see Eq. 23). 

The negative charge of electrons trapped at surface states is balanced by an ionic 
counter charge in the outer Helmholtz plane, and the resulting change in the potential 
difference across the interface shifts the energy of the band edges. Local polarisation 
of the solvent molecules by charge carriers may also lead to surface localisation 
(polaron formation), reducing surface mobility [ 1521. Since the surface area/volume 
of nanocrystalline electrodes is very large, such effects may retard electronic transport. 

The novel properties of nanocrystalline electrodes are reflected in their response 
to pulsed or periodic perturbations of light intensity. The following sections describe 
in some detail the generationlcollection problem, but at this point it is useful to pro- 
vide some illustrations of the kind of unusual experimental behaviour that needs to 
be explained by any successful physical and mathematical model. The first point 
worth noting is that the photocurrent responses of nanocrystalline electrodes to 
stepped or pulsed illumination exhibit features on rather slow timescales. This is 
illustrated, for example, by Fig. 34, which is a set of photocurrent transients reported 
by Solbrand et al. [ 1861 for band-band excitation at 308 nm of nanocrystalline Ti02 
films of differing thicknesses permeated by 0.7 mol dm-3 LiC104 in ethanol. The 
30 ns excimer laser pulse was incident from the solution side, and since the penetra- 
tion depth of the light was much smaller than the film thickness, electron-hole pairs 
were effectively generated in a thin sheet at the front surface of the film. 

It can be seen that the photocurrent exhibits a peak on a timescale of milli- 
seconds. The insert in the figure shows that the time at which this peak appears varies 
approximately with the square of the film thickness. It is immediately apparent that 
the timescales involved in these transients are may orders of magnitude longer than 
those typical for charge transport in bulk semiconductor electrodes. 

The second point worth noting is that the response of nanocrystalline Ti02 elec- 
trodes to large amplitude excursions of light intensity such as a light step is non- 
linear. Furthermore, the shape of the photocurrent response is intensity dependent. 
The photocurrent transients for square pulse illumination of dye sensitised Ti02 films 
reported by Cao et al. [80] and shown in Fig. 35 illustrate this very well. 
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Fig. 34. Experimental photocurrent transients for pulsed excimer laser excitation of nanocrystalline Ti02 
electrodes of differing thicknesses taken from [ 1861. Illumination from the electrolyte side (200 mJ, 30 ns, ,I 
308 nm). Electrolyte 0.7 mol dm-3 LiC104 in ethanol. The insert shows that time ip& at which the current 
peak occurs depends on the square of the film thickness ( W ) ,  as expected for diffusion controlled electron 
transport. 
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Fig. 35. Transient short circuit photocurrent response of dye sensitised Ti02 cell to light step excitation 
(taken from [SO]). I514nm. Intensities: a) 0.05, b) 4mWcm2. Note that the current rises more rapidly at 
the higher intensity. 
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Fig. 36. Semilogarithmic plot of photocurrent 
transient shown in Fig. 35b plot (taken from 
[80]. The inset shows theoretical plots calcu- 
lated from Eq. 88 (see also Fig. 40). 
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It can be seen that the risetime of the photocurrent in response to the illumination 
step is much faster when the light intensity is higher (b). The rise in photocurrent 
clearly does not correspond to a simple first order process, as is shown by the non- 
linear semilogarithmic plot of the photocurrent rise in Fig. 36. Marked non-linearity 
has also been observed in time of flight experiments of electron and hole transport in 
amorphous silicon [ 1671. 

The non-linear nature of the photocurrent transients suggests the use of small 
amplitude perturbations in order to permit linearisation of the system response. This 
is readily achieved in IMPS by superimposing a small modulation on a much larger 
dc illumination intensity. A further clear indication of the differences between bulk 
and nanocrystalline electrodes is given by the IMPS plot reported in the paper by 
Cao et al. and shown in Fig. 37. The most striking feature of the IMPS response is 
that it appears in a different quadrant of the complex plane than the response for a 
bulk semiconductor electrode in the absence of RC effects (w < l/zce,l). The real 
component is positive, but the imaginary component is negative. This means in effect 
that the measured photocurrent lags behind the illumination. This behaviour corre- 
sponds to the slow rise in photocurrent in response to a step illumination function. By 
contrast, for w < 1 /zcC,/, bulk semiconductor electrodes at which surface recombina- 
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tion occurs exhibit an IMPS semicircle in the upper quadrant, i.e. the imaginary 
component is positive. In this case, the photocurrent appears to lead the illumination 
function. This seems odd at first sight, but in fact it is a simple consequence of the 
fact that recombination induces a majority carrier current that is opposite in sign to 
that of the photogenerated minority carrier current. This difference in sign corre- 
sponds to a phase shift of 180" that is reflected in the net IMPS response, which is the 
sum of the majority and minority carrier currents. 

5.3 Models and Rate Equations 

A quantitative interpretation of transient or periodic photocurrents in nanoporous 
networks requires a physical and mathematical description of the generation and 
collection of charge carriers. The exact treatments of the problem that have appeared 
in the literature are based on the assumption of either diffusion or migration as the 
predominant transport mechanism [78, 901. A more general treatment that accounts 
for both diffusion and migration in response to a photoinduced gradient of the elec- 
trochemical potential is not yet available. Recently an attempt has been made to treat 
the problem within the framework of statistical mechanics [ 1871. 

In this section, rate equations are used to describe the behaviour of photo- 
generated electrons and holes in a nanostructured semiconductor electrode. It is 
assumed that holes are trapped in interfacial states or transferred close to their point 
of generation to a reducing species in the solution permeating the network. Photo- 
generated electrons diffuse (or migrate) through the network and are collected in the 
substrate. The rate equation describing the hole concentration is 

The first term describes the photogeneration of holes for illumination via the elec- 
trolyte, the second term represents reaction of holes with the reduced species and the 
third term describes irreversible trapping of holes by a distribution of trap states. The 
trapped holes may be consumed in the oxidation of the reducing agent or by recom- 
bination with electrons (see section 5.2). 

Photogenerated electrons move through the network towards the substrate due to 
a gradient of the electrochemical potential dE~,,(x, t ) / q  dx, where E F , ~ ( x ,  t )  is given 
by 

EF,,(x,  t )  is given with respect to a reference level EFf;  dref and nref are reference 
values of electric potential and electron concentration. During their transport 
through the nanoporous network, electrons can be trapped and released from local- 
ised states or they may recombine. Generation, transport and recombination of elec- 
trons are described by the expression 
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where Jn(x,  t ) ,  the electron flux in the direction of increasing x, is proportional to the 
gradient of the electron quasi Fermi level: 

The term - J X ( E ) [ d f ( E ,  x, t ) /d t ]  dE in Eq. 74 accounts for trapping in and thermal 
release from electronic levels distributed in energy in the band gap. Only those states 
are taken into account from which trapped electrons are released thermally without 
loss by recombination; these are states of energy equal to or above the demarca- 
tion energy En (see section 2.3.3). The term J R , ~ ( x , ~ )  accounts for irreversible loss 
of photogenerated electrons by recombination. 'Recombination' here is defined to 
include not only electron hole recombination mediated by bandgap states below En, 
but also electron transfer to the oxidised species of the redox system in solution [ 1881. 
The redox species plays a role analogous to a surface trapping state in the sense that 
it captures successively a hole and an electron. In the case of dye sensitised nano- 
crystalline electrodes, J R , ~  may also contain a contribution due to back reaction of 
electrons with the oxidised state of the dye that is generated by electron injection 
[189, 1901. 

5.4 Steady State Solutions: The Diffusion Controlled Case 

Solution of Eq. 74 for the steady state gives the concentration profiles of photo- 
generated carriers in the nanostructured electrode. A priori separation of migration 
and diffusion is difficult, and most analytical models have been based on the as- 
sumption that diffusion is predominant. Therefore in order to simplify the analysis, 
the boundary conditions are chosen to be appropriate for diffusion controlled trans- 
port. Initially it is assumed that recombination is absent. With dn(x, t ) / d t  and 
d f ( E ,  x ,  t ) /d t  equal to zero, Eq. (74) simplifies to 

dJn ( x )  d ( x )  - ~ = 0 
dx 

It follows that dJ,(?r)/dx is equal to the generation profile aZ(x) = aI(0)  exp(-ax).  
Since the boundary condition Jn(0) = 0 [i.e. [dn(x)/dx] = 0 for x = 01 must hold, the 
flux of electrons at x is obtained as 

J ~ ( x )  = 1(0)[1 - e P X ]  (77) 

The steady state photocurrent density, jphofo, is determined by the flux of electrons 
arriving at and collected by the substrate ( x  = d )  
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Since it has been assumed that the driving force responsible for the electron flux in 
the direction towards the substrate is the gradient in the chemical potential of the 
electrons (i.e. diffusion controlled transport), it follows from Eq. 73 that the gradient 
of the quasi Fermi level of electrons is given by 

dEF,n(x) - ~- kBT dn(x)  - 
dx .(X) dx 

Substitution of Eq. 79 in Eq. 75 gives Fick’s first law of diffusion in the form 

(79) 

where D = pn(kBT/q) is the diffusion coefficient of electrons in the nanoporous 
electrode. The concentration gradient [dn(x)/  dx] (= - J n ( x ) / D )  is shown in Fig. 38. 

The concentration profile of free electrons can be calculated from Eqs. 78 and 80 

It should be noted that this equation describes the concentration profile of free elec- 
trons diffusing towards the substrate for the case where the electrode is illuminated 
from the electrolyte side (i.e. x = 0). The concentration profile according to Eq. 81 is 
also plotted in Fig. 38. 

The gradient of free energy, i.e. the driving force for electron flow, due to the 
concentration gradient follows from Eq. (79), (80) and (81) 

It is interesting to note that if n ( d )  and D are sufficiently small, the driving force is 
independent of the incident light intensity I ( 0 ) .  In addition, the driving force does not 
depend strongly on the spatial co-ordinate x in the region 1/a < x < d .  It follows 
from Eq. 82 that if n ( d )  can be neglected, the average driving force associated with 
the concentration of the free electrons is of the order of kBT divided by the thickness 
d of the nanostructured film. 

The steady state solution of Eq. 74 is still valid if it is assumed that electrons are 
trapped/detrapped in localised states. However, electrons trapped in interfacial states 
induce a counter charge in the interfacial double layer and hence a change in the 
potential drop over the Helmholtz-layer and the energy of the conduction band edge 
at the surface. Trapping could therefore affect transport of photogenerated electrons 
by introducing a non-negligible field-component into the driving force. 

Photogenerated electrons in a nanocrystalline electrode may react with redox 
species before they are collected at the back contact. Sodergren et al. [189] have 
considered generation, diffusion and back reaction of electrons with 13 ions in the 
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Fig. 38. Steady state solutions for boundary conditions typical for diffusion controlled transport of photo- 
generated electrons through the substrate. The film thickness is 3 microns, and illumination is from 
the electrolyte side. The absorption depth ( l /a)  is 1/10 of the thickness d. a) the generation profile 
a I ( x )  = dJ,,(x)/d.~, b) the electron flux J , (x ) ,  c) concentration gradient dn(x)/dx, d) the profile of excess 
free carrier concentration n ( x ) ,  e) the driving force for electron diffusion in eV cm-I. 

dye sensitised nanocrystalline Ti02 cell. The time dependence of the electron density, 
n(x, t ) ,  is given by 

where D is the diffusion coefficient of electrons, no is the electron density in the dark, 
t is the pseudo-first order lifetime of electrons determined by back reaction with tri- 
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iodide ions in the electrolyte, a is the effective absorption (cm-I) coefficient of the dye 
sensitised Ti02 (determined by the absorption cross section and surface coverage of 
the dye), 10 is the incident photon flux corrected for reflection losses and q is the net 
efficiency of electron injection. Eq. 83 is also appropriate for bandgap excitation of 
nanocrystalline materials if one type of photogenerated carriers reacts very rapidly, 
leaving the other type as excess carriers to be collected at the back contact. Solution 
of Eq. 83 presents a number of difficulties, even if it is assumed that electron trans- 
port is by diffusion. It is not possible to assume a priori that electron diffusion in 
Ti02 is independent of the total electron density since the effective diffusion coeffi- 
cient of electrons depends on trapping/detrapping, so that D is a function of n and 
consequently also of x. Similarly the effective electron lifetime T depends on trapping/ 
detrapping so that it too may depend on II and x. Finally the net efficiency, q, for 
electron injection is likely to be affected by the total electron density as a consequence 
of back reaction of electrons with the oxidised state of the sensitiser dye. Ideally, the 
dye should be regenerated from its oxidised form by capture of an electron from 
iodide, but under strong electron accumulation, electrons can instead be captured 
from the TiOz, so that q becomes dependent on the total electron density [188]. 

Sodergren et al. obtained the steady state solution of Eq. 83 by assuming that D 
and z are constant and q = 1. Under these conditions, the photocurrent due to excess 
carriers is independent of voltage, and the steady state photocurrent is given by 

where d is the film thickness and L = ( D T ) ” ~  is the electron diffusion length. It 
should be noted that the photocurrent predicted by this model is independent of 
voltage. This is physically implausible, of course. Neglect of the back reaction of 
electrons with the oxidised dye is no longer reasonable under conditions of strong 
electron accumulation, in other words q is expected to decrease. Also the assumption 
that there is no barrier to electron extraction at the substrate is questionable. If such a 
barrier exists, the boundary condition at x = d must be modified to take into account 
the (possibly voltage dependent) electron exchange kinetics [90]. 

5.5 Transient Photocurrent Response of Porous and Nanocrystalline 
Electrodes 

One of the most remarkable features of the transient photocurrent response of 
nanocrystalline Ti02 electrodes is the very slow rise and fall times observed at low 
light intensities; in some cases the risetime can extend to seconds [80, 1911. Interest- 
ingly, the risetimes became faster with increasing light intensity. The influence of 
electron trapping and release on the transient photocurrent response of dye sensitised 
nanocrystalline cells was discussed in an early paper by Schwarzburg and Willig 
[191], who considered a two level trap model to explain the experimental observation 
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that the photocurrent risetime in response to a square light pulses is non-linear and 
intensity dependent. By contrast, Solbrand et al. [ 1861 have discussed time resolved 
photocurrent transients in nanocrystalline Ti02 in terms of an electron diffusion 
model that ignores trapping effects (the current transients that they observed are 
illustrated in Fig. 34). In this work, a relatively intense 200mJ 30ns excimer laser 
pulse (308nm) was used to generate electron-hole pairs in a thin layer on the elec- 
trolyte side of nanocrystalline Ti02 films of different thicknesses. It was assumed that 
the photogenerated holes react rapidly leaving excess electrons in the nanocrystalline 
particles. Subsequent transport of electrons towards the back contact is determined 
by the gradient of the electron quasi-Fermi level in the film. Solbrand et al. propose 
that initially electrostatic repulsion between electrons will force some of the electrons 
towards the rear contact giving rise to an exponentially decaying current, jphoro( t )  
that can be approximated by an RC equivalent circuit. 

where Q‘ is the charge density induced at the back contact and zcell is the RC time 
constant of the cell. It is assumed that the transport of electrons after the RC charg- 
ing pulse occurs by diffusion, since electron-electron repulsion terms become negligi- 
ble due to effective screening by the electrolyte. Electron trapping and back reaction 
of electrons with species in the electrolyte is neglected, and electron-hole recombina- 
tion is presumed to be important only at times much shorter that 7 R C .  The initial 
concentration distribution is approximated by a delta function since the penetration 
depth of the illumination is small compared with the film thickness. Solution of Eq. 83 
for z = co and D independent of n and x gives n(x,  t ) :  

An e - ( . ~ - d ) 2 / 4 D f  n ( x ,  t )  = ___ 
2 m  

where An is the number of photogenerated electrons, D is the electron diffusion co- 
efficient, x is the distance from the substrate and d is the film thickness. The diffusion 
controlled current at the back contact is found to be 

The total photocurrent is described by the sum of Eq. 85 and 87. 
Fig. 39 illustrates the theoretical electron density profiles and photocurrent tran- 

sients calculated from Eq. 85 and 87. If the RC time constant is small, differentiation 
of Eq. 87 with respect to t shows that the photocurrent transients exhibit a maximum 
at a time tpeok = d 2 / 6 D .  In the limit of small perturbations, this time is expected to be 
inversely related to the characteristic frequency in the IMPS response. 

The experimental photocurrent transients obtained by Solbrand el al. for Ti02 
films of different thickness are shown in Fig. 34. Similar transients have been 
reported by Hoyer and Weller [192] for nanocrystalline ZnO films. The inset in 
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Fig. 39. Illustration of electron density profiles at dif- 
ferent times 11 < r2 < 13 following pulsed excitation 
from the electrolyte side. W is the film thickness. The 
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Fig. 34 shows that tp& varies approximately with d 2  as predicted (the authors use W 
rather than d to denote the film thickness), and the slope of the plot gives a value of 
1.5 x cmP2 s-l for the diffusion coefficient of electrons. This value is orders of 
magnitude below that measured for the electron diffusion coefficient in bulk anatase 
and rutile. Solbrand et al. observed that tpeak and hence D appear to depend on 
electrolyte conductivity, and this together with the magnitude of D suggests that dif- 
fusing electrons interact strongly with the solvent and ions in the electrolyte that 
permeates the film. 

Cao et al. [80] have also discussed time and frequency dependent solutions of the 
generation collection equation for the case where the cell is illuminated from the 
substrate side. Like Solbrand et al., they assume that electron transport occurs pre- 
dominantly by diffusion at relatively low light intensities where the electric field aris- 
ing from reconfiguration of electrons is small. The expression derived for the response 
to a light step shows that the rise of the photocurrent is multi-exponential. 

where the first term is the steady state photocurrent defined by Eq. 84. Figure 40 
illustrates normalised transients predicted by Eq. 88 for different values of the prod- 
uct ad, where GI is the absorption coefficient and d is the film thickness (the normal- 
ised time t *  in the figure is defined by t* = D t / d 2 ) .  These are also shown in semi- 
logarithmic form as an insert in Fig. 36. 

The theoretical transients can be compared with the experimental photocurrent 
transients shown in Fig. 36. It is clear that the general features of the experimental 
transient are reproduced in the theoretical plots. 
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Fig. 44. Theoretical dimensionless photocurrent 
transients calculated from Eq. 88 for two different 

Cao et af. and other authors [191] have observed that the photocurrent risetime 
decreases as the light intensity is increased. The risetime appears to follow a power 
law of the form tl12 K I," with n = 0.5-0.6. This effect may arise from intensity 
dependent occupancy of electron traps. Cao et al. therefore assumed as a first 
approximation that the diffusion coefficient of electrons is a linear function of elec- 
tron concentration. Numerical solution of Eq. 88 then yields transients that depend 
on light intensity. In principle tlus approach allows the incorporation of any arbitrary 
dependence of D on n., but a more satisfactory approach would be to relate the dif- 
fusion coefficient directly to the trap occupancy or to separate diffusion and trapping. 
Cao et al. estimate an upper limit of D, = cm2 s-' for the diffusion of electrons 
in the dark, whereas the D, value for intensities corresponding to solar illumination 
levels are two orders of magnitude higher. 

The dynamics of charge transfer and back reaction in dye sensitised nanocrystal- 
line systems such as SnOz have also been studied extensively by transient optical and 
microwave absorption spectroscopies [ 193-1 991. 

5.6 IMPS Response of Porous and Nanocrystalline 
Electrodes 

Interpretation of photocurrents generated by large amplitude perturbations is com- 
plicated by the fact that it is not possible to treat D and 7 as constant if the electron 
density is changing by orders of magnitude during the perturbation. Meaningful 
analytical non steady state solutions of Eq. 74 or 83 can, however, be obtained for 
small amplitude perturbation conditions where D and 7 can be treated as constants 
to a first approximation. In practice, small amplitude means that the amplitude of 
the light pulse or modulation are small compared to the dc illumination level. It is 
common practice to use small modulation amplitudes for IMPS measurements in 
order to ensure that linearisation of the response is a valid approximation. By con- 
trast, light pulse or light step measurements invariably involve perturbation from 
the dark state. Even in the case of IMPS, the variation of excess carrier density with 
distance poses a problem, since it may cause D and z to vary across the film. Never- 
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theless, it is clear that IMPS is a better than time resolved methods for the deconvo- 
lution of the factors affecting the photocurrent response. 

IMPS measures the photocurrent density jphofo(w) due to the movement of 
electrons photogenerated by a harmonically varying light intensity I,, = 
I,,, exp( -jot) superimposed on a background light intensity Z(0). The relationship 
between the ac photocurrent response and the flow of carriers in the semiconductor is 
discussed in section 3.2. Here, ,the low frequency range 0 < w < 1/zCe,, is considered. 
It follows from Eq. 32 that the flux of photogenerated electrons through the nano- 
porous network, J,(x,  o) is equivalent to jpholo(m) in the external circuit. 

From Eq. 75, it follows that the electron flux at any point in the film is given by 

As shown above, the ‘chemical’ part of the driving force does not depend on the light 
intensity if the substrate is a perfect sink for photogenerated electrons. In this case, 
the second term on the right hand side of Eq. 90 can be neglected to a first approxi- 
mation. Also since the driving force depends only weakly on the spatial coordinate x,  
[dJ,(x, w ) / d x ]  can be approximated by 

For the IMPS case, the rate equation for the ac component of the electron concen- 
tration can be derived from Eq. 74: 

It has not yet proved possible to obtain general solutions of Eq. 92 without making a 
priori assumptions about whether electrons move primarily by diffusion or migration. 

The experimental results shown in Fig. 37 indicate that the transport of electrons 
from the front of the film to the substrate is associated with a measurable transit time, 
~ ( d ) ,  that depends on the film thickness, d. A simplified zero order treatment of the 
problem is considered first to illustrate the gross features of the IMPS response and to 
show that in the absence of recombination and trapping, the electron transit time 
should in principle be accessible from IMPS measurements. It is assumed that the 
electrode is illuminated from the solution side and that the penetration depth of the 
light is much smaller than the film thickness. The driving force for electron flow is 
taken to be constant throughout the nanoporous film, and it is assumed that the 
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Fig. 41. The simple semicircular IMPS response is predicted by Eq. 93 for the case where photogenerated 
carriers diffuse or migrate through a nanocrystalline network without being trapped. The second IMPS plot 
is predicted by a more exact treatment of field driven electron transport [78]. Note that in this case, the plot 
crosses the imaginary axis at high frequencies and spirals into the origin. 

harmonic component of the electron concentration decreases linearly in magnitude 
with decreasing x towards the substrate such that the derivative dn(x, w) /dx  can be 
approximated by -n(x, w ) / ( d  - x). The spatial derivative of the electron flux is then 
linear in n ( x ,  w) ,  and the normalised IMPS response can be obtained from Eq. 92 as 

(93) 

Fig. 41 shows that the complex plane IMPS plot of Eq. 93 is a semicircle with a 
positive real and a negative imaginary part. The low and high frequency intercepts 
are 1 and 0 respectively, and the inverse of the characteristic frequency wmin gives the 
transit time zd. 

Vanmaekelbergh et al. [78] have given a more exact treatment of the transport 
problem for boundary conditions pertaining to field-driven electron transport (mi- 
gration) and illumination through the electrolyte. As shown in Fig. 41, the calculated 
IMPS response in this case is a distorted semicircle characterised by a change in the 
real component from positive to negative values in the frequency range above 1 / ~ d .  It 
can be seen that the IMPS signature spirals into the origin at high frequencies. This 
reflects the fact that the transit time is effectively a propagation delay for the signal. 

Transport of photogenerated electrons through nanostructured networks has been 
studied with porous single crystalline GaP networks [78] (see Fig. 42). A more 
detailed SEM micrograph is shown in section 2.2. Single crystalline networks of GaP 
with strongly interconnected structural units in the 100 nm range can be prepared on 
a n-GaP substrate by anodic etching under conditions of dielectric breakdown. The 
thickness of the porous film can be controlled coulometrically, and films of thickness 
between a few pm and 200 pm have been investigated. 
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Fig. 42. SEM micrograph (top side view) of a nanostructured porous GaP film formed by anodic etching of 
crystalline n-type substrate (dark area). (see also Fig. 4). 

IMPS measurements of electronic transport in a GaP networks have been studied 
by using a modulated UV laser [78]. The light was incident from the electrolyte side, 
and in all cases the penetration depth of the light ( 1 / a  z 100 nm) was much smaller 
than the thickness of the porous film d. Photogenerated holes are driven to the semi- 
conductor surface and consumed in photoanodic oxidation of the sample. Photo- 
generated electrons are driven to the interior of the GaP filaments by an electric field 
perpendicular to the surface. Transport of photogenerated electrons through a fully 
depleted GaP network can be measured with IMPS in the frequency domain well 
below ( 1 / ~ ~ ~ " )  [78]. A typical IMPS plot is shown in Fig. 43. 

The experimental IMPS plot has the shape predicted for the case where charge 
carriers are generated at the electrolyte side and diffuse (or migrate) through the 
network to the substrate. The inverse of the characteristic frequency om;n (measured 
with a given background light intensity) is plotted vs. d 2  in Fig. 44. 

It can be seen that ( 1/co,,,jn) increases linearly with d 2  as expected for diffusive 
transport of electrons. ( l / ~ ~ ; ~ )  corresponds to the average transit time of photo- 
generated electrons through a film of thickness d. Similar results have been reported 
by Solbrand et al. for electron transport through a particulate Ti02 electrode [186]. If 
electronic transport is not strongly attenuated by trapping/detrapping effects, the 
diffusion controlled transit time is given by 
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Fig. 43. Complex plane IMPS plot for 14 micron thick nanoporous GaP layer on n-GaP under depletion 
conditions (potential 2.5 V vs. SCE) in acid electrolyte (pH = 1 .O) .  Illumination from the electrolyte side 
(1 350nm). The steady state photocurrent efficiency is unity. The transit time r (d )  derived from consin is 
5 10-3s. 
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thickness, d, of the porous GaP film. The IMPS 
response was measured using modulated illu- 
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(94) 

From Fig. 44, a value of 1.6 cm2 s-' is found for D,. At present, it is not clear if 
this value pertains to the true diffusion constant of free electrons in the nanoporous 
network, since recent investigations show that the characteristic frequency also 
depends on the background light intensity [200]. In any case, this value is about 
three orders of magnitude lower than the diffusion constant (2 cm2 s-') for electrons 
in bulk Gap. 

Bare and sensitised nanoporous Ti02 electrodes with thicknesses between 0.1 and 
20 pm have been studied extensively by several research groups, both by measuring 
photocurrent transients and IMPS responses. Although the excitation mechanisms 
differ (band-band excitation as opposed to dye sensitised electron injection), the 
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Fig. 45. IMPS response measured for a 0.6pm thick particulate Ti02 electrode (lightly sintered 30nm 
particles; Degussa P25) interopenetrated with an aqueous electrolyte (0.2mol dm-3 citrate) to act as a hole 
scavenger. Illumination from the electrolyte side at two different background light intensities ( A  35 nm). 
(a) 0.83 l o i5  cm2 s-', (b) 2.8 I0I3 cm-* s-I [78]. 

results are remarkably similar. Examples of the IMPS plots observed by Cao et al. 
[80] for dye sensitised nanocrystalline Ti02 electrodes are shown in Fig. 37. Similar 
results have been reported by Dlocik et al. [90]. Cao et al. and Dlocik et al. both 
found that the characteristic frequency of the IMPS plot varied with light intensity 
according to the empirical relationship urnin cc I" with n < 1. 

de Jongh and Vanmaekelbergh [79, 1431 have studied bare particulate Ti02 elec- 
trodes interpenetrated with aqueous electrolyte. Electron-hole pairs were generated 
by 350nm light from an argon laser with an absorption depth of the light of about 
0.3pm. The holes were partly captured by a reducing agent in the electrolyte and 
partly lost by recombination. Electron transport was investigated with IMPS with 
illumination from the electrolyte and substrate sides, and typical IMPS plots are 
shown in Fig. 45. It is interesting to note that at high frequencies, the plot crosses the 
imaginary axis before converging on the origin. This behaviour is similar to, though 
less extreme, than with nanoporous GaP networks. It was found that the urnin varied 
with intensity according to the relationship u,in cc I" with n = 0.5, which is similar 
to the results reported for dye sensitised electrodes [80, 901. urnin was found to be 
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independent of temperature in the range 0-50°C and to decrease with increasing 
thickness of the electrode when the light was incident from the electrolyte side. 

Cao et al. [80] give numerical solutions of Eq. 42 that are appropriate for IMPS, 
but although the calculated complex plane plots results resemble their experimental 
data for dye sensitised. Ti02 electrodes, the numerical solutions do not lead readily 
to identification of diagnostic features in the IMPS response, and more convenient 
analytical solutions can be obtained. Dlocik et al. [90] have taken a general approach 
to the generation collection problem which considers voltage dependent rate con- 
stants for electron extraction/injection at the TiOzlsubstrate interface. Here attention 
is restricted to the diffusion controlled limit obtained when the rate constant for 
electron extraction is sufficiently large. Illumination from the substrate and from the 
solution sides has been considered. The thin film of nanocrystalline semiconductor 
(thickness d )  is presumed to be uniformly sensitised with dye so that the absorp- 
tion coefficient M is independent of distance. Light absorption by I; in the pores is 
not considered, and light scattering by the nanocrystalline phase is treated semi- 
empirically by defining an effective absorption coefficient. The electrolyte phase is 
assumed to penetrate throughout the porous film so that injected electrons are 
screened by counter-ions and solvent dipoles in the electrolyte. Coulombic inter- 
actions between injected electrons are assumed to be negligible. The lifetime of excess 
electrons in the nanocrystalline solid is presumed to be determined by back reactions 
with the oxidised component of the supersensitiser couple (I-/I;). Regeneration of 
the dye from its oxidised state by reaction with I- is assumed to be fast compared 
with the time scale of the modulation. Depletion of I- and accumulation of I; in the 
pores of the film are neglected. The effects of electron trapping are considered and 
related to the effective diffusion coefficient of electrons. The possibility of electron 
recombination with 13- via trap states is also included. 

As pointed out earlier, it has been observed that the diffusion coefficient of elec- 
trons in dye sensitised nanocrystalline Ti02 cells increases with light intensity, prob- 
ably as the result of light-dependent trap filling. The use of small relative modulation 
amplitudes in IMPS measurements has the advantage that the diffusion coefficient 
of electrons can be considered to be determined primarily by the dc illumination 
intensity. 

For illumination from the electrolyte side, the ac photocurrent conversion effi- 
ciency @(a) = jphoro/qIo is given by [90] 

For illumination from the substrate side, 



Time and Frequency Resolved Studies of Photoelectrochemical Kinetics 153 

Fig. 46a. Diffusion controlled IMPS response calculated for illumination from the electrolyte side for small 
penetration depth. a = lo5 cm-I, d = 10 microns, D = cm2 s - I ,  T = 0.1 s. The value of ID,,,,, is equal 
to the inverse of the transit time for electrons to reach the substrate. Note how the response spirals into the 
origin at high frequencies (compare Fig. 41). 
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Fig. 46b. IMPS response calcubdted for the same values Fig. 45, except that illumination is from the sub- 
strate side. In this case electrons have to diffuse only a very short distance, and this is reflected in the much 
higher value of OJ,,~,~. 

Here CI is the effective absorption coefficient, d is the film thickness and y is given by 

The corresponding dc solutions obtained by setting co = 0 in Eq. 95 are identical with 
those derived by Sodergren et al. [ 1891. 

The influences on the IMPS response of the illumination geometry, absorption 
coefficient, and electron recombination lifetime predicted for the diffusion controlled 
case are illustrated in Fig. 46 and Fig. 47. Two cases are considered corresponding to 
interband excitation and to dye sensitisation. In the first the penetration depth of the 
light is chosen to be much smaller than the film thickness. The calculated IMPS 
responses for illumination from the electrolyte and from the substrate side are con- 
trasted in Fig. 46a and 46b respectively. The first thing to note is that the imaginary 
component of the IMPS response is negative under most conditions. This contrasts 
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Fig. 47. IMPS responses calculated for the case where the penetration depth of the exciting light is 
comparable with the film thickness as is usually the case for dye sensitised cells. a = lo3 cm-', D = 
lo-' cm2 s-I, d = 10 microns, r = 0.1 s. Direction of illumination as shown. Note that the u,in values for 
the two directions of illumination are similar (compare Fig. 46). 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Real (a) 
Fig. 48. Calculated IMPS responses showing the influence of the electron recombination lifetime r. d = 12 
microns, D = cm? s-I, CL = lo3 cm-I. Illumination from the substrate side [ A  = 514nm). Note that the 
Characteristic frequency tends towards l / r  as T becomes smaller. 

with the IMPS response for a minority carrier device, which has a positive imaginary 
component arising from the flux of majority carriers involved in recombination. 
Illumination from the electrolyte side gives a characteristic spiral in the high fre- 
quency response that is associated with the transit time required for carriers to move 
form the front face to the rear contact. This behaviour is similar to that predicted by 
Vanmaekelbergh et al. [78]. By contrast, illumination through the substrate generates 
electrons very close to the contact and the transit time is very small. This is reflected 
in the high value of the characteristic frequency. The flattening of the semicircle is 
characteristic of a diffusion controlled process. 

The difference between the two illumination geometries is much less marked when 
the penetration depth of the light is comparable with the film thickness, as is usually 
the case for dye sensitised cells. As Fig. 47 shows, the characteristic frequency is quite 
similar in both cases since carriers are generated throughout the whole of the film. 

The effect of the electron recombination lifetime is illustrated in Fig. 48. If the 
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Fig. 49. Experimentdl IMPS responses for dye sensitised cells (illumination from the substrate side, 1 = 
514nm) measured at different voltages [90]. Dc current 6.14rnA. Note that the modulated photocurrent 
is 3 orders of magnitude lower than the dc photocurrent. 

lifetime is sufficiently long, all photo-injected electrons are collected, and the dc value 
of CD is determined by the fraction of incident light that is absorbed, and the charac- 
teristic frequency is determined by the mean electron transit time. For a finite elec- 
tron lifetime, the dc photocurrent conversion efficiency depends on the ratio between 
the electron diffusion length L = ( D T ) ” ~  and the film thickness, and in the limit that 
L < d, the characteristic frequency is determined by the electron lifetime. 

The IMPS response of nanocrystalline electrodes is evidently influenced by ~,,ll. 

The capacitance of nanocrystalline Ti02 electrodes is strongly dependent on poten- 
tial, and under accumulation conditions capacitance values in the mF cmP2 range are 
common. In fact, the recent work of Dloczik et al. [90] shows that the IMPS response 
of dye sensitised Ti02 cells is modified by the ~ ~ ~ 1 1  even under short circuit conditions. 
(Vanmaekelbergh et al. [78] have discussed the effect  oft,,^ for porous Gap, where 
the space charge capacitance only becomes important close to flatband). RC attenu- 
ation alters the shape of the IMPS response, and in the limit Tcell > Td, the IMPS plot 
becomes semicircular and is dominated by ~ ~ ~ 1 1 .  The potential dependence of the 
IMPS response reported by Dloczik et al. is illustrated in Fig. 49. 

It has become common practice to fit IMPS data in the complex plane, but this 
approach is rather unsatisfactory when the effects of RC attenuation are convoluted 
with those due to carrier transport and recombination. A more sensitive method is to 
use Bode plots. The magnitude and phase angle plots provide an excellent diagnostic 
analysis. An example from the work of Dloczik et al. [90] is shown in Fig. 50. 

As shown in section 4, if T,,[[ is made large enough, the intensity modulated 
photovoltage (IMVS) response is obtained. Schlichthorl et al. [188] have recently 
studied band edge movement and recombination kinetics in dye sensitised Ti02 solar 
cells by this method in which a small intensity modulation is superimposed on a 
much larger steady background illumination in order to permit linearisation of the ac 
photovoltage response. The observed open circuit IMVS response is a semicircle with 
negative real and positive imaginary components. The relaxation of the open circuit 
photovoltage can be attributed to back reaction of free and trapped electrons with 13 
ions. Theoretical considerations predict that two semicircles could be observed, but 
experimentally only one is seen. The maximum of the semicircle, which can be asso- 
ciated with the electron recombination lifetime z, appears at a frequency ranging 
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Fig. 50. Bode plot showing experimental data and best and fit to the short circuit IMPS response of a dye 
sensitised cell 1901. Dc photocurrent 6.3 mA. The upper solid line in each plot shows the fitted response in 
the absence of RC attenuation. Note the limiting high frequency phase shift is 45", which is characteristic 
of diffusion control. The lower line illustrates the improved fit obtained by including the influence of 
R = ion, c = 5 10-5 F. 

from a few Hz at low intensities ( lou3 sun) to a more than 10 Hz at 1 sun. This vari- 
ation is attributed to a change in the average energy of occupied trapping levels 
involved in the electron transfer. However, it seems more probable that the intensity 
dependence is related in some way to the variation of the trap occupancy as discussed 
below. 

One of the key questions that remains unanswered is the role of temporary 
localisation of electrons in traps in determining the rate of electron transport in 
porous and nanocrystalline electrodes. Dlocik et al. [90] have taken electron trapping 
and detrapping into account by defining effective values for the electron diffusion 
coefficient and lifetime as 

and 

where k, ,  and kdetrup are the first order rate constants for trapping and detrapping of 
electrons, and r,h and rtrUp are the lifetimes of electrons in the conduction band and in 
traps respectively. It should be noted that both D,R and refl are expected to depend 
on the illumination level as well as on the voltage, since they depend on trap occu- 
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pancy. If carrier trapping and release are fast compared to the modulation frequency, 
the IMPS response retains the shape predicted for the trap free case, but the fre- 
quencies are scaled by the reduction in transit time defined by Eq. 98. If carrier re- 
laxation is slow, it is predicted to alter the shape of the IMPS response, but this has 
not been observed experimentally. In fact, de Jongh and Vanmakelbergh [143] have 
reported that IMPS plots for particulate Ti02 films are nearly semicircular at low 
background intensities, and change progressively to a distorted semicircle that crosses 
the imaginary axis at higher light intensities. These authors suggest that the influence 
of deep trapping on the IMPS response diminishes with increasing background light 
intensity due to an increase in the electron demarcation level. 

A more detailed consideration of trapping in energy levels distributed in energy 
has been given by de Jongh et al. [79, 1431. They concluded that the lifetime for 
trapping of a free electron in the deepest available localised state (at the demarcation 
level En) is given by 

If the electron life time for deep trapping T , ~ ~ ~ ( E , )  is considerably larger than the 
transit time T d  of free electrons, deep electron trapping can be neglected, and the 
characteristic frequency of the IMPS response will be determined by the transit time 
zd. If, however, T, , ,~  (E,) is smaller than Q,  trapping/detrapping will influence the 
IMPS response over a large frequency range. In this case, w,in is given by 

It follows that (1  /amin) is equal to the average number of deep trapping events 
experienced by photogenerated electrons during their travel through the network 
times the residence time in a deep trap at En. The thermal release rate, &N,exp 
exp[(E,  - Ec) /ksT] ,  which is equal to &(n(x) ) ,  where ( n ( x ) )  is the spatially aver- 
aged concentration of excess electrons, increases with the concentration of photo- 
generated electrons and hence with the background light intensity. This means that if 
trapping is important, w,in should increase with the background light intensity. In the 
study of de Jongh and Vanmaekelbergh, ( n ( x ) )  was considered to be proportional to 
the square root of the illumination intensity due to strong electron-hole pair recom- 
bination in order to explain the dependence of wmin on light intensity. However, 
electron-hole recombination does not occur as in the case of the dye sensitised cell, so 
that ( n ( x ) )  and hence w,in should be linearly proportional to the light intensity. 
However, a sub-linear dependence of the type wmi, aZ" with n between 0.5 [90] and 
0.7 [80] has been observed experimentally. Present models clearly fail to provide an 
adequate explanation of the intensity dependence of the electron transport and re- 
combination kinetics in nanoporous systems, which remain a challenging area for 
investigation by transient and periodic methods. 

The survey in this section, which describes progress in a rapidly developing field, 
demonstrates that many problems remain to be solved. It is clear, however, that time 
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and frequency resolved photocurrent measurements hold the key to understanding 
the behaviour of these novel electrode/electrolyte systems. 
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1 Introduction 

Chemical deposition from solutions of chalcogenide compound thin films finds its 
origin more than one century ago when for instance Emerson-Reynolds, in 1884 [l], 
reported that thiourea is easily desulfurated by certain metallic oxides and hydroxides 
(silver, mercury, lead) to form the corresponding sulfide. When the reaction proceeds 
in basic solutions, a specular and strongly adherent layer is formed on the sides of the 
vessel, in parallel with the precipitation in the volume of the solution, according to 
the global reaction: 

MLn2+ + SC(NH2), + 2 OH- + MS + 2 H20 + nL + CN2H2 (1) 

where L represent a ligand for the metallic cation. 
Reaction (1) is the analogue in solution of CVD (Chemical Vapor Deposition) 

reactions in the vapor phase. The method in solution is usually called CBD for 
Chemical Bath Deposition or CSD for Chemical Solution Deposition. As compared 
to CVD which is widely used in the semiconductor industry, the development of 
CBD has remained limited. 

CBD belongs to the same class of deposition processes from solutions as “Elec- 
troless deposition” (ELD) widely used for metal deposition [2] in the sense that it is a 
chemical process which does not involve electron exchange with a conducting sub- 
strate as in the electrodeposition technique. It can also be used on insulating sub- 



168 Daniel Lincot. Michel Froment and Hubert Cachet 

strates. However in CBD there is no change in the oxidation state of the elements in 
solution and in the film. They are deposited together as in precipitation reactions, 
whereas ELD is an oxydo-reduction process, the presence of the reductor element in 
the film (as P or B) being a side reaction. 

CBD was used first in the 1940’s for the fabrication of infra-red photoconduct- 
ing detectors based on PbS [3]. n-p junctions were also formed by introducing the 
appropriate dopants in the bath [4]. 

Replacing thiourea by its selenium analogues (selenourea, dimethylselenourea) 
allowed the fabrication of selenide compounds as first shown for PbSe films [5 ,  61. At 
the same period CBD was initiated for other important sulfides as CdS [7], AgzS [8] 
and selenides as CdSe [9] and ZnSe [lo]. In 1982, as reported in the review by Chopra 
et al. [ 111, about 20 different compounds were synthesized by CBD. From this date 
other materials have been prepared and the method is presently receiving increased 
attention. The main example concerns CdS which enters in the fabrication of thin 
film solar cells based on copper indium diselenide [12] or cadmium telluride [13, 141. 
CBD CdS displays superior qualities as compared to classical vapor phase techniques 
both for the fabrication of high efficiency cells and for the extension to large area 
processing (m2 level). It emerges also in integrated microlectronics as interface 
passivation layers in 111-V MISFET devices [ 151. 

Presently, interest for chemical deposition from solutions is increasing as an 
alternative or complementary technique to more established ones for thin film depo- 
sition, especially for chalcogenide compounds. In addition to the characterization 
of materials, more attention is currently paid to basic aspects of the deposition and 
reaction mechanisms. As is also the case for “Electroless deposition” [2], CBD is 
often considered as a “black magic”. The aim of this paper is to present a state-of- 
the-art of this area and to give clues for a more comprehensive approach of chemical 
bath deposition, as has been done for a long time in CVD. 

The following section will give an overview of the literature, after which we will 
consider successively basic aspects of CBD, deposition mechanisms, structure of 
CBD films and epitaxial growth, and finish with an overview of the main contempo- 
rary applications of this technique. 

2 Overview of Chemical Deposition of 
Chalcogenides 

Table 1 provides a list of chalcogenide compounds that have been prepared up to 
now by CBD. Sulfide compounds are by far the most studied category but an in- 
creasing number of selenide compounds have been also synthesized recently. In con- 
trast, very few works have been reported for telluride compounds. Beside binaries, 
significant works have been devoted to ternaries. In Table 2 are listed the chalcoge- 
nide precursors used for most of these deposition studies. 
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A s ~ S ~  [16] TS 

Table 1. List of chalcogenide compounds deposited chemically with selected references. The chalcogenide 
precursors utilized are indicated. TU: thiourea, TA: Thioacetamide, ATU: Allylthiourea, TS: thiosulfate 
ions S203'-. SU: selenourea, SES: selenosulfate ions SeS032- 

BizSe3 171, 721, 
SES [71], SU [72] 

CdS [7, 16, 25-45] 
TU, ATU [30], TA [36, 38, 39, 421, TS [16], 
H2S [40] 

I AgzS 18, 16-19] 
TS [16], TU [8, 191, TA [I71 

Cu,Se [83-841 SES 

CdSe [9, 41, 73-81] 
SES [41, 73-78, 811, SU [79] 

In2S3 [51, 521 TA 

MnS [53] TA 

Bi2S3 [18, 20-241 
TU [20, 211, TA [22-241, TS [18] 

SbzSe, 1871 

SnSe, 1891 SES 

CoSe [82] SES 

PdSz [16, 611, TS [I61 CdTe [94] 

I CoS [46] I NiSe [54] SES 

Sb2S3 [16, 18, 621 TA [62], TS [16] 

~~ 

I Cu,S [47-501, TU [47, 481, TS [49, SO] I PbSe [73, 85, 861 SES, [ S ,  61 SU 

PbTe [95] 

Cd,Pbl-, S [96,97] TU 

Cd,Zn,-,S [98-1011 TU 

1 NiS TA [54] 1 TlSe [88] 

CuInSe2[llO, 1111 

CdS,Sel-, [112, 113)TU and SES 

I PbS [3, 4, 18, 55-60] ZnSe [90-931 SU [90, 931, SES [91], I DSU [92] 

SnS, [16, 63-65] TA 163, 651, S [64], I TS 1161 
I 

T1S [66], TU 

I ZnS [67-701, TU [67-701, TA [68] I 
I Ternaries 

I CuBiS2 [I021 TU I ZnS,Sel_, [ I  141 TU and SES 

I Cu3BiS3 [lo31 TU and after annealing I InS,OHl-, [ I  151 TA 

1 CuInS2 [ 1041 TU I SnS,OHI-, [116] TA 

1 Hg,Pbl-,S [IOS, 1061 TU 1 ZnS,OHl-, 1117, 118lTU 

Cd,Znl-, Se [107-1091 SES 
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TU: SC( NH2)2 

TA: SCNHzCHl 

ETU: CHlCHzNHCSNHz 

ATU: CH2CHCH2NHCSNH2 

TSC: SC( NHz)NHNH2 

TC: SC( NH( NH)2)2 

TS: S ~ 0 3 ~ -  

SU: SeC(NH2)I 

DSU: (CHjNH)?CSe 

SES: SeS032- 

2.1 Sulfide Binaries 

Pionneering work has been done on the deposition of PbS [3, 41. Only slight modi- 
fications of the initial formulations have been made up to now, which are mainly 
based on the use of thiourea and lead salt (tartrate, acetate or nitrate) in basic solu- 
tions at pH from 10 to 12. Following Davis and Nohr [55] ,  Isshiki et al. [59] have 
studied in detail the growth under conditions that allow epitaxial growth at room 
temperature. The growth is strongly temperature activated with an activation energy 
of 65 kJ.mol-' which denotes a kinetic limitation. In recent works, triethanolamine 
has been introduced in the bath [57, 581. The use of thiosulfate as the sulfur source in 
acidic conditions ( pH 4-6) has also been reported [IS]. 

CdS is the most studied material. Tens of papers have been published during the 
last years and a wide range of deposition conditions has been explored. Ammonia 
baths are most commonly used since ammonia is an efficient complexing agent for 
cadmium ions and allows (when combined with ammonium ions) to fix the pH in 
basic conditions suitable for the reaction [25, 26, 30, 32, 41, 431. Other complexing 
agents have been used as TEA [27], EN [42], NTA [41]. The sulfur source is mainly 
thiourea, but thioacetamide [36, 39, 38, 751 and allylthiourea [30] can be used, TA 
being more reactive and ATU less reactive than TU. The use of thiosulfate ions in 
acidic conditions has been also reported [16]. It can be noted that deposition using 
directly dissolved hydrogen sulfide is also possible in a restricted range of pH (1 -2) 
and deposition conditions [40]. For processes involving thiourea, kinetic studies show 
that the growth is, as for PbS, under kinetic control with activation energies in the 
range of 85-100 kJ.mol-' [34, 311. In contradistinction for the case of H2S precusor 
the growth is under diffusion control [40]. Epitaxial growth of CdS has been also 
demonstrated (see Section 6). 

ZnS films have been prepared [68, 69, 701. When using formulations based on 
ammonia thiourea baths similar to those used for CdS, as compared to CdS the 
growth rate is much lower [69, 701. The addition of hydrazine has been found to 
accelerate the deposition allowing also the growth of close to stoichiometric films 
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[69]. Thioacetamide, which is well established for the precipitation of ZnS in solutions, 
can be also used [68] in which case the films have been deposited from acidic solu- 
tions. The addition of urea has a beneficial effect on the adherence [68]. Some attempts 
have been made to deposit ZnS by using thiosulfate-based solutions [16]. As com- 
pared to CdS and PbS it appears that the deposition of ZnS films is not yet optimized 
and in addition presents some differences in the growth mechanism. This is illustrated 
by the lower activation energy values ( z20  kJ.mol-’) which has been determined in 
the ammonia-thiourea-hydrazine process, which is more likely characteristic of a 
diffusion limited growth [69]. The deposition of indium sulfide has been also reported 
in acidic solutions using TA [52], along with a detailed study of the influence of the 
deposition conditions on the structural and optical properties of the films. 

Bismuth sulfide (Bi2S3) films have been deposited by using either TU, TA or 
thiosulfate processes with various complexing agents (TEA, NTA, EDTA) [ 16, 20- 
241. The deposition is generally carried out in basic solutions (pH z 10). In the case 
of thiosulfate, acidic media (pH = 2 - 3) can be used [16]. A tendency of the films to 
peel off have been noted by several authors [18, 241. This phenomenon is generally 
due to a lack of adhesion to the substrates and can be suppressed by treating the 
substrate surface before the growth. Huang et al. report an original method with a 
treatment of glass by functionalized silane groups [24]. 

Interesting cases of deposition concern compounds where the oxidation state of 
the metal can take different values, such as copper or tin. Several reports concern the 
formation of Cu,S with x between 1 and 2 [18, 47-50]. Varkey et al. [48] show that 
cuprous sulfide (CuzS) is formed in TU solutions, using a Cu(1) precursor (CuC1). 
However it can be obtained also when starting from a cupric salt (Cu( 11)) due to the 
reducing properties of thiourea (and other sulfur precursors) as shown by Nair et al. 
[47]. Grozdanov et al. [18, 49, 501 report a direct relation between the TS concentra- 
tion and the final compound composition. Low concentrations tend to form cuprous 
sulfide and high ones tend to form cupric sulfide (CuS). It is possible that in the first 
case the reduction of cupric ions preceeds the deposition step. Similar effects may 
occur in the tin sulfide system. Engelken et al. [64] report the formation of Sn,S with 
some variations in x using S dissolved in propionic acid as the sulfur precusor; in this 
study the solution was non-aqueous which is rather rare in CBD studies. 

Non-metallic sulfides have been deposited successfully, such as Sb2S3 [16, 18, 611 
and AS*& [16]. Chloride or oxides can be used as precursors for Sb and As, TA [62] 
or TS [16, 181 for sulfur. 

2.2 Selenide Binaries 

Many binary selenide compounds may be formed by CBD, lead and cadmium sele- 
nides being the most studied compounds. Contrary to thiourea for sulfides, the 
use of selenourea and its analogues is limited since these precursors are much more 
reactive and unstable toward oxidation. Selenosulfate ions which can be prepared 
easily are the most used precursors. Hodes et al. have studied in depth the deposition 
of PbSe with this precursor [86, 871 and different complexing agents. An interesting 
aspect of these studies is the possibility of growing nanocrystalline films, with grain 
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size down to the nm level, by adjusting the deposition temperature (from -10 "C to 
60 " C ) .  Such films display quantum size effects, initially evidenced for CdSe [76], with 
an important increase of the band gap value from the infrared range to the visible 
range. Similar effects are reported for sulfides, such as In& 152). 

Like CdS, CdSe deposition has been widely studied. The solutions used are 
very similar to those used for CdS and the reaction proceeds in basic solutions at pH 
10-1 1. CBD CdSe layers have been deposited for photoelectrochemical cells by 
Boudreau and Rauh [74]. The use of selenosulfate is well established by an in depth 
study by Hodes et ai. of the deposition mechanism [41]. As for PbSe, quantum size 
effects have been demonstrated for nanocrystalline films [76]. Epitaxial films have 
been also recently deposited on InP single crystals (see Section 6). 

Copper selenides films have been deposited and, interestingly, when starting from 
a copper (11)  precursor, the composition of the final compound (from CuSe to 
CuzSe) appears to depend on the initial concentrations of the selenide precursor 
concentration as also observed for Cu,S [18]. 

As shown in Table 1, other metallic (ZnSe, CoSe, Bi2Se3, NiSe) and non metallic 
(SbzSe3) selenide binaries have been deposited successfully. 

2.3 Telluride Binaries 

Works on chemical deposition of tellurides are very limited, despite in principle the 
expectation that deposition should be similar to the sulfide or selenide systems. As 
indicated by Bode 131, telluride precusors (such as tellurourea) are very unstable 
which renders the deposition very difficult to achieve. Deposition has been reported 
with using a different process [94, 951. Telluride precursor is introduced as dissolved 
TeOz (TeOi- in basic solutions) in the solution containing complexed metallic ions. 
Upon the addition of hydrazine, the reduction to Te (-11) can be slowly achieved, 
leading to the formation of the metallic telluride as for PbTe [95]. More recently 
CdTe films have been prepared this way [94]. This process can be considered as an 
extension of the electroless process used for the deposition of metals [2]. It is probable 
that other routes similar to the selenosulfite route for selenides are possible for tellu- 
rides too, but have not yet been investigated in depth. 

2.4 Ternaries 

As compared to binaries, ternary compounds offer extended possibilities to engineer 
precise properties (in particular the band gap for semiconductors) by modifying the 
composition of the film. This technologically significant feature explains why the 
synthesis of these compounds is attracting great interest. 

The deposition of Pbl-,Hg,S alloys has been studied in depth by Chopra et al. 
[105, 1061. The bath composition was varied by changing the ratio of lead to mercuric 
ions concentrations. Single phase films were obtained up to x = 0.35. Epitaxial 
growth was even obtained on Si and Ge with x = 0.33 at deposition temperatures as 
low as 15 "C [ 1061. 
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Cd, -,Zn,S ternaries are intensively studied for their potential use in solar cells. 
The presence of zinc allows one to increase the band gap and to change the electron 
affinity of the layers, which should be beneficial for solar cell performance. Using 
acetate salts Padam et al. [98] reported the fabrication of the alloy over the whole 
composition, as verified by XRD. Others indicate the possibility of obtaining the 
alloys with other conditions, using iodide metallic salts for instance [ 1001. Recently the 
use of triethanolamine as a ligand has been reported [loll. Nevertheless it appears 
that some difficulties arise from the competition between the formation of the ternary 
compound and that of the binaries [99-1011. Yamagushi et al. [loo] report that these 
phenomena depend on the sequence of preparation of the bath. Dona et al. [99] also 
encountered the problem of phase segregation and found that Cd0.3Zno.7S tend to 
form along with the binaries whatever the solution composition. They explain this on 
the basis of structural arguments based on the distinct growth habit of CdS and ZnS 
(hexagonal vs cubic). 

In Cd,Pb,-,S formation [97], below 15”/0 of Cd, a single phase ternary film is 
formed but higher concentrations lead to the additional formation of CdS. For other 
ternaries like Sb2_,BiXS3 single phase films are formed over the entire composition 
domain [ 181. 

Other ternary sulfides with a definite composition have been reported, such as 
CuInS2 [ 1041 which belongs to the important family of chalcopyrite semiconductors. 

Another approach to the formation of ternaries by CBD is the sequential process 
where two layers are formed in different baths, the single phase film being obtained 
after a post thermal annealing treatment. The formation of Cu3BiS3 [lo31 was 
accomplished in this fashion. 

Fewer reports are available for the formation of selenide ternaries. Cd,Zni-,Se 
deposition has been reported by Pandey et al. [107, 1081. Sharma et al. also demon- 
strated the formation of the alloy over the entire composition range when using 
selenosulfate precursor [109]. Attemps have been made to grow CuInSez [109]. 

Ternaries can also be formed by substituting the chalcogenide element, leading to 
other series of materials. CdS,Sel_, has been deposited in single phase films for x 
higher than 0.5, using TU and SES precursors together in various ratios [113]. In the 
case of ZnS,Sel_, alloys, only films with x = 0.84 have been synthesized [ 1141. Re- 
cently, the formation of ternaries involving the substitution of chacolgenide elements 
by hydroxyl groups have been reported, such as Zn(OH, S) [117, 1181, In(OH, S) 
[115] and Sn(OH, S) [116]. These hydroxy compounds are formed when the sulfide 
formation is in competition with the hydroxide formation. The films appear to present 
very good properties for applications such as interface buffer layers in thin film solar 
cells. 

From this literature survey it appears that despite the appearance of a relatively 
large number of papers concerning chemical bath deposition, most are focused on a 
few materials, especially sulfide binaries such as PbS, CdS, which are used for appli- 
cations. If we exclude these materials, in fact the work on other compounds is often 
limited to a few papers, or appears in screening studies. There is a trend towards the 
elaboration of ternary compounds by CBD, but the competition between the forma- 
tion of the binaries represent a major difficulty. It seems that the composition of the 
solution, especially the nature of the complexing agents used plays a role. A general 
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statement is that many works are restricted to characterization aspects (properties 
of the films). The chemical aspects are often recipe oriented. The consequence is 
that basic chemical aspects related to the growth mechanism, especially the interplay 
between deposition conditions and properties are often not considered. This is an 
obvious limitation to the development of the CBD method on comprehensive 
grounds. 

3 Basic Aspects of Chemical Deposition of 
Chalcogenide Compounds 

3.1 Nucleation Processes From Solutions 

Nucleation mechanisms in solutions belong to two categories: 

(i) Homogeneous nucleation which corresponds to the case where the new phase is 

(ii) Heterogeneous nucleation which is due to the presence of a foreign interface on 
formed in a solution containing initially no foreign phases. 

which the growth proceeds selectively. 

Thin films deposition falls mainly in the second category. Classical treatments based 
on thermodynamic analyse give a good description of the processes [119-1211. 

3.1.1 Homogeneous Nucleation 

The change in free energy accompanying a phase transition between n molecules in a 
solution and in a cluster: 

nP --f P, (2) 

is composed of two terms, one related to the change of the chemical potential in the 
solution and in the solid, and the second to the variation of the surface energy: 

where y is the surface tension between the solid and the solution, and A is the surface 
area. At equilibrium the chemical potential in the solid equals that in the solution 
(pl,e = ps) and equation (3) becomes: 

AG = -nkT Log(S) + yA with S = a(P>/a(P), (4) 

where S is the supersaturation ratio, a is the activity corresponds to the concentration 
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in diluted solutions and e subscript denotes the equilibrium state between the solution 
and the solid. 

S = (a( A)ma (B)" /Ks) ( 5 )  

where Ks is the solubility product of the compound (equal to a(P), in equation (4)). 
By assuming that the cluster is a sphere, Equation (3) transforms to: 

AG = -nkTLog(S) + ( 3 6 7 ~ v ' ) ' / ~ y n ~ / ~  (6) 

The critical nucleus is associated to the value of n for which d(AG)/dn = 0, leading 
to: 

n* = 3 2 7 ~ v ~ y ~ / 3 ( k T L o g S ) ~  (7) 

The corresponding free energy change is considered as the activation energy for the 
homogeneous nucleation process: 

AG* = 16xv2y3/3(kT Log S)2 = n*kT Log S/2 (8) 

The nucleation rate is thus given by the expression: 

J = Jo exp( -AG*/kT) = JO exp( - 16nv2y3/3(kT) (Log S)2) (9) 

The value of JO is the collision frequency between the precursors typically lo3" cm-' 
s-l [ 181. When a chemical reaction between the precursors in solution is needed the 
value of Jo can be replaced by J,* = JO exp(-AGR/kT) where AGR is the activation 
energy of the chemical reaction [ 1221. 

From Eq. (9) it may be seen that the nucleation rate is very sensitive to the 
supersaturation ratio and the surface tension. Figure 1 represents calculated variation 
of the nucleation rate with respect to the supersaturation ratio. Due to the expo- 
nential term the nucleation rate increases steeply from a supersaturation beyond a 
threshold value. The calculations have been made for a surface tension of 
J.cm-2 and a molecular volume of the solid of 4. cm3. With these values, typi- 
cal of solid compounds, the critical supersaturation S* is about 12. Below this value 
the nucleation rate becomes rapidly very low and the solution can remains in a su- 
persaturated situation with negligible homogeneous nucleation. The nucleation rate 
decreases markedly when the surface tension increases, for instance with a factor of 3 
on y (i.e. y = 3.10-* J.cm-2) leads to S* = lo5. The surface tension being related to 
the adsorption of species on the surface, an action on this parameter (and thus S*) 
is possible through the composition of the solution (pH, nature of ions, additives) 
[ 1201. 

The previous treatment can be extended to the case where a compound as A,B, is formed instead of an 
elemental material. The supersaturation ratio is taken as: 
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Fig. 1. Calculated homogeneous nucleation rate and critical nuclei radius as a function of supersaturation 
for y = J.cm-2 and v = 4.10-13 cm3. 

3.1.2 Heterogeneous Nucleation 

When nucleation occurs on a foreign surface a modification of the surface energy 
term takes place in equation (4). The surface tension at the interface between the 
substrate and the nucleus has to be considered. Assuming for example a flat rectan- 
gular nucleus as shown in figure 2, equation (4) is replaced by: 

The presence of the substrate reduces the surface energy needed for the nucleation 
process through the values of y s  and Ysd. In particular when the substrate is the same 
material, Yd = ys and Ysd = 0 and the second term is zero. This means that the 
nucleation energy barrier tends to be suppressed in presence of a foreign substrate 
which matches with the nucleus material. The last term on the right introduces an 
unbalanced surface energy term, explaining in some case the existence of a residual 
activation energy for heterogeneous nucleation on the same material. It is reduced if 
the nucleation takes place on edges (figure 2) or even better on kink sites. 

As a consequence, contrary to homogeneous nucleation, heterogeneous nuclea- 

Terrace Nucleation Step Nucleation 

I I I  I Fig. 2. Schematic representation of 
heterogeneous nucleation on a terrace 

Substrate and on a step. 
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tion will theoretically take place once the supersaturation ratio exceeds one. Thus, as 
illustrated in figure 1, a window exists for supersaturation values for 1 I S < S' 
where the growth will proceed heterogeneously without nucleation in the solution. 
This is clearly demonstrated by experiments of seeded precipitation [ 1 191: below the 
critical supersaturation ratio, the number of particles in the solution remains the 
same as the number of seeds introduced and only the size increases whereas beyond it 
the number increases rapidly I due the homogeneous nucleation. These aspects are 
extremely important to understand and control chemical bath deposition which ap- 
pears as a particular case of heterogeneous nucleation and growth processes. 

In the case of heterogeneous growth from the vapor phase the growth mode of the 
deposit has been related to the interface tension between the two materials ysd [123, 
1241. If this tension is very low there is no nucleation barrier (AG < 0) and the 
growth takes place via a 2D layer by layer mode. If AG is positive a tridimentionnal 
(3D) growth mode (island growth) is expected. In a narrow range for AG values close 
to 0 the growth is first 2D and then 3D. 

3.2 Solubility Diagrams 

The foregoing relations show that supersaturation plays a key role both on nuclea- 
tion as well as on growth steps for a given material. Solution chemistry provides 
a useful tool for predicting the occurence of a deposition reaction by using the 
approach of conditional solubility diagrams. 

The deposition of a compound AB, for example, is related to the chemical equi- 
librium: 

At equilibrium, the concentrations in solutions are fixed by the relation: 

[A2'][B2-] = K, (12) 

The left hand term is the ionic product in solution and K, is the solubility product 
related to the free energy change associated to the reaction (1  1) by the equation: 

K, = exp(AGo/RT) (13) 

The more stable is the compound, the more negative is the free energy of formation 
and the smaller the solubility product. 

In table 3 are reported solubility products of chalcogenide compounds [125-1281. 
The values of the solubility products in real systems can vary of a few units since they 
depend on various parameters related to the solution (i.e. the ionic strength) and the 
structural state of the deposited material (amorphous, microcrystalline, well crystal- 
lized). Most chalcogenides are very insoluble compounds, and extremely low con- 
centrations of free ions will lead to high supersaturation and thus to homogeneous 
precipitation. 
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PbS 

SnS 

SnSz 

ZnS 

Table 3. Solubility products of chdkogenide compounds calculated from [ 125, 1261. Values in parentheses 
are taken from [ 1271. pK, = -1ogLO K, 

27.9 (26.6) PbSe 35.9 PbTe 46.5 

29 (25) SnSe 33.3 SnTe 44.7 

56.4 

(24.3) ZnSe 26.4 ZnTe 33.1 

However free ions generally form complex species with ligands present in solu- 
tion. In aqueous solutions the ligands are the protons for the chalcogenide ions and 
the hydroxide ions for the metallic cations. Additional ligands can be introduced, 
especially for the complexation of the metallic cations [ 1271. Table 4 shows a matrix 
of selected complexing agents and metal cations. As a consequence additional 
chemical equilibria have to be considered: 

X + nL H XL, (14) 

where L is a ligand (OH-, H+ or a foreign species) and X denotes A*+ or B2-ions. In 
addition, we have to consider the water dissociation equilibrium: [H+][OH-] = K, 
(= at 25 " C ) .  
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The equilibrium concentrations are related to the stability constants /I:, by: 

As a consequence the total concentration of dissolved X, [X]T under all forms is given 
by: 

where ax is the overall complexation coefficient of X species, and [XI the concentra- 
tion of non complexed ions. In table 4 are indicated the values of logax calculated 
for different metal ligand pairs at pH = 11. Replacing the concentrations of ions in 
equation (4) gives the apparent solubility product: 

The complexation serves to increase the solubility. K$ is called the conditional solu- 
bility of the compound. 

In figure 3a are shown for example the variations with pH of the overall com- 
plexation coefficient of sulfide and cadmium ions. For sulfide ions (or the other 
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Fig. 3. a) Decimal logarithm of the 
overall complexation coefficient as a 
function of pH of S2- and Cd2+ in 
presence of different ligands (at a free 
concentration of 0.1 M). b) Solubility of 
CdS obtained from the data of figure 3a 
and taking a solubility product of 

chalcogenide ions) it increases towards low pH due to the complexation with protons 
(HS-, H2S). The reverse variation is observed for metallic cations. The effect of the 
addition of different ligands at a concentration of 0.1 M is shown. Large differences 
arise with the strength of the complexes, ammonia is a low strength ligand while 
EDTA is one of the highest available for cadmium ions. 

The variation with pH of the complexation is due to acido-basic properties of the 
ligands, generally only the basic forms are active. In the case for ammonia, there is 
only one equilibrium: 

NH3 + H+ H N H 4 +  KA = 10-9.2 at 25 "C (20) 

The complexation is only effective for pH higher than the ~ K A  value of 9.2. 
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From relation (19) the solubility diagram can be established. Figure 3b shows 
that of CdS as a function of pH. It gives the maximum value [A]T[B]T acceptable 
without precipitation. Without added ligands, the solubility is minimal at around pH 
10 but increases markedly towards low and high pH values due to the complexation 
effects. 

For chemical bath deposition, the precursor concentrations in solution ([A]T, 
[BIT) are conveniently situated in concentration windows between to M 
(i.e. lop8 to for Ki). To obtain specifically the heterogeneous growth we have 
seen in the previous section that the supersaturation must remain sufficiently low. 
This allows to define deposition concentration windows from the solubility diagrams. 
As shown in figure 3b, in the case of CdS without added ligands, only one window 
appears in acidic situation. Heterogeneous deposition in acidic conditions has been 
indeed realized for CdS and PbS [40]. 

In the presence of complexing agent the solubility can be increased by many 
orders of magnitude in the low solubility range. In the case of EDTA, the values are 
close to the CBD window defined previously in a wide pH range. 

3.3 Chalcogenide Precursors in CBD 

Efficient complex formation for metal cations is mainly achieved in basic solutions 
while chalcogenide ions are mainly in the uncomplexed state. For a better control 
of the deposition it is also convenient to limit the concentration of free chalcoge- 
nide ions. The most common chalcogenide precursors are reported in Table 2. They 
are mainly soluble organic molecules belonging to the carbamide groups based on 
thiourea and selenourea. Non molecular inorganic precursors can also be used as 
thiosulfate and selenosulfate ions. Selenosulfate is increasingly used instead of sele- 
nourea [41, 1291. Selenosulfate is simply made by reacting sulfite in excess with ele- 
mental selenium (detailed procedure in [41]): 

3.3.1 Hydrolysis Reactions 

Contrary to the metal precursors, chalcogenide precursors undergo complex chemical 
reactions. Shaw and Walker have studied the hydrolysis of thiourea at temperatures 
between 90 and 130 "C [130]. They show that the rate increases both in acidic and 
basic solutions with the formation of H2S and S2- resp. In the range pH 2-8, the rate 
is pH independent and the hydrolysis products are thiocyanate and ammonium ions. 
Marcotrigiano et al. [ 13 1, 1321 carried out a detailed study in basic solution and give 
the following scheme for the occuring reactions: 

SC(NH2)Z + 2 OH- 4 S2- + CN2H2 + 2 H20 

CN2H2 + H20 + OC(NH2), 
(22) 

(23) 
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OC(NH2), + OH- -+ CNO- + NH3 + H20 

CNO- + OH- + H20 -, C032- + NH3 

(24) 

(25) 

The first reaction leads to the formation of sulfide ions and cyanamide. Cyanamide 
can be further decomposed to urea, and then to carbonate anions and ammonia, 
which are the final reaction products. The associated rate constants have been esti- 
mated. In basic solutions the overall rate of hydrolysis has the following form: 

v = k[TU] [OH-] (26) 

with k = mol-'.L. s-' at 100 "C. The process is strongly temperature dependent 
with an activation energy of 76 kJ.mo1-' , Similar reactions take place with the other 
precursors (thioacetamide, ethylthiourea). For thioacetamide in basic solutions first 
acetamide and then acetate anions and ammonia are formed together with released 
sulfide ions. The reaction rate is higher than with TU. Acid hydrolysis, which leads to 
the formation of hydrogen sulfide, is also much faster than with thiourea, explaining 
the wide use of TA for sulfide precipitation in acidic conditions [133]. Contrary to 
TA, ethylthiourea reacts much slower than TU but the activation energy is similar 
[ 134). 

This shows that the reactivity of the precusor depends on the chemical groups 
bonded to carbon or nitrogen. Attempts have been made to predict the reactivity 
between different precursors by quantum chemistry calculations, as for instance the 
negative electronic charge on the sulfur atom [ 1 35, 136). According to this particular 
criterion, the reactivity should decrease along the series TA > TC > TU > TSC > 
ATU, in agreement with some observations. 

Selenide precursors based on selenourea display similar hydrolysis reactions and 
effects of substitution; N,N dimethylselenourea is for instance more stable than sele- 
nourea [5 ] .  However, the reactivity of selenoureas, especially in contact with oxygen, 
is much larger than their sulfur analogues, making the use of these precursors more 
difficult. Tellurium compounds are even more reactive. To overcome this problem, 
reducing agents, like sulfite ions, have to be added to the bath [5 ] .  

When selenosulfate ions are used as precursors, selenide ions are produced by the 
hydrolysis reaction [ 1291: 

SeS032- + 2 OH- -+ Se2- + S042- + H 2 0  (27) 

Similar reaction can be proposed for the release of sulfide ions from thiosulfate ions 
( s 2 0 3 2 - )  [16, 181: 

All these reactions present a certain degree of reversibility. For instance the reverse 
reaction (22) is used to produce thiourea 1137, 1381, with a maximum rate at 
pH = 8.5, and selenoureas [ 1391. Equilibrium constants have been given. Values of K 
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around for selenourea [141]. 
These values are also strongly temperature dependent, with activation energies in the 
range 50 to 100 kJ.mol-I. The high values of the activation energies both for the 
reaction rates and the equilibrium constants are characteristic of these chalcogenide 
precursors. This is due to reaction mechanisms involving the existence of activated 
intermediate species, contrary to standard complexation-decomplexation reactions 
which are very labile. 

are given for thiourea [140] and around 

3.3.2 Solubility Diagrams 

The complexity of the chemistry of the chalgogenide precursors makes difficult 
the analysis of sulfide compound formation. Kitaev and coworkers [9,10] have used 
the equilibrium approach for various sulfides and selenides. For instance, in the case 
of sulfide formation with thiourea, reaction (22) is considered as reversible. Then it 
is possible to establish solubility diagrams. Assuming as an example that the total 
released sulfide ion concentration equals the cyanamide concentration gives: 

[S2-] = K 0 ~ 5 [ T U ] 0 . 5 [ O H p ] ~ ~ o . 5  (29) 

Solubility diagrams, of cadmium sulfide for example, can be calculated from: 

with ClCd and US corresponding to the functions defined previously. Figure 4 shows 
the solubility diagram calculated with K = in presence of ammonia 1.5 M. The 
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allowed concentrations of precursors are much higher than without thiourea. In these 
conditions it is possible to define solution composition suitable for deposition in a 
wide range of pH, between 6 and 14. The deposition conditions can be also expressed 
in terms of supersaturation diagrams. Figure 5 shows logs as a function of pH for 
[TU] = [Cd] = 0.01 M. At pH 11.5 the supersaturation S is about lo3. Playing with 
temperature allows to control further the supersaturation through the modification 
of the hydrolysis constant. In standard CBD conditions the solutions are generally 
stable at room temperature for hours but react within a few minutes at 90 "C with 
homogeneous precipitation. In an intermediate range heterogeneous growth can 
dominate. 

These figures, which are typical of CBD bath formulation, show that the con- 
ditions are compatible with a heterogeneous growth process. The diagrams can be 
completed by considering also acid-base properties of cyanamide CN2H2, which 
gives CNi- ions in basic solutions (pK,,l = 10.28 and PIC,,;! = 11.82 [142]). Acid- 
base properties of the chalcogenide precursor may be considered too. However thio- 
urea can be considered as stable over the whole usual pH range. 

Similar treatments can be used for the other precursors of this family. It appears 
that with the use of these precursors a good control of the supersaturation can be 
achieved over the whole pH range. 

3.3.3 Competitive Precipitation 

In many cases the desired compound is not the only one which can be formed in 
solution. In that case competitive precipitation of several compounds may take place 
[128]. In aqueous solutions, metal hydroxides or oxides are the most common ones. If 
we consider again the case of CdS, the solubility product of Cd(OHj2 (K, = 
corresponds to the equilibrium: 

Temperature erects on solution chemistry have to be considered if not working at 25°C. 
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Cd2+ + 2 OH- tf Cd(OH), (31) 

Figure 6 shows the conditional solubility of cadmium hydroxide as a function of pH. 
The hydroxide ion concentration is in that case fixed by the pH. 

The line corresponds to the maximum value of the total concentration of cad- 
mium ions in solution without precipitation of the hydroxide. If the experimental 
value is higher, then cadmium hydroxide clusters will be formed in the solution which 
can be converted into sulfide clusters (chapter 4). This must be taken into account in 
fixing the metal concentration in the CBD bath. It is possible to modify the solubility 
limit by changing the strength of the ligand or its concentration as also shown in 
figure 6. 

Competitive precipitation may also involve the formation of compounds with re- 
action products. In the case of thiourea, the basic form of cyanamide and carbonate 
ions can react with metallic ions to form solid compounds (i.e. CdCN2 and CdC03 
with K, = lO-I4s2 and respectively). The formation of these compounds at the 
surface and their inclusion in the deposit is enhanced by the higher concentration of 
the reaction species at the surface during the deposition reaction. 

The existence of competitive precipitation phenomena have a direct influence on 
the film composition which is presently a matter of increasing attention [44]. Cyana- 
mide and hydroxide groups have been found as major impurities in CdS films at 
levels which can reach 20% [140]. Carbonate groups have been recently evidenced too 
[44]. The concentrations depend on the solution composition, for instance cadmium 
sulfide films prepared at lower pH are close to stoichiometry whereas those prepared 
at higher pH have a ratio [Cd]/[S] about 1.1 due to the presence of hydroxide species 
(Cd(OH)2) [45]. The formation of other hydroxy-sulfide films (of Zn [ 105,1061, In [ 1161, 
Sn [ 1 161 ) can be also related to competitive precipitation phenomenon. As a conse- 
quence, the analysis of the solubility diagrams of all solid compounds in a given CBD 
system is a useful tool to improve the composition control of the films. This approach 
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can be generalized to analyse the formation of ternary compounds as Cd,Znl-,S or 
CdS,Sel-,. Composition is also affected by the deposition rate [45] and the structure 
of the film. In microcrystalline films a high grain surface to volume ratio favors the 
insertion of adsorbed foreign species. 

4 Studies of Deposition Mechanism 

4.1 Literature Survey of Growth Kinetics Studies 

CBD is a process which can take place over a period of time that can range from a 
few minutes to over several hours. The thickness of the films is typically in the tens of 
nm to the micron range. Kinetic studies are classically based on ex situ film thickness 
determinations, using a mechanical profilometer [l  11, optical absorbance [42], or film 
composition [ 351. Such a strategy for studying deposition kinetics was largely em- 
ployed for a number of binary and ternary chalcogenides ([ 11) and references therein 
and more recent references about CdS [25, 31, 35, 421, ZnS 1691, CdSe [77], ZnSe [92, 
931, CuSe [92], Sb2S3 [62]). 

However in situ approaches are better adapted for studying in details the growth 
of CBD films. One possibility is to use electrical measurements during the growth 
when the films are deposited on conducting substrates. High frequency capacitance 
measurements have been used for in situ thickness determinations in conditions where 
the film is fully depleted [30, 1431. Open circuit voltage measurements have been used 
by Dona and Herrero (311. It was assumed that the EOCPC signal is proportional 
to the square of the film thickness. The most significant progresses were achieved by 
the introduction in the field of the Quartz Crystal Microbalance (QCM) technique 
allowing in situ mass measurements [30, 341. This was made possible by the recent 
developments of lab-made or commercially available oscillators working in liquid 
solutions [144-146). Figure 7a shows an example of a growth curve obtained in situ 
by QCM and ex situ by profilometry showing different stages of the growth process: 
an induction range, a linear growth range defining a mean growth rate r,, and a third 
range where growth saturation is generally observed. Figure 7b illustrates the case 
where the mesurements deviate at  longer time. This is due to the formation of a porous 
overlayer which is detached during the mechanical measurements. rm was proved 
to give a valuable information about the growth process. It was shown by several 
authors that rm followed an Arrhenius law [31, 34, 69, 93, 1431. The activation energy 
was found in the range 60-100 kJ.mol-'. These values indicate that the rate deter- 
mining step in the deposition mechanism is rather a chemical step than a diffusion 
one from the solution. The latter should lead to a much lower apparent value (a few 
tens kJ.mo1-'). The effects of the solution chemistry (nature of the precursors, com- 
plexing agents, pH, see sect. 3), the nature of the substrate (see section 5) on rm were 
analyzed and discussed in terms of possible reaction schemes, in a more or less 
quantitative way [l  1, 25, 34, 351. Ortega-Borges and Lincot [34] presented an analy- 
tical model allowing to predict the mean growth rate under various conditions, in 
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the case of CdS in the ammonia-thiourea system. Rate-limiting surface steps were 
involved in the proposed reaction scheme. The formation of CdS was stated to take 
place via a surface complex between thiourea and cadmium hydroxide. This model 
will be discussed more in details in sect. 4.4. In situ mass changes m(t) can also be 
directly monitored with a resolution of a few milliseconds, depending on the data 
storage capabilities. This approach, developed very recently, allows new insights in 
the deposition mechanism which will be also presented in this paper [80, 8 1, 1471. 

4.2 Quartz Crystal Microbalance In-situ Mass Measurements 

QCM was extensively used as a mass sensitive detector in vacuum applications and 
has become an important tool for monitoring mass changes occuring at the crystal 
surface when it is immersed in a liquid, as reviewed recently [148]. Sauerbrey pro- 
vided a description and experimental proof of the linear mass-frequency relation for 
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foreign layers deposited on thickness-shear mode piezoelectric crystals [ 1491. This 
relation reads: 

2fiAm A f = -  (32) 

where Af (in Hz) is the measured frequency shift, fo the resonant frequency of the 
unperturbated crystal, Am (in g) the change in mass attached to the piezoelectri- 
cally active surface area A (in cm2), pq and pq the density and the shear modulus of 
quartz respectively. The derivation of the mass-frequency relation (32) implicitely 
relies on the assumption that a deposited foreign material exits entirely at the anti- 
node of the standing wave propagating across the thickness of quartz crystal. That 
is, the foreign deposit is treated as an extension of the quartz crystal. In practice it 
was verified that Eq. 32 is valid up to loadings approaching 10% of the crystal mass. 
The constant K = (-A.Af/Am) is theoretically equal to 2.26 lop6 f i  Hz.cm2.g-'. 
For a 6 MHz AT-cut quartz the minimum detectable mass change is of the order of 
1 ng.cm-2 [144], which roughly corresponds to a tenth of monolayer of carbon 
atoms. In practice, it is necessary to calibrate the QCM in the operating conditions. It 
was shown that the average sensitivity measured by silver electrodeposition experi- 
ments was strongly dependent on the electrode area: the larger is the active surface 
area, the closer is the average sensitivity to the theoretical value calculated by taking 
into account the physical parameters of the quartz crystal [145]. 

The mass surface density variation Am can be related to the thichness h of the 
deposit coating the quartz crystal by considering the relation: 

h = Am/p (33) 

where p is the density of the deposited material. In the case of a discontinuous film an 
equivalent thickness hqCM can be defined by using (33) [30]. 

Frequency variations can arise from additional factors as temperature, pressure, 
solution viscosity, which are generally neglected in usual CBD experimental condi- 
tions. Another factor relevant with QCM mass measurements is the effect of surface 
roughness on the response of the thickness-shear mode resonator in contact with a 
liquid. It has been demonstrated that for roughness features much less (1 5%) than the 
liquid decay length ( ~ 0 . 2 5  mm for a 6 MHz quartz in water), the surface may be 
considered as hydrodynamically smooth and the frequency shift due to the liquid 
only depends on the density-viscosity product [ 1501. As features become comparable 
to or larger than the decay length, new mechanisms can arise, including liquid trap- 
ping and compressional wave generation. Enhanced solid/liquid interactions caused 
by surface roughness will be manifested as an additional mass on the surface. Con- 
cerning CBD, there are two situations of interest. First, the surface roughness is due 
to the quartz substrate itself and does not change significantly during the deposition 
process. A constant, additive, frequency shift is promoted when passing from air to 
water solution. From the data in [ 1501, a 15 kHz negative frequency shift is evaluated 
for an average surface roughness of R, = 525 nm and 3 kHz if R, < 10 nm respec- 
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tively. The effect is amplified in more viscous liquids. Second, when looking at mass 
change over a short period of time by comparison to the total deposition time, the 
morphology of the deposit can be reasonably assumed to be unchanged. On the other 
hand, it was recently observed by Bruckenstein et a1 that a 5 pm surface finish did not 
affect the mass sensitivity of the 10 MHz AT-cut crystals used in their silver deposi- 
tion experiments [ 15 11. Though the question remains open, roughness effects have to 
be kept in mind as a possible perturbating factor, specially if the morphology of the 
deposit markedly changes with time. 

Within the domain of validity of the Sauerbrey relation, i.e. the frequency shift is 
proportional to the mass change, it is worthwhile to consider the temporal derivative 
of frequency df/dt. This quantity represents the rate of the piezoelectric substrate 
mass change. It allows a real-time, in situ determination of dissolution and/or film 
formation reaction rates. This approach was firstly applied to electrochemical corro- 
sion studies during linear potentiodynamic scans, in the case of iron [ 1521 and con- 
ductive oxide [153, 1541 films. The mass balance from QCM measurements can be 
compared to mass balance from Faraday's law, providing a direct information about 
the number of electrical charges consumed per unit of mass [153]. For the temporal 
derivative to be meaningful, sufficiently high sampling rate (around 1 Hz or more, 
depending on the potential scan rate) and large signal-to-noise ratio are required. 
This is readily achieved by smart, commercially available, frequency counters allow- 
ing the frequency data array to be directly acquired via an internal memory system. 
For instance, the gate time can be as low as 1 ms but the random frequency error 
reaches k 3  Hz. For a gate time of 0.1 s, the random error goes down to iO.06 Hz, 
lower than the sensitivity of a 6 MHz QCM. For CBD systems, the interest in de- 
termining the temporal derivative dm/dt was demonstrated [80] by the formal com- 
parison of dm/dt profiles with models elaborated for transient electrocrystallisation 
currents [155, 1561. 

4.3 Combined QCM and Impedance Measurements 

Measurement of the interfacial impedance by means of a sine wave of a small 
amplitude over a wide frequency range has been largely developed for in situ kinetic 
studies in electrochemistry, allowing couplings between various elementary phenom- 
ena to be dissociated [157]. The method can also be used for CBD provided con- 
ducting substrates are used [143]. Let us consider the CBD formation of a semi- 
conducting layer in depletion conditions [30]. This situation is equivalent from an 
electrical point of view to the development of an insulating layer on the top of 
the metal electrode. In a more general case the layer can be considered as partially 
covering. The corresponding simplified equivalent circuit is shown in figure 8a. Zp 
accounts for the flow of farada'ic current across the interface and R, for all the series 
resistance. C1 and CZ represent the respective contributions to the total capacitance 
(C = C1 + C,) of the covered substrate area and the uncovered one; 0 is the fraction 
of the covered area. Theses capacitances are expressed respectively as the series 
combination of C,, Ci and CH, which are respectively the substrate capacitance, the 
dielectric capacitance, and the Helmholtz capacitance per unit area: 
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Fig. 8. (a) Simplified equivalent circuit representing the linear response of a conductive electrode partially 
covered by a surface layer (from 1301). (b) Model used for simulating the growth of the film. 
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In the case of a metallic substrate, C, and c h  are much higher than Ci meaning that 
CI is close to that of the dielectric film only. In the case of a flat covering layer, its 
thickness is simply derived by the plane capacitor relation: h = E E O / C ~  where Ci is 
deduced from relation (34) and E is the dielectric constant of the deposited material. 
When the film does not completely cover the substrate, the measured capacitance 
depends on the covering properties of the film and is no longer related to the film 
thickness. The equivalent thickness h,, defined from the total measured capacitance: 

h, = C E O ( &  - $) 
is smaller than the real thickness of the layer. The continuous recording of the 
capacitance signal can be performed by means of a lock-in technique. For these 
measurements, a large area counter-electrode has to be introduced in the CBD reac- 



Chemical Deposition of Chalcogenide Thin Films from Solution 191 

tor. The frequency range of the superimposed ac excitation signal has to be chosen 
for the equivalent circuit of the interface to be modelled by a simple RC series circuit. 
A direct measurement of the capacitance is then provided by the quadrature signal. 

When the deposition is made on the quartz electrode directly, capacitance mea- 
surements can be combined with mass measurements. This has been successfully 
applied to the study of the growth of CBD CdS layers, deposited from the ammonia- 
thiourea bath [30]. A quantitative analysis of the experimental results was done by 
considering a simple growth model shown in figure 8b. It was assumed that (i) the 
nucleation process was instantaneous, with a density of nuclei No, (ii) the nuclei had 
a circular base, with a radius r increasing with time as r = a.t. For a tridimensional 
growth, nuclei develop as cylinders perpendicular to the substrate surface with a 
height h(t) varying linearly with time as h(t) = b.t: a and b are the parallel and per- 
pendicular rates respectively. Before the coalescence, the surface area covered by the 
nuclei S(t) is simply given by S(t) = N0m2 = Nona2t2. During the coalescence, the 
covered fraction of the suface O(t) is described by the Avrami law [ 1581: 

O(t) = 1 ~ exp (-No7ca2t2) (37) 

From the knowledge of O(t), the total capacitance C(t) can be evaluated at any time, 
using (34) and (35). The equivalent thickness h,(t) was deduced from (36). In parallel, 
an equivalent thickness hqcM can be calculated from the total volume of the deposit 
at time t: 

hQcM(t) = b.t. d(t) (38) 

This model simplifies in the case of isotropic growth where the perpendicular and 
parallel rates are equal (a = b). This simplification was found to be suitable for de- 
scribing the kinetics of CBD CdS in [30]. When coalescence is complete (0 = l ) ,  the 
exponential term in (37) disappears and the predicted deposition rate is hence-forth 
constant with time (linear regime). 

Figure 9 shows experimental results and simulated curves of the equivalent 
thickness determinations from QCM and capacitance (CAP) where excellent agree- 
ment is obtained. At short times the CAP curve is lower than the QCM one. The 
apparent growth rates are lower than the real (perpendicular) value, the discrepancy 
being larger for the CAP method due to the fact that the layer does not cover the 
surface. This corresponds to the coalescence range. Increasing the density of nuclea- 
tion centers No strongly reduces the coalescence sequence, with the limiting case of 
the 3D-growth of a homogeneous film with a constant rate. This is observed experi- 
mentally when changing the solution composition as for instance the thiourea con- 
centration in the case of CdS deposition. The thickness at full coverage decreases 
down to few tens of nm when thiourea concentration increases. After the coalescence 
period both measurements are close together indicating the growth of a flat covering 
film. 

A major interest of combined QCM and capacitance measurements is to provide 
information about the internal structure of the film during the growth. This is exem- 
plified in figure 10a. In this figure, the film growth can be divided into three regions 
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Fig. 9. Illustration of the coalescence 
phenomenon. Open circles: results from 
quartz crystal microbalance, filled cir- 
cles: results from capacitance. Con- 
ditions: [Cd], = 0.014 M, [ATU] = 

Dotted lines: simulated curves. Param- 
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Fig. 10. Illustration of the porous 
over-layer growth. a) Experimental 
results. Open circles: QCM measure- 
ments, filled circles: capacitance mea- 
surements. Conditions: [ c d ] ~  = 0.014 

T = 60 "C, same as Fig. 7b. (b) Sche- 
matic structure of a chemically de- 
posited film. With permission of Elec- 
trochem. SOC. 
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of definite behaviour. First, at short reaction times, QCM and CAP determinations 
do not coincide, as predicted by the columnar growth model during the nucleation/ 
coalescence regime (Fig. 9). Second, after the full coalescence is achieved, both 
determinations are close together. This corresponds to the growth of a homogeneous 
covering layer, with a growth rate constant or slightly decreasing with time. Third, at 
longer reaction times, QCM and CAP determinations deviate from each other, the 
QCM thickness increasing further whereas the CAP thickness tends to flatten. This 
was explained by the effect of the electrolyte trapped in the outer layer of the deposit 
which presents a porous character. In these conditions, the QCM thickness is over- 
estimated and the capacitance of the particles in the porous layer do not contribute 
because of the electrical shunt produced by the penetrating conductive electrolyte. By 
this way, a change in the structure is evidenced which could be associated to a tran- 
sition of the growth mechanism from an atom by atom to a colloidal growth. Figure 
10b shows the structure of the CBD films deduced from these experiments. Note that 
the porous layer formation was also evident by comparing QCM and profilometer 
measurements (Fig. 7b). 

More complicated kinetics can be elucidated by analyzing the dm/dt profile as 
shown in figure 11 in the case of CdSe layers chemically deposited from an ammonia- 
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Fig. 11. Comparison between experimental and simulated (dashed lines) dm(t)/dt growth rate of a CdSe 
film deposited at 45 "C from an ammonia-TEA-selenosulfite bath, without STA (curve a), in the presence 
of M STA (curve b). The inset presents a TEM image of a CdSe deposit on a carbon membrane before 
coalescence showing the formation of flat platelets (from [SO]). With permission of Elsevier 
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triethanolamine (TEA)- selenosulfate bath. Two peaks were evidenced in the dm/dt 
profile, indicating that the nucleation and growth process occurs via two consecutive 
steps [80]. The first one was interpreted as an instantaneous nucleation of cylindrical 
nuclei, with bidimensional growth until complete coverage of the substrate. The 
thickness of this layer was in the range of a few tens of nm. This assumption was 
supported by low magnification TEM image (inset in figure 1 1 )  showing the forma- 
tion of flat platelets with a surface density of 10”’ cm-* during this first stage. The 
second one was interpreted as a tridimensional instantaneous nucleation and growth 
process occuring on sites randomly distributed on the time-evolving surface, repre- 
sented by flattened hemispheroids. A complete analytical model was derived for 
dm/dt and compared to the experimental profiles. Figure 11 also shows the agree- 
ment between QCM experiments and the above two-step model. Additionaly, it is 
shown in this figure that small amounts of a strongly adsorbing species (silicotungstic 
acid) decrease the growth of the 3D-growth step but increase the life-time of the 
chemical bath. 

4.4 Origin of the Growth Mechanism: Cluster-by-cluster or 
Ion-by-ion Process 

As illustrated in figure 12, the elementary “brick” for building up a chemically de- 
posited layer can be either a monoatomic (or monomolecular) species (a), or a cluster 
involving a large number of atoms (b). Mixed growth regime is also possible (c). Case 
(a) is called generally the “ion-by-ion’’ process [25, 341. From the considerations 
in section 3 it corresponds more likely to the heterogeneous nucleation and growth 
mechanism. Case (b) is called the “cluster-by-cluster” or colloidal growth [25, 80, 
1591. In that case one can consider that it corresponds to the aggregation on the 
substrate of particles formed in solution by the homogeneous nucleation mechanism. 
Experimental evidence of the first one is given by the possibility of growing epitaxial 
CBD films (PbS, HgS, CdS, CdSe) on monocrystalline substrates (Si, Ge, InP). This 
point is discussed in detail in sect. 5. Colloidal growth has been proposed for CdS in 
the presence of cadmium hydroxide colloids in solution [159] and also in the case of 
CdSe to explain the nanostructure of the layer [41, 761. For CdSe, it was said that the 
initial nucleation occurs by the conversion of the individual hydroxide clusters to 
CdSe and further growth of the individual clusters can be considered as an ion-by-ion 
process. Further thickening of the CdSe film is thought to take place more likely by a 

a b C 

Fig. 12. Schematic representation of the different mechanism for film growth. (a) ion-by-ion growth, (b) 
cluster-by-cluster growth, (c) mixed growth. 
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cluster growth mechanism, although parallel ion-by-ion growth is not excluded [41]. 
In this study the presence of cadmium hydroxide colloids was very well detected by 
using light diffusion experiments, showing that the transition between ion by ion 
growth and cluster by cluster growth was corresponding to the cadmium hydroxyde 
precipitation line. It was further demonstrated that bath conditions favouring colloi'd 
formation are unable to promote CBD epitaxial growth [ 1471. Time-resolved QCM 
experiments tend to prove (see after sect. 4.5) that both mechanisms can coexist 
whereas Cd(OH)* colloids are present in solution [147]. On the contrary, in the 
absence of Cd(OH)2 collofds in the deposition bath, it is concluded that ion-by-ion 
growth is certainly valid in agreement with [41]. 

In the case of CdS, the ion-by-ion process is mainly considered as an explanation 
of the formation of adherent, specular layers, even in the presence of collofds in the 
bath [l l] .  This is probably the growth mechanism involved in the formation of the 
compact, adherent, inner CdS layer as discussed in sect. 4.3. At longer reaction times 
the incorporation of colloids, formed in parallel in solution, gives rise to a porous and 
less adherent outer layer [30]. 

The ion-by-ion process has been analysed from in situ QCM measurements for 
the deposition of CdS from ammonia-thiourea solutions, using the measurement of 
initial growth rates over a wide range of experimental conditions [34]. A general 
mechanism has been derived for the deposition of a binary compound MX: 

(i) Adsorption of precursor M on a specific surface site 

M +Site Mads k i  

k- i  

(ii) Adsorption of precursor X on Mads 

(iii) Formation of a molecule MX with site regeneration 

x - Mads 4 MX + Site 

Assuming the conservation of the total number of surface sites No, the initial growth 
rate r, is given by the equation: 

(39) 
-- kikzk3No[M] [XI d W 1  - 

dt (k-ik-2 + k-ik3) + (k-2ki + kik3)[M] + k2k3[X] + kik~[M][X] 

with [MI and [XI representing the total concentration of metal and chalcogenide 
precursors respectively. 

This atom-by-atom growth mechanism fits experimental results very well for CdS 
deposition from QCM investigations in ammonia-thiourea solutions, as shown in 
figure 13. The rate constants take into account the equilibrium composition of 
the bath with respect to the concentration of the various cadmium complexes with 
hydroxide ions and ammonia (see section 3). 
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Fig. 13. Influence of thiourea and different cadmium concentrations ( 1  to 4: from lo--' to 410-? M) on 
the initial growth rate of CdS films, [NH3] = 1.74 M, T = 60 "C.  Points: experimental results, dotted lines: 
simulated curves (341. With permission of Electrochem. SOC. 

The chemical nature of the surface species has also been considered. Cadmium is 
reversibly adsorbed as cadmium hydroxide in the first step. The second step corre- 
sponds to the adsortion of a thiourea molecule on this species to form a surface 
complex. The formation of CdS results from the decomposition of this surface com- 
plex. An important consequence of this mechanism is that the growth is kinetically 
controlled by surface reactions, in agreement with the high value of the activation 
energy and the lack of strong dependence on the hydrodynamic regime. Contrary to 
the generally assumed mechanism [ 1 11 involving the formation of free chalcogenide 
ions in solution by the hydrolysis reactions (as 22, 27, 28), this mechanism assumes a 
direct reaction at the surface with thiourea. The adsorption of cadmium hydroxide 
and its conversion to cadmium sulfide by reaction with thiourea at the surface has 
been indeed found by Riejke and Bentjen from ex-situ SEM and composition studies 
[35].  This mechanism also agrees with earlier studies on CdS [135]. In fact it appears 
that the adsorption of metal hydroxide species*, even in conditions were there is no 
precipitation in the bulk of the solution, catalyses the decomposition of thiourea and 
the transformation to sulfide [34]. The similitude between the activation energies of the 
CBD and the hydrolysis reactions of the precurors is coherent with this mechanism. 

*The surface chemistry in basic solutions tends anyway to form hydroxide 
covered surfaces via preferential bonding with metal atoms, even in conditions where 
the solution in not saturated with the hychoride. 

4.5 Transient QCM Experiments 

In the previous sections, studies of CBD kinetics were essentially based on the deter- 
mination of an average growth rate, either independent of time ("linear regime"), or 
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varying with time (complex dm/dt profiles). In a certain way, this is a macroscopic 
description of the overall CBD process, which has proved to be a powerful tool for 
analyzing the effects of bath composition or revealing the different contributions in 
a multistep process. However, such an approach is unable to give insight about the 
elementary steps involved in the nucleation and growth mechanism at a microscopic 
level. 

A breakthrough was recently brought by the development of time-resolved QCM 
experiments, that involved an improved signal-to-noise ratio, a sampling interval for 
data acquisition much lower than Is, and a well adapted CBD system for this pur- 
pose [81, 1471. The latter was CBD CdSe grown from NTA-selenosulfate solutions, 
intensively investigated by Gorer and Hodes [41]. It was established that there is a 
certain critical ratio R, between the cadmium complexing agent (NTA) and cad- 
mium concentration used in preparing the films above which no Cd(OH)2 precipitate 
is present in the deposition bath. These authors concluded that below R, the deposi- 
tion mechanism is initiated on the Cd(OH)2 colloidal particles adsorbed on the sub- 
strate while, above R,, deposition occurs directly on the substrate by initial CdSe 
formation, without any mediation by Cd(OH)2 colloids. Simply changing the ratio 
R = [NTA]/[Cd] by modifying the bath composition allows one to change the deposi- 
tion mechanism. Time resolved QCM measurements have given new insights in this 
case also. 

Figure 14 shows the evolution of the deposited mass over long reaction times, for 
R = 2.2 > R, at two bath temperatures, 70 and 45 "C. At a macroscopic level, a 

J 1 I 
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reaction time I s 
Fig. 14. Evolution of the CdSe deposited mass against reaction time at a sampling frequency of 0.25 Hz 
for R = [NTA]/[Cd] = 2.2 > R, at two deposition temperatures (quasilinear regime). The inset shows the 
occurence of mass steps when zooming over a short period of reaction time. 
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Fig. 15. Evolution of the CdSe deposited mass over a short period of reaction time at a sampling frequency 
of lOHz for R = [NTA]/[Cd] = 2.2 > R, in the presence of M STA. The presence of steps is illus- 
trated in the inset by the quasi-periodic behavior of the time derivative. 

linear variation is observed with a slope decreasing with bath temperature: the film 
growth is classically characterized by a constant, but temperature dependent] growth 
velocity. This approach does not differ from that employed for the ammonia-thiourea 
CBD CdS system, discussed previously [34]. The growth rate follows an Arrhenius 
behaviour. For most of the bath compositions investigated, in the temperature range 
30-80 "C, the activation energy lies between 40-60 kJ.mo1-1 a range that is char- 
acteristic of a chemically controlled process. However additional information can be 
gained from a more detailed examination of the time variation of the deposited mass. 
It is shown by the inset in Figure 14 obtained by zooming the global m(t) curve over 
a short period of time (2 min). The presence of steps more or less regularly distributed 
and well separated is evidenced. Figure 15 shows that, in the presence of a very ad- 
sorbing species as STA, regular, well defined steps are observed. The regularity can 
be appreciated by the quasi-sinusoydal behaviour of the time derivative dm/dt de- 
picted in the inset. The elementary steps in figures 14 and 15 present an average 
amplitude of 0.1 to 0.3 pg.cm-2, close to one monolayer of CdSe (1 pg.cm-2 o 1.6 
nm). Such patterns have been systematically observed in various conditions of tem- 
perature (30-87 " C )  and bath compositions (1.5 < R < 2.4), both with and without 
STA. In every case, the profile of an elementary step of mass is well represented by 
the Avrami law (37), as illustrated by figure 16. That is, every elementary step cor- 
responds to the bidimensional growth of randomly distributed nuclei with coales- 
cence, assuming an instantaneous nucleation. The height of the 2D-steps was found 
to increase with temperature (figure 17), from about one equivalent CdSe monolayer 
at 30 "C to a few monolayers at 80 "C. Correspondingly, the time constant T char- 
acterizing the mass transient was strongly dependent on temperature: 1 min at 30 "C 
and only 1 s at 90 "C (figure 18). The radial growth rate, taken out from the time 
constant T, was thermally activated, the activation energy depending on the degree of 



Chemical Deposition of Chalcogenide Thin Films from Solution 

06 
9 
E 

1 0 4 -  

E 
P 

a 0 2 -  

x . 
a, r 
a, c 
v) 

0 0 -  

199 

l ' I . I . I . 1 . l  

- V m- 2.4 

2.4 sta ./m 
A _ _ _ _ _ _ _ _ _ _ _ _ _  II _ _ _ _ _ _ _ _ _ _ _ _ _ -  6 ___-  Q. ___________________. 

t V. 

; 

one monolayer 
A 

V 

2 9  3 0  31 3 2  3 3  
I " ' I " I I 

reaction time / s 

Fig. 16. Profile analysis of an elementary mass step recorded at a 10 Hz sampling frequency, characteristic of 
a 2D nucleation and growth process. Conditions: R = 2.4 > R,, deposition temperature 50 "C; the dashed 
line represents a fit according to the Avrami law (Eq. 6) (from [147]). With permission of Electrochem. Soc. 

Fig. 17. Dependence of the step height on deposition temperature for various bath compositions. The 
dashed line represents a mass equivalent to one CdSe monolayer, assuming a thickness (0.606 nm) equal to 
the lattice parameter of the cubic blende CdSe structure. 

complexation (figure 19). For R = 2.2, the activation energy is 66 kJ.mol-' (control 
of the 2D process by a chemical reaction) and significantly lower ( ~ 3 0  kJ.mo1-I) 
at larger R = 2.4 (partial diffusion control) or lower R = 1.8 (presence of colloids) 
degree of cadmium complexation. 

These transient QCM experiments bring evidence that, for R > Rc, CBD CdSe 
growth occurs through a layer-by-layer, ion-by-ion mechanism, also supported by 
HREM observations showing the formation of platelets constituted of few crystals 



200 Daniel Lincot, Michel Froment and Hubert Cachet 

50 l ~ l ~ l ~ l ' l ~ l ' ~  

V) 40- 
\ 

.c, 
C 
d 30- 
v) 
C 
8 

20 - .- E 
c 
P 

tn 8 10- 

r 0 

A 

2.4 sta 

0 
27 28 29 30 31 32 33 34 

1 ooorr 
Fig. 18. Dependence of the step time constant on deposition temperature for various bath compositions 
determined by a step profile analysis according to the Avrami law (Eq. 37). 

Fig. 19. Dependence of the (2D) radial growth velocity on deposition temperature for various bath com- 
positions. 

(see Fig. 22). These results indicate that film growth takes place more favourably at 
nucleus edges, implying a low surface activity for the area between nuclei and at the 
top surface of nuclei. They establish that nucleation is the rate limiting step for the 
growth of CBD CdSe films from a NTA-selenosulfite bath. 

For R < R,, when collo'id formation is mediated by the presence of cadmium 
hydroxide in solution, transient QCM studies show that mass deposition occurs 
through discrete, sequential events. The latter correspond to much less than one CdSe 
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monolayer and can be interpreted as the rapid bidimensional growth of nuclei by 
contribution of nanocrystallites already formed in the bath. Such a mechanism be- 
comes progressively disordered and the film growth tends to become irreversibly a 
tridimensional process at long reaction times. 

5 Morphological and Structural Aspects 

5.1 Methods of Characterization 

The knowledge of chemically deposited films, from a morphological and structural 
point of view, requires determination of different characteristics: roughness at differ- 
ent scales, nature of the crystallographic structure, existence of textures, nature and 
density of crystallographic defects like dislocations, stacking faults, twins, etc. such 
characteristics depend on numerous parameters and are the consequence of the 
nucleation and growth mechanism. 

Scanning Electron Microscopy (SEM) has widespread use [ 1601, allows easy sur- 
face observations without special preparation of the samples, and gives resolution 
in the nanometer range. The determination of grain size from SEM images requires 
caution because in many cases relations do not exist between the morphology of the 
deposit and the position of the grain boundaries. The combination of SEM and X- 
ray analysis gives the possibility to determine the local composition (xl pm) of the 
sample [161]. 

During the last fifteen years scanning probe microscopies (Scanning Tunneling 
Microscopy - STM; Atomic Force Microscopy - AFM) have seen tremendous de- 
velopment [162]. It has been demonstrated that these techniques could be used not 
only in ultra vacuum conditions but also in air and in liquid environments. These 
advances have opened the possibility to follow in situ and at the atomic level the 
growth or the anodic dissolution of metals and semiconductors [163]. In the liquid 
phase, these possibilities have been exclusively applied to phenomenon like electro- 
deposition, underpotential deposition or electroless deposition [ 1641. The interest of 
these techniques in the study of chalcogenide semiconductors is illustrated by the 
STM-AFM observations of CdS monolayers electrodeposited on (1  11) Au [ 1651 or 
nanostructures deposited on graphite from Langmuir-Blodgett films [ 1661. The two 
processes reveal a six-fold symmetry structure. Unfortunately the in situ study of 
chemical bath deposition by STM or AFM is constricted by the parallel deposition 
of chalcogenides on substrates and on tips. Nevertheless these techniques could be 
useful for the ex situ study of the first steps of nucleation, specially during epitaxial 
growth. 

X-Ray Diffraction techniques are frequently used for identification of the chal- 
cogenide semiconductor structure. The simplest way of doing this is the direct com- 
parison of the powder diffraction patterns with referenced X-Ray Powder Data File 
published by the Joint Committee on Powder Diffraction Standards (J.C.P.D.S.). 
The comparison of the observed intensities of the reflections with those of standard 
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samples can be useful for the identification of a texture. If the crystallites are very 
small they cause a broadening of the reflections which can be detected at dimensions 
below 1 pm, and become obvious below 0.1 pm. The mean crystallite diameter can 
be determined from the linewidth of the XRD spectra by the Scherrer formula [167]. 
This technique implies a careful determination of the breadth of the reflections that 
arise from instrumental factors. Specific XRD techniques have been developed for 
the study of thin film and specially for that of epitaxiiilly grown films [168, 1691. Thus 
the use of glancing angles with a five circle diffractometer allowed the determina- 
tion of the epitaxial relations of CdS chemically deposited on InP single crystals 
[ 1701. The use of an entrance slit ( 1 by 0.05 mm) vertically defines a narrow beam and 
allows one to position a 10 mm diameter sample under a glancing angle. With a 
glancing angle of 0.6", the X-ray path in the film is enhanced by a factor 100, so that 
the X-ray absorption in the films is about 20%, for a 20 nm film thickness. If the 
goniometer is controlled by a microcomputer, the position and the intensities of 
selected Bragg peaks is assumed. For investigating crystallinity, two kinds of scans 
can mainly be used: (i) with a glancing incidence, a Q, scan around an axis normal to 
the sample surface; (ii) in the condition 8 to 28 around an axis parallel to the sample 
surface and normal to the X-ray beam. 

Electron beams techniques are now frequently developed for the structural 
determination of materials [ 17 11. The Reflection High Energy Electron Diffraction 
(RHEED) is a powerful tool which can be used for the study of polycrystalline [172] 
and epitaxial thin layers [ 1731. Numerous types of information like crystallographic 
structure, textures, epitaxial relations, etc, are obtained very simply. Despite the use 
of grazing angles, the thickness that can be explored is limited to several nanometers. 
Transmission Electron Microscopy (TEM) is a powerful technique for direct obser- 
vation of crystalline specimens [ 1741 and a considerable number of structural details 
like crystallographic defects can be observed when images are combined with selected 
area diffraction (SAD) patterns. Grain size measurement is one of these possibilities 
when using bright and dark field images. The main difficulty of the TEM technique 
arises from the sample preparation which must be thin (thickness < 100 nm). Chem- 
ically deposited chalcogenides can be directly observed after deposition on thin car- 
bon films supported by gold grids or on polymer films which are subsequently dis- 
solved [175]. Thicker films must be thinned. The Ar+ ion milling is now a specially 
interesting technique in the field of semiconductors [ 1761. The preparation of cross 
sections is essential for the determination of the interfacial organization of epitaxial 
layers. High resolution electron microscopy (HREM) is also a widespread technique 
[ 1771 which gives structural details at an atomic level with very thin (< 20 nm) films. 
The HREM images should be carefully interpreted. It is essential to compare the 
atomic projection images with simulated images which can be found in the literature 
for compounds like CdS [ 1781 or CdTe [ 1791. In most cases TEM apparatus have a 
resolution near 0.18 nm. Then the atomic column pairs (Cd-S, Cd-Se, Cd-Te), sepa- 
rated by distances between 0.15-0.16 nm, are unresolved. Recently Scanning trans- 
mission electron microscopy (STEM) has been developed with electron probes of 
atomic dimensions. Images formed using elastically scattered electrons show strong 
atomic (Z) contrast and reveal atomic column location withouth the need of pre- 
conceived structure models. With a 0.13 nm probe, Z contrast images have been able 
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to describe the dislocation core near the CdTef(001)GaAS interface [ 1801. Image 
processing is now easely accessible. Images are digitalized using micrographs or on 
line during the observation. The Fourier Transform analysis gives a local diffraction 
diagram. The inverse Fourier transform with filtering supplies improved high reso- 
lution images [lgl]. 

5.2 Crystallographic Structure 

Chalcogenides generally adopt the hexagonal Wurtzite or the cubic Zinc Blende 
structure, both involving tetrahedral coordination of the cation. Most of them pres- 
ent polymorphic structures. Chemically deposited chalcogenides can be obtained in 
different structures depending on the deposition conditions [ 1 11. 

In a majority of cases CdS films, analysed by XRD, present a mixed structure 
with textures where the dense planes ( I  1 I )  in the cubic structure, (0002) in the hexa- 
gonal structure, are parallel to the substrate [25, 32, 182-1841. However some of 
these results are questionable because it is difficult to separate hexagonal and cubic 
reflections, specially when the peaks are enlarged by a low grain size. The mixed 
structure can result from the formation of polytype structures and this point will be 
discussed in 5.4. It seems that nanocrystals present generally a cubic structure 
[35, 1851. As the crystals become smaller the surface effects become important so, as 
the fraction of atoms onto the surface increases, the arrangement of them changes in 
order to minimize the number of dangling bonds and a fcc closed-packed arrange- 
ment is favoured [186]. It appears that deposition conditions are able to stabilize one 
or the other phase. CdS films obtained from the Cd(NH3);' complex have cubic, 
hexagonal or a mixed structure, while those obtained from Cd(CN);- and Cd(EN)i' 
complexes exhibit preferentially the hexagonal structure [ 1 I]. In solutions consisting 
of CdX2, NH4X, and thiourea, the nature of the anions X, influence the CdS struc- 
ture [37]. In the presence of iodides an hexagonal structure is found when a cubic 
structure is obtained with chlorides. I. Kaur et al. [25] have found an influence of 
solution stirring. CdS films exhibit an hexagonal structure when solutions are vigo- 
rously stirred. An ion by ion growth mechnism is then favoured. In the absence of 
stirring, films are constituted by an aggregation of colloi'ds which present a cubic 
structure. The nature of the substrate is also an important parameter in the stabili- 
zation of a given structure. Hexagonal CdS is found when deposited on IT0  [187], 
carbon films [188] whereas the cubic structure is obtained on silicon. [189]. 

The chemical deposition of PbS [56, 601 and ZnS [60,69, 701 produces films which 
exhibit only a cubic structure. On the contrary Cdl-,Zn,S ternary compounds pres- 
ent the hexagonal Wurtzite structure [ 1001. Chemically deposited PbSe [86], ZnSe [92, 
931 and CdSe [41, 781 are generally found with a cubic structure According to A. H. 
Eid et al. [77] the presence of Cd(OH), in the solution could promote the formation 
of CdSe with an hexagonal structure. Recently H. Cachet et al. [I471 found that 
CdSe films prepared from a solution complexed by sodium nitrilotriacetate could 
present an hexagonal structure when the temperature is increased up to 80 "C. On the 
other hand CdSel-,S, films where x > 0.6 contain a small amount of the hexagonal 
modification [112]. 
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5.3 Grain Size and Growth Mechanism 

Chalcogenide films chemically deposited generally present a microcrystalline struc- 
ture with typical grain sizes ranging from 2-3 nanometers to 100 nm. The grain size 
depends on many parameters like composition and temperature of the solution, 
nature of the substrate etc. [ 1 11. Nevertheless it has been clearly demonstrated, these 
last years, that the grain size is a direct consequence of the growth mechanism. For 
example S. Gorer et al. studied the chemical deposition of CdSe [41] and PbSe 1861 
using complexed solutions containing potassium nitrilotriacetate. The important pa- 
rameter is the ratio concentration R beween the complexing agent and the metal ion. 
They observed a critical ratio Rc (see section 4) which corresponds to the transition 
between the agglomeration of colloids and an ion by ion growth mechanism. XRD 
patterns and TEM observations show a sudden increase of the grain size when 
R > Rc. For example at a temperature of 80 "C, where the critical value of Rc is 
around 2, the CdSe mean grain size is 8 nm if R < Rc and 20 nm when R > Rc. H. 
Cachet et al. 12031 have confirmed these results using similar solutions and HREM 
observations. Figure 20a corresponds to a CdSe deposit on a carbon film obtained 
with a solution where R < Rc; the mean size of individual agglomerated grains is 
around 5 nm. The Fourier transform diffraction pattern (in the inset), obtained inside 
one grain, confirms the cubic structure. The inverse Fourier transform of the diffrdc- 
tion pattern, after filtering and enlarging, given in Figure 20b, corresponds perfectly 
to the projection of atomic columns along [ 1 lo] of a cubic Blende structure as shown 
by the simulated image in the inset. These projections are elongated as the resolution 
of the apparatus is not sufficient to separate Cd and Se atomic columns. It is inter- 
esting to compare Figure 20a and Figure 21, which is an image of colloids recu- 
perated in the solution on a carbon film and dried; the grain size is quite the same 
( x  5 nm). When R > Rc (Figure 22) monocrystalline and flat nuclei are observed the 
size of which is found between 20 and 70 nm. These large nuclei present a cubic 
structure and the HREM image reveals a low density of cristallographic defects. 
Similar results have been obtained during the CdS deposition from solutions con- 
taining cadmium-ammonia complex and thiourea [ 1751. On the contrary, the chemi- 
cal deposition of ZnS from ammonia-thiourea solutions corresponds to conditions 
where ZnS is a little more stable than the hydroxide and it is difficult to obtain a grain 
size above 5 nm [70]. 

According to the kinetic studies discussed in section 4, when the growth mecha- 
nism corresponds to an aggregation of colloids, a 3D nucleation is observed. On the 
contrary, the ion-by-ion growth condition implies a low nucleation rate of 2D nuclei 
and a layer-by-layer growth. This explains why large monocrystalline grains can be 
formed. The control of the growth mechanism through the solution composition 
presents an interest for different applications. The chemical route of colloi'dal solu- 
tions is particularly well adapted for the preparation of extremely small particles, in 
the range 1.5 to 5 nm, which present quantum confinement effects. This technique 
has been used for the preparation of CdS 11901, CdSe [41], PbSe [86] and CdTe [191]. 
On the contrary, it will be demonstrated in section 6 that the ion-by-ion growth 
mechanism is favorable for the epitaxial growth of chalcogenides on single crystal 
semiconductors. 
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Fig. 20. HREM image of CdSe deposited 
from a solution containing sodium seleno- 
sulfate and cadmium sulfate as precursors; 
complexing agent: NTA with R ([NTA]/[Cd]) 
= 1.8 (R < Rc) (from [203]) 
a) Digitalized image and Fourier transform 
diffraction pattern in the inset. 
b) Inverse Fourier transform with filtering of a 
part of the Fig. 20a; simulated image of [OI I ]  
CdSe with the blende structure (in the inset). 
With permission of IUPAC 

5.4 Crystallographic Defects and Polymorphism 

The ideal situation depicted in 5.3 for the initial step of growth is not valid to describe 
the crystallographic defects which can be formed in thick films and identified by 
TEM and HREM observations. CdS and CdSe have been especially studied. Dis- 
locations are observed but in very small amounts [175]. On the contrary extended 
defects like stacking faults and twins, formed when the initial nuclei coalesce and 
during the subsequent steps of growth, are frequently detected [175, 192, 1931. The 
density of defects is highly dependent upon the deposition conditions. For example 
during the CdS deposition in a standard solution, the stacking fault density is about 
10" cmP3 (Figure 23a). Decreasing the cadmium concentration to 2.lOP3 M, while 
keeping the other parameters constant, increases the stacking fault density by a factor 
of ten (Figure 23b). The same is observed if the solution contains an excess of thio- 
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Fig. 21. HREM image of colloids recuperated in the same solution than that used in Fig. 20. 

Fig. 22. HREM image of CdSe deposited from a solution containing sodium selenosulfate and cadmium 
sulfate as precursors; complexing agent: NTA with R ([NTA]/[Cd]) = 2.2 (R > Rc). 
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(b) 

Fig. 23. TEM dark field images of CdS layers on a carbon film. 
a) Standard solution with (CdS04) = 1.4 x lo-' M; Thiourea = 1.4 x 
b) Low cadmium concentration solution: [CdSOd] = 2 x lo-' M.  

M [NH3] = 1.74 M. 

urea. HREM images allow one to analyse the crystallographic organization of these 
defects at an atomic level. Figure 24 shows an accumulation of stacking faults in 
hexagonal CdS. These defects are formed in the basal planes (0001) of the hexagonal 
structure and they limit thin lamellae of 3-4 atom layers presenting a cubic structure. 
Figure 25 gives a representation of a thin cubic lamella in an hexagonal CdS struc- 
ture; the arrow indicates the position of the stacking fault. Such an organization 
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Fig. 24. HREM image of planar de- 
fects (see the arrows) in an hexagonal 
CdSe film. (from (1751) With pennis- 
sion of Elsevier 
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Fig. 25. Arrangement of the hexagonal Wurtzite lattice corresponding to the presence of stacking faults, 
with 3 or 4 planes presenting the cubic blende modification. (from [I7511 With permission of Elsevier 

could explain the polymorphism (cubic us hexagonal) which is often reported for CdS 
(Section 5-2). These structures are also known as polytype structures [195]. According 
to calculations [194], CdS, CdSe and ZnS can form polytype structures because the 
energy difference AEw-~B between the Wurtzite ( W )  and the Zinc Blende (ZB) 
structures is small: 3.1 meV/atom for ZnS and 1.4 meV/atom for CdSe for which 
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the cubic phase is more stable. On the contrary for CdS, AEw-ze = - 1.1 meV/atom 
and the hexagonal phase is more stable. Polytypes can be defined by the stacking 
sequence of (1 11) or (0001) atomic planes with respect to the three possible positions 
ABC. The cubic structure is noted 3C and corresponds to the sequence ABCAE 
CABC . . . The hexagonal structure is noted 3H and corresponds to the sequence 
ABABABABAB . . . The polytype is noted nH or nC, where n represents the number 
of planes in the unit cell and .H the host structure. An example of a short period 
polytype structure is ABCACJABCA-ABC noted 6H. This polytype is simply 
obtained by a permutation of a sequence BC in the cubic arrangement [195] as in- 
dicated by underlining. By further permutations it is possible to reach the hexagonal 
arrangement. Despite the fact that tens of polytype structures are possible in ZnS 
[ 1961, only certain arrangements are observed corresponding to the more metastable 
configurations which have been simulated in numerical models. During the phase 
transformation process the hexagonality factor h varies from 0 to 1 (or 1 to 0) via 
a sequence of consecutive polytypes (for 4H, the value is 0.5). 

As a general rule the cubic-hexagonal transition is simulated by thermal 
treatments 184, 192, 193, 197-2031. Concurrently the grain size increases. These 
treatments are generally used to improve the photoresponse in photovoltaic or 
photoelectrochemical cells. The transition characteristics strongly depend on the 
annealing conditions and atmosphere. For CdS it starts to take place at about 300 "C 
in an argon-sulfur atmosphere after 28 hours and does not in argon or air under the 
same conditions [38]. Some authors claimed that the phase transition was accom- 
panied by an increase of the lattice constant [ 1991 and by the formation of crystallo- 
graphic defects [200]. TEM and HREM observations have confirmed that chemically 
deposited CdS annealed at 400 "C contain a high density of planar defects [192, 1931. 
The cubic-hexagonal phase transition of CdS films deposited on silicon has been also 
studied by D. Lincot et al. [ 1891. Two different thermal annealing treatments were 
performed. The first one was made in argon atmosphere at 400 "C for 0.5 hour 
(annealing 1).  The second one was made in air in the same conditions (400 "C for 
0.5 h) but the CdS film was previously dipped for two minutes in a methanol solution 
at room temperature containing cadmium chloride under saturation conditions 
(annealing 2). XRD and SAD patterns allow to conclude that after the annealing 1 
only a fraction of the cubic CdS had been transformed in the hexagonal modifica- 
tion. On the contrary, after annealing 2, complete vanishing of the cubic spectra 
takes place. After annealing 1, TEM observations show a slight increase of the grain 
size (50-70 nm) and a dramatic increase of the density of planar defects. In contrast 
to annealing 1, annealing 2 produces a spectacular recrystallization with a grain size 
approaching 90 nm and the density of planar defects is very low. HREM observa- 
tions provide useful information on the structural organization of the annealed CdS 
films. Thus a local determination of the structure can be obtained. Figure 26a corre- 
sponds to a CdS film after annealing 1. The Fourier transform diffraction pattern 
(in the inset) corresponds to the major cubic modification. The presence of streaks is 
related to planar defects. In agreement with the XRD and SAD patterns which reveal 
a small proportion of the hexagonal modification, some areas present an hexagonal 
arrangement (Figure 26b); the Fourier transform diffraction diagram (in the inset) 
corresponds to the hexagonal structure and the HREM image is the atomic column 
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Fig. 26. Digilitalized HREM images of CdS 
films. Fourier transform diffraction patterns in 
the insets. (from [189]) 
a) Cubic structure; note the presence of streaks 
in the diffraction pattern indicating an high 
density of planar defects. 
b) Hexagonal structure. 
With permission of the American Chemical 
Society 

projection on the (0001) basal plane. The main characteristic of the CdS film after 
annealing 1 is the high density of planar extended defects which appear as a rather 
regular parallel juxtaposition of thin domains of few nanometers width with rotated 
atomic directions from one to the other (Figure 27). These defects are formed during 
the thermal treatment and the existence of hexagonal reflections in the SAD patterns 
indicate that hexagonal domains are formed in relation to the stacking faults. After 
annealing 2, large areas inside the grains give HREM images with no stacking faults 
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Fig. 27. HREM image of an annealed CdS film showing a stacking fault network. (from 11891) With per- 
mission of Taylor and Francis Ltd 

Fig. 28. HREM image of an annealed CdSe 
film. (from [203]) With permission of IUPAC 

or microtwins. Similar results have been obtained during the annealing of CdSe films 
chemically deposited from selenosulfate solutions [203]. After a 1 hour thermal 
treatment at 400 "C a partial phase transition cubic-hexagonal is found accompanied 
by a grain size increase (from 5 to 50 nm). The HREM image (Figure 28) reveals that 
some proportion of grains contains an important density of planar defects and 
microtwins. 
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6 Epitaxial Growth of 11-VI Semiconductors 
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6.1 General Considerations 
Direct bandgap 11-VI semiconductors have opened up the blue-green region of 
the spectrum and a range of novel applications in optoelectronics. There are many 
potential applications for compact laser and Light Emitting Diodes (LED), but it is 
essential to minimize defects and imperfections which decrease the radiative yield of 
photons. This explains the interest of the construction of epitaxial structures between 
11-VI semiconductor layers and bulk semiconductors like Si, GaAs, InP, etc. In 
particular, quantum wells are formed by thin epitaxial multilayered structures like 
(Zn, Cd)Se/ZnS. Nevertheless, the choice between bulk semiconductors and the 
layers deposited or between the multilayers is governed by the lattice mismatch be- 
tween the two components as the lattice mismatch causes the formation of misfit 
dislocations. In the optical devices these defects are potential non-radiative centres 
and at worst they can cause the failure of injection lasers. Figure 29 is a map of energy 
gap versus lattice constants for a variety of semiconductors; it can be used to select 
different heterostructures, not only for optoelectronics applications but also for 
photovoltak cells. In the latter application the deposited films are generally polycry- 
stalline and the growth of high-quality epitaxial layers has received little applications. 

Several techniques have been reported and, at the present time, the vapor phase 
deposition processes operating at temperatures around 300 "C are the most used. 
Thus 11-VI compounds films like CdS, CdSe, CdTe, ZnS, ZnSe, and ZnTe have been 
grown epitaxially on Si, InP, GaAs, Gap, by molecular beam epitaxy (MBE) [204- 
2071, by metal organic chemical vapor deposition (MOCVD) [208-2101, or by pulsed 
laser deposition [211, 2121. Epitaxial deposition from aqueous solutions at low tem- 
peratures (< 100 "C) represents another approach. Specific beneficial effects may be 
also expected due to the simplicity of the process involving low cost investments. On 
the other hand the low temperature has for consequence the absence of interdiffusion 
processes around interfaces and the interfacial properties of the solids in contacts 
with solutions implicate excellent coverage properties at low thicknesses. Different 

0.0 ""j 

AIP 
e 

GaP 

A 

Si 

m 

ZnSe 
CdS 

m ZnTe 

CdSe 

CB AlSb 
GaAs 

InP 
A GaSb 

e 
I d s  Ge 

lnSb 1 
e 

.I I , , ' , ,  I Fig. 29. Lattice constant and energy 
Ok4 6o 62 Ofi4 o.66 bandgap for different 111-V and 11-VI 

lattice constant (nrn) compounds. 



Chemical Deposition of Chalcogenide Thin Films from Solution 213 

techniques using aqueous solutions have been proposed. Some of them imply suc- 
cessive deposition of the two atoms (Cd, Zn, Hg) and (S, Se, Te). Electrochemical 
atomic layer epitaxy (ECALE) involves underpotential deposition of the elements to 
form the compound [213]. This method has been mainly used for the epitaxial depo- 
sition of a few monolayers CdTe on gold [214] and the evolution of the morphology 
has been followed by SEM and AFM observations. On the other hand Nicolau et al. 
[215] have proposed a method based on the successive ionic layer adsorption and 
reaction (SILAR). They succeeded in the deposition of epitaxial CdS films on Ge, 
GaAs and InP single crystals. Zinc sulfide films were also deposited on GaAs and InP 
[215] or Si [216] but they presented a polycrystalline structure. One of the most used 
technique for the deposition from solutions of 11-VI compounds is electrodeposition 
[217]. Nevertheless few results have been obtained concerning their epitaxial growth. 
Electrodeposition of epitaxial CdSe quantum dots on gold single crystals has been 
reported [218, 2191. In the same way epitaxial layers of CdTe [220] and CdSe [221] 
have been electrodeposited on (1  11) InP. Using cyclic voltammetry K. Rajeshwar 
[222] has electrosynthesized CdSe/ZnSe superlattices (non epitaxial). XPS depth 
profiles have clearly demonstrated the modulation in the Cd and Zn content. 

CBO, as CUD, is also well adapted for epitaxial growth. As shown in section 5.2, 
numerous papers have been published in the field of chemically deposited poly- 
crystalline chalcogenide semiconductors. In comparison with this plentiful literature 
only a few papers exist concerning the epitaxial growth of these compounds. In this 
way J. L. Davis and M. K. Norr [55] have shown the epitaxial growth of PbS on 
(1  11)  Ge using a Pb(NO3),-thiourea solution. The epitaxial growth was disclosed by 
Laue back reflexion X-ray patterns. M. Isshiki et al. [59] confirmed the PbS epitaxy 
on (111) Ge but they showed that the (100) orientation was more suitable for the 
epitaxial growth on germanium and indium phosphide. H. Rahnamai et al. [223] tried 
to obtain the epitaxial growth of PbS on silicon. The RHEED and XRD patterns 
show in fact a textured growth along (1 11). N. L. Sharma et al. [lo61 studied the 
chemical bath deposition of Pbl-,Hg,S on (1 11) Ge and Si. TEM observations, as- 
sociated with SAD patterns of films floated off the substrates by dipping in 10Y0 nitric 
acid, show that a polycrystalline growth is mainly found on (1 11) Si. On (1 11) Ge 
some localized regions of the Pb0.67Hg0.33S film give SAD patterns corresponding to 
single crystals. Nevertheless the orientations are slightly off the [I 1 11 orientation and 
depend on the etching of the crystals. G. N. Chaudari et al. [114] tried to obtain the 
epitaxy of Zn,Sel-, compounds on (1 10) GaAs. The use of an exact lattice matching 
(x = 0.56) improves the quality of the films which remain polycrystalline with a [l  1 11 
zone axis. These last years D. Lincot, M. Froment et al. have shown, by the examples 
of CdS [224, 225, 2461 and CdSe [147], that chemical bath deposition provides an 
efficient route for preparing epitaxial chalcogenide films on InP, Gap, CuInSez. 

6.2 Influence of the Mismatch on the Epitaxial Growth 

This concept was introduced in 1928 by L. Royer [226] who put forward rules of 
epitaxy, the most important of which is that oriented growth occurs only when it 
involves the parallelism of two lattice planes that have networks of identical or quasi- 
identical form and of closely similar spacing. The mismatch m is defined as lOO(b-a)/ 
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a, where a and b are the corresponding network spacings in the substrate and the 
overlayer, respectively. The experiments show [227] that epitaxy occurs only if m is 
no more than about 15%. 

The growth of cadmium sulfide on indium phosphide illustrates the case where 
there is almost a perfect lattice mismatch (m % 0.3%). As discussed in section 4.3, 
CdS may form two cristallographic structures, one that is hexagonal (a = 0.413 nm, 
c = 0.671 nm) and the other fcc cubic (a = 0.582 nm). Then the (1 11)  InP face has 
a surface crystallographic structure identical to the (1 1 1) or (0002) planes of CdS. D. 
Lincot et al. [224, 2251 used InP surfaces etched in a 1% solution of Brz/methanol, 
then rinsed and finally dipped in sulfuric acid (3 M). The two faces, (1 11) terminated 
by In atoms and (Tii) terminated by P atoms, were used. The CdS films were 
chemically grown from a standard solution containing cadmium sulfate ( M), 
ammonium acetate (lo-* M), ammonia (0.4 M) and thourea 5 x M), main- 
tained between 30-90 "C. The RHEED patterns of the Figure 30 show that an epi- 
taxial growth is only obtained on the (111) terminated by P atoms. On the In face 
polycrystalline CdS is obtained. This indicates the important influence of chemical 
interactions during initial stages of growth between atoms in the growing film and 
those at the polar InP faces. The stronger reactivity of this face may be related to the 
formation of P-Cd or In-S bonds by sulfur-phosphorus substitutions. Such chemical 
exchange reactions between thiourea and InP have been reported [15]. In section 6.3 
it will be demonstrated that, in the case of CdSe, epitaxial growth is obtained on both 
(1 11) InP faces. The great significance of surface properties in governing the epitaxial 
growth is confirmed by the effect of substrate etching. In the absence of such chemi- 
cal pre-treatments only polycrystalline growth is observed. One can indicate that 
ammonia is also an efficient etching agent for InP, enabling the removal of surface 
oxide layers. This leads to in situ etching prior to the onset of film growth and may 
explain why epitaxial quality is improved when the sample is introduced in the solu- 
tion at room temperature. The accessibility of the atoms of the solution to the atoms 
of the substrate is then an important condition for the epitaxy. This can explain the 
dificulty to obtain an epitaxial growth of chalcogenides on silicon because of the Si-H 
bonds, formed during the etching step, and which are stable in solutions. 

X-ray diffraction scans obtained using a five circle goniometer reveal that the CdS 
films deposited on (111) InP crystallize in the hexagonal modification. Figure 31 
shows @ scans, taken with a 0.4" glancing angle, relative to two samples prepared 
under different conditions. Six peaks corresponding to the (1010) reflections are 
observed which present in the curve a full width at half maximum (FWMH) of 3.6" 
which is significantly broader than the (111) InP (0.9'). The crystallinity of CdS is 
then not as perfect as that of the substrate. Figure 31b corresponds to a sample pre- 
pared under slightly different conditions. The positions of the peaks are at the same 
location but their intensities are much lower. In this case only a fraction of the film 
( ~ 2 0 % )  is monocrystalline. One important result is that deposition conditions can 
be found where the polycrystalline content is almost reduced to zero, as in the 
case of Figure 31a. The perfection of the interface CdS/InP can be studied by the 
TEM observation of a cross section, in conditions of high resolution (Figure 32). The 
lattice planes, normal to the (220) InP (d = 0.207 nm), are continued in CdS by the 
(1 120) planes (d = 0.2068 nm). The good match between the two lattices promotes 
the absence of interfacial defects. 
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Fig. 30. RHEED patterns of CdS chemically deposited on InP single crystals. (from [170]) 
a) (iii) InP face. 
b) ( 1  11)  InP face. 
With permission of Electrochemical Society 

The use of (TIT) GaP substrates illustrates the effect of an important lattice mis- 
match on epitaxial growth. GaP has also a cubic structure with a = 0.543 nm and the 
lattice mismatch with CdS is 7%. The XRD scans with a grazing angle of 0.6" (Fig- 
ures 33-34) reveal that the epitaxial CdS is a mixture of the hexagonal and the cubic 
phases in about the same proportion [228]. For the cubic phase (Figure 34) six peaks 
are observed instead of three as expected owing to the presence of twins in the CdS 
layer. Twins occur because of two different structural (1 1 1) arrangements of the first 
CdS nuclei which may exist with a 180" rotation. Later, coalescence of these nuclei 
plays an important part in determining the defect structure (dislocations, stacking 
faults, twins) of epitaxial films (229). The large mismatch implies a loss of the crys- 
tallographic perfection as the CdS peaks have a FWHM of 8" for the hexagonal 
phase and 7" for the the cubic phase. These values are significantly higher than the 
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Fig. 31. X-ray diffraction patterns of CdS films (thickness = 25 nm) deposited on (111) InP. curve a; 
composition of the solution: Cd(Ac)z = M; NH4(Ac) = 2 x lo-* M; thiourea = 5 x M; 
NH3 = 4 x lo-' M: T = 85 "C. Curve b: composition of the solution: [Cd(Ac),] = M; [NHd(Ac)] = 
1.5 x lo-* M; [thiourea] = 2.8 x M; [NH3] = 1.74 M; T = 75 "C. (from [170]) With permission of 
Electrochem. SOC. 

Fig. 32. HREM image of a cross section pre- 
pared from a CdS epitaxial layer deposited on 
(TIT) InP with the same solution composition 
of Fig. 2; T = 60 "C. The arrows shows the 
interface between CdS and InP. (from [170]) 
With permission of Electrochem. SOC. 

FWHM found during the CdS growth on InP. The TEM and HREM images of a 
cross-section prepared from a CdS/GaP sample (Figure 35) reveal a high density of 
planar defects like microtwins and stacking faults. Their origin has been attributed 
both to the substrate/layer misorientation and to the stresses which are relaxed by 
atom displacements. Structural models of these defects have been recently proposed 
in the case of the blende structure (2301. In some places the interface is well resolved 
and misfit dislocations can be detected (Figure 35b). Some areas show different 
stacking sequences revealing the presence of a polytype CdS structure [228]. As dis- 
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Fig. 33. XRD pattern of an epitaxial CdS film (thickness 64 nm) chemically deposited on ( 1  11) Gap. Curve 
a: ( l o l l )  reflexions of the hexagonal CdS phase. Curve b (220) reflexion of the GaP substrate. (from [228]) 
With permission of Editions de Physique 
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Fig. 34. XRD pattern of an epitaxial 
CdS film deposited on (rli) Gap. 
Observation of the six (111) reflexions 
of the cubic phase (from [228]). With 0 

0 6 0  1 2 0  180 240 300 w/o 360 permission of Editions de Physique 

cussed in section 4.4 a 4H polytype is concerned with an hexagonality factor of 0.5. 
On the other hand SEM observations show that the CdS layers present a strong 
corrugation. In the Figure 36a large density ( lo9 cm-*) of pyramids can be observed. 
According to the literature [23 1, 2321 the stresses which result from a large lattice 
mismatch can also induce roughness of the epilayers and frequently pyramidal islands 
are formed. 

6.3 Influence of the Substrate Orientation on the Epitaxial Growth 

Epitaxial growth of CdS has been also obtained on (100) InP [233] with good quality 
as demonstrated by the XRD patterns (Figure 37). The FWHM of the four CdS 
(1 11) reflexions present a low value (0.6") compared with that obtained during the 
CdS growth on (TTI) InP (3.6"). Secondly the base line presents a low level. It is 
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Fig. 35. Observation of a cross sectional thin foil prepared from a CdS/GaP sample (from [228]). 
a) Observation of planar defects in a low magnification TEM image. 
b) Lattice image of the CdS/GaP interface; the arrows show the position of the interface. 
With permission of Editions de Physique 

important to remark that contrary to (1 1 1 )  substrates the growth direction does not 
co'incide with the preferred texture direction of CdS which is (1 1 1) or (0002). The 
epilayer exhibits the cubic structure as it does not exist any epitaxial matching on 
the (100) face for the hexagonal structure. The HREM observations of the CdS/InP 
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Fig. 36. SEM image showing pyramids 
at the surface of a CdS epitaxial film 
grown on (ill) Gap. (from [228]) With 
permission of Editions de Physique 

Fig. 37. XRD patterns of an epitaxial CdS film deposited on an (100) InP substrate. Curve a: ( I  1 I )  
reflexions of the cubic CdS film. Curve b: (1 11) reflexion of the InP substrate. (from [233]) 

cross-sections [233] confirm the good crystallinity of the chemically deposited CdS 
epilayer and the very low density of planar defects like stacking faults or twins. 
Contrary to the (1 11) plane there is no possibility of double-positionning of the first 
nuclei on (100) and the probability of forming defects during coalescence is reduced. 
The same conclusions have been deduced during CdS epitaxial growth in the vapour 
phase. CdS adopts the hexagonal structure when deposited by MOCVD or hot wall 
epitaxy on (1 11) GaAs, [234, 2351 and the cubic structure when deposited by atomic 
layer epitaxy on (100) GaAs [236] 

6.4 Growth Mechanism and Epitaxy 

The growth mechanism of chalcogenide semiconductors synthesized by chemical 
bath deposition has been discussed in section 4. It has been shown that the solution 
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chemistry governs the growth mode either by aggregation of colloids or by an atom- 
by-atom mechanism. It is clear that the first process is inconsistent with an epitaxial 
growth because it favours a 3D nucleation and growth mechanism called "Volmer- 
Weber" [227, 2371. In section 3.3, it has been demonstrated that the atom-by-atom 
mechanism gives rise to a layer-by-layer nucleation and growth mechanism called 
"Frank-Van der Menve". This mechanism implies on the other hand a strong bind- 
ing energy between atoms to be deposited and the' atoms of the surface [229]. This 
mechanism is a necessary condition for epitaxial growth. 

As discussed in section 3, S. Gorer and G. Hodes [41] have shown that the growth 
mechanism of compounds like PbS, CdS, CdSe . . . could be easily controlled by using 
NTA as metal (Cd, Pb) complexing agent. The concentration ratio R between the 
complexing agent and the metal ion governs the growth mechanism. If R exceeds 
a critical value Rc, cadmium hydroxide is eliminated and an atom-by-atom growth 
mechanism is observed. The chemical deposition of CdSe on (1 1 1)  InP substrates 
illustrates the relation between growth mechanism and epitaxy [ 1471. Cadmium sele- 
nide films were deposited from solutions described in section 4. A systematic 
RHEED study of CdSe films deposited on (111) InP (Figure 38) proves that the 
epitaxial growth occurs only if R > Rc. (compare Figures 38a-38b) and is improved 
if the solution temperature is increased in the range 40 to 90 "C (compare Figures 
38b-38d). The XRD scans presented in Figure 39 confirm this effect for CdSe layers 
deposited at 70 "C (Figure 39a) and 90 "C (Figure 39b). The (220) peaks of the cubic 
structure have a FWHM of lo" and 7" respectively. Concurently the polycrystalline 
content decreases. The crystallographic quality of epitaxial CdSe layers electro- 
deposited on (1 11) InP is better since the FWHM of the (220) peaks is only 4". This 
improvement is probably related to the strong (1 1 1) texture presented by the elec- 
trodeposited CdSe layers [221]. When R % Rc, the epitaxial growth is spoiled because 
the presence of cadmium hydroxyde traces (compare Figures 38c-38d). An equiva- 
lent epitaxial growth is observed both on (171) and (1 11) orientations, contrary to 
the deposition of CdS, the epitaxial growth of which only occurs on (111). On the 
other hand the CdSe epitaxial growth on (100) InP is very poor when the chemical 
deposition of CdS on the same InP orientation produces good epilayers. These 
observations confirm the high site sensitivity during the atom-by-atom growth. Never- 
theless when silicotungstic acid is introduced in the solution, even in conditions where 
R > Rc, polycrystalline CdSe deposits are formed on (1 I 1) InP. The strong adsorp- 
tion of large silicotungstic acid molecules on the InP surface probably weakens the 
strength of the bonds; then a 3D nucleation and growth mechanism takes place. 

7 Application of Chemical Bath Deposition 
of Chalcogenides 

7.1 Photovoltaic Solar Energy Conversion 

Chemical bath deposition (CBD) has emerged as a leading deposition method in 
the area of thin film (CBD) solar cells based on CdTe and on chalcopyrite 
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(c) (4 
Fig. 38. RHEED patterns of CdSe deposited on (ill) InP substrates. Influence of the ratio R ([NTA]/[Cd]) 
and the temperature on the epitaxial growth; observation in the ( 1  12) azimuth. (from [ 1471) 
a) R = I .75; T = 70 "C (R < Rc); polycrystalline growth. 
b) R = 2.2; T = 70 "C (R > Rc); epitaxial growth. 
c) R = 2.2; T = 90 "C (R z Rc); poor epitaxial growth. 
d) R = 2.4; T = 90 "C (R > Rc): improved epitaxial growth compared to b and c. 
With permission of Taylor and Francis Ltd 

(CuIn,Gal-xSySe2-,, 0 s x I 1, 0 I y 5 2 ,  usually called CIS or CIGS) absorbers. 
The CdTe cell structure consists of glass/SnOz/CdS/CdTe/contact( C, Au, Ni), illu- 
minated through the glass (backwall cells) while the CIGS cell structure consists of 
glass/Mo/CIGS/CdS/ZnO, which is illuminated through the ZnO top layer (front- 
wall cell). All active layers are in the micron thick range or less (1-2 pm for CIS, 
CdTe, ZnO and 0.05-0.2 pm for CdS). Chemical bath deposition is now widely used 
for the synthesis of the CdS layer in both structures. CdS acts as an n-type window 
layer in CdTe cells and as an interfacial buffer layer in CIGS cells. 

In the case of CdTe solar cells, CBD CdS is used in combination with electro- 
deposited [14, 2381 or coevaporated CdTe [13, 321. The process used for evaporated 
CdTe cells is based on an ammonia bath and has been described in detail [32]. An 
interesting point is that it seems that it is possible to control the doping of as grown 
CdS by introducing borate ions in the solution (boron is an n-type dopant in 
substitution of cadmium atoms). Resistivities of 10 0. cm in dark and 2 0. cm under 
illumination were measured. Note that in this process the CdTe layer is deposited at 
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Fig. 39. XRD patterns of CdSe films deposited on (111) InP influence of R and T on the epitaxial growth. 
(from [147]) 
a) R = 2.2; T = 70 "C; (220) CdSe reflexions; FWHM > lo" 
b) R = 2.4; T = 90 "C; (220) CdSe reflexions, FWHM = 7" 
c) (220) InP reflexion; FWHM = 0.25" 
With permission of Electrochem. SOC. 

550 "C, indicating a good stability of the thin (0.2 pm) CdS layer during high tem- 
perature processes. Cells made with electrodeposited CdTe are developed by BP So- 
lar, at the pilot production stage. Efficiencies close to 13% are reported on small area 
cells (about 1 cm2) and 10% on 30 x 30 cm2 modules [238]. The fact that the main 
technologies are both based on solution deposition methods (CBD, ED) is interesting 
since it demonstrates these techniques are suitable for large area semiconducting de- 
vice production at low cost. CdS layers are prepared in a batch process with large 
area multisubstrates (30 x 30 cm2) processing. The CdS layer thickness is about 60 
nm thick deposited on rough tin oxide substrates. This low thickness is a beneficial 
consequence of the high covering properties of CBD which allows conformal growth 
on rough substrates [30]. During annealing treatments at 450 "C, beneficial re- 
crystallisation and interdiffusion processes takes place between CdS and CdTe, lead- 
ing to high junction quality [239]. Basically there is no limitation on the area by the 
CBD method. Experiments on 30 x 30 cm2 substrates where only a film of solution 
of a few mm thick is introduced between the plates show excellent lateral uniformity 
in thickness (< 5%), and optical properties [240]. For CdS the film thickness on each 
plate (n in cm), assuming that the thiourea concentration is in excess with respect to 
the cadmium one, is given by the relation: 

h = 0.03[Cd(II)]d (40) 

where d is the spacing in cm. This shows that for a cadmium concentration of M 
a 2 mm spacing is sufficient to deposit 60 nm thick film. The material yield, which is 
very low (often less than tenths of per cent) in classical CBD reactors because of the 
low substrate-area-to-solution-volume ratio, is increased with the two plate configu- 
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ration. For small spacing between the plates (typically 1-2 mm) the material yield in 
film formation can approach 100% [240], which is very important for waste reduc- 
tion. This is a beneficial consequence of the fact that the heterogeneous nucleation 
and growth on the substrates is highly favored in this system. 

Thin film solar cells based on Cu(In, Ga)(S, Se)z also commonly use chemical 
bath deposited interfacial buffer layers, while CIGS and ZnO layers are deposited by 
coevaporation, or selenisation and sputtering. Chemically deposited layers of CdS 
give the best results with record efficiencies at the laboratory scale now approaching 
18% (17.7% (2411, 17.6 [242]). As for CdTe, upscaling has been demonstrated in 
various companies in USA (Solarex, Siemens USA), Europe (Siemens, ZSW) and 
Japan (Showa Shell). High efficiency cells are obtained with CBD-CdS over the entire 
family of Cu( In, Ga) (S, Se)z absorbers (from pure CuInSe2 to CuInSz) with rather 
standardized and simple CBD procedures for CdS (see (2411 and [242]) mostly 
derived from the early work of Kessler et al. [243]. It appears that the deposition 
process is very flexible in terms of bath chemistry (nature of complexing agent, salt). 
A typical bath is [Cd(II)] = lop3 M, [TU] = 0.15 M, [NH3] = 1 M with T = 60 "C 
[243]. The excess of TU which allows the saturation of surface sites is probably 
responsible for the good conformal growth and covering properties. 

Many investigations are now devoted to understand the positive effect of CBD 
layers on junction properties, considering the specific effect of interface chemistry 
(243, 2441, and band edge alignment at the interface [245]. These properties may be 
influenced by the deviations of stoichiometry of CBD CdS layers [44]. Recently it has 
been shown that CBD CdS can be grown epitaxially on CIS [246], which can explain 
the good interface quality needed for high efficiency CIGS cells. Electrical properties 
of CBD CdS may also play a role in the junction formation since these films are not 
insulating but n-type doped at a level of 10'6-10'7 [245] which is suitable forjunction 
formation with lower doped p-type CIS. Similar values were obtained on other sub- 
strates like tin oxide [143] or gold [30] showing that the doping is not related to re- 
actions with the substrate. There are still many open questions concerning the origin 
of doping and deviations from stoichiometric composition. 

Along with studies of CBD CdS, significant efforts are now made in the CIS 
technology to find alternative layers which will further improve the UV collection 
with a greater band gap, or which will not contain cadmium. Other materials have 
been considered, like indium sulfide, zinc sulfide, tin sulfide, zinc selenide. Among 
these, indium sulfide and zinc sulfide appear to be good candidates. However the best 
layers are in fact hydroxosulfide films of indium [ 1 151 or zinc [ 1 171 which lead to 
efficiencies approching those of CdS layers. 

In addition, the use of CBD CdS in cells for spatial applications based on indium 
phosphide single crystals has been reported [247] in a cell with an efficiency of 17.8%. 
The structure was InP/CBD CdS/In203 for which the possibility of epitaxial growth 
of CdS CBD on InP is a favorable factor. 

These recent works show that there are many opportunities for using CBD in 
large area photovoltaics. In the future it is possible that not only window layers but 
also absorber layers will be made by CBD (first attempts have been made to deposit 
CuInSz [104], CuInSe2 [110] and CdTe [94] by CBD), leading to a completely wet 
chemical route which is highly relevant to industrial applications as shown for CdTe 
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cells. Promising results have been obtained by Savadogo and Mandal [248] with 
Schottky barriers on CBD CdSe and Sb2S3 which display efficiencies of 7.2 and 5.5% 
respectively. In the case of antimony trisulfide and cadmium selenide a positive effect 
of the addition of silicotungstic acid in the bath was shown to form passivating 
tungten oxide films on the grain surfaces during annealing. 

7.2 Optoelectronic Devices 

Heterostructures based on III-V compounds ( InP, GaAs, GaInAIAs, GaInAsP) are 
very important in the field of high frequency optoelectronic devices. Interface chem- 
istry control is a key point for device quality and reliability. III-V compounds have 
highly reactive surfaces leading to an easy formation of vacancies for instance which 
are detrimental to the electronical characteristics. To solve these problems passiva- 
tion treatments are needed. Classical treatments are based on vapor phase reactions 
or other wet procedures like chemical oxidation or ammonium sulfide treatments. 

Recently Vaccaro et al. [15, 2491 found that chemical bath deposition is also an 
effective method to passivate metal insulator semiconductor (MIS) devices based on 
InP. They showed that deposition of a very thin CdS layer from an ammonia bath (2 nm) 
between InP and SiO2 lead to spectacular improvement in the electrical properties of 
the devices. The reason was attributed to a reduction by at least one order of mag- 
nitude of the interface state density at the InP surface as compared to the reference 
structure. They show that the CBD deposition leads to a reduction of the phophorus 
vacancies densities at the interface and also to elimination of residual oxides. 

In subsequent papers [250] they extend the use of CBD to passivate the surface of 
InAlAs/InGaAs high electron mobility transistors ( HEMTs) and metal-semiconductor- 
metal (MSM) photodetectors with a spectacular improvement of the drain-to-gate 
current ratio in the first case (8 x lo4) and a reduction of dark current by three 
orders of magnitude in the second case. These results may be a consequence of the 
fact that contrary to other treatments the device is made by building a new layer on 
a preserved or even in situ chemically treated surface, instead of a surface chemical 
treatment only which may also perturb the near surface region. 

In the area of luminescent devices, chemical deposition seems to be a promising 
technique. Attempts are made to use transparent CBD layers for contacting light 
emitting porous silicon. Thanks to the liquid environment, the reactants are allowed 
to penetrate and fill the pores such as for CdS in p type porous silicon [251]. Lumine- 
scence may also be produced by the CBD layer itself such as for CdSe [76, 79, 2521. 
New applications may arise from using nanocrystalline films where quantum size 
effects allow to modify the wavelength of the luminescence peak [76, 2521. 

7.3 Photodetectors 

The fabrication of infra-red photodetectors, based on photoconducting properties, 
has been the first industrial application of chemically deposited films with PbS and 
PbSe [3] and is still in use for this application. During this time, many candidates for 
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specific photoconductive applications have emerged from chemical bath deposi- 
tion studies. Materials which display the highest possible conductivity ratio between 
illumination and dark are needed. In this case contrary to the case of photovoltaic 
applications the objective is to prepare very resistive films. Chemically deposited films 
are naturally more likely very resistive. Ternary sulfide CdPbS [97] and HgPbS [105, 
1061 allow for further adaption of the wavelength range in the infra-red region by 
changing the alloy composition. 

Many investigations are presently carried out on wide gap photodetectors like 
CdS [253], Cd,Znl-,S [loll, CdSe [254]. Nair et al. [253] report light-to dark- 
conductivity ratio as high as lo9 for CdS films (with a conductivity value of 3 E' cm-' 
under white light 300 mW.cmP2). The characteristics depend on deposition condi- 
tions, and the decay time varies from a few seconds to a few hours by simply chang- 
ing the deposition temperature. Similar trends were recently reported with changing 
the impurity content in the film via the thiourea concentration [44]. For Cd,Znl-,S 
[loll ratio up to lo6 are reported. Improvements are observed after doping the films 
with fluoride, lanthanum and neodynium ions in the bath. Emerging CBD materials 
are [23], CuBiS2 [102], Sb2S3 [62] and BizSe3 [72] (Bismuth selenide is also 
interesting for its thermoelectric properties). 

7.4 Solar control coatings for architectural or vehicle glazing 

Glass covered with specific optical coatings is needed in architecture and in transport. 
As an example in warm countries, coatings which transmit visible light and reflect 
infrared light with low thermal emittance are needed. As in photovoltaics, large area 
processing at low cost is an important aspect, and chemical bath deposition is well 
suited to satisfy these requirements. Studies are carried out in this direction by P. K. 
and M. K. S. Nair et a1 [23, 47, 57, 581 with the deposition of lead sulfide [58] and 
copper sulfide [47] films. Copper sulfide present excellent characteristics [47]. These 
optical characteristics result from the semiconducting properties of the films, which 
possess a direct band gap of about 2.5 eV, allowing the transmission of visible light 
for wavelengths higher than 0.4 pm while the decrease in transmission from 0.7 pm is 
due to the absorption from free carriers (the material is degenerate p-type). The films 
display reflection colors from light purple to greenish blue when the thickness 
increases from 0.16 to 0.24 pm. Other materials or combination of materials are 
currently investigated like Cu3BiS3 [ 1031, SnS-Cu,S [255] Cu,S-PbS [58, 2561 in 
order to improve the characteristics and stability of the films. 

Chemical deposition can be anticipated for photothermal conversion applications 
in architecture. Nair et al. have also proposed the use of cuprous sulfide for this 
objective [47]. 

7.5 Photoelectrochemical Applications 

The possibility of using chemically deposited films in photoelectrochemistry has been 
demonstrated for CdSe [74]. The repetition of individual chemical bath deposition 
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sequences allows preparation of thick films up to 3 pm on Ti. After annealing treat- 
ment, the films present good photoelectrochemical properties as n-type semiconduc- 
tors and have been used in a photoelectrochemical cell based on the sulfide poly- 
sulfide redox couple. Under illumination (AM 1 95 mW.cm-2) the photocurrent 
density was close to 20 mA.cm-2 and the open circuit voltage was 0.7 V. Due to a 
low fill factor, the efficiency was limited to about 6.7%0, but significantly higher values 
should be possible after optimization studies. Photoelectrochemical cells based on 
nanocrystalline chemically deposited films of CdSe have been also reported [76]. 

7.6 Other Applications 

Chemically deposited non stoichiometric cuprous sulfide films (Cul.8s) have been 
used as conducting layers as reported by Grozdanov et al. [50]. The films, deposited 
at 40 "C, present a resistivity of 2.lOP3 Q.cm. In addition they present optical trans- 
mission values between 50 and 70% in the visible range for a 0.12 pm thick film. 
These properties have been used for ohmic contacts to ferroelectric films and trans- 
parent conducting coatings on polymers. These films can also be used as chemical 
sensors for Cu2+ ions. Note that due to the low deposition temperature polymer 
substrates can be used [61]. 

8 Conclusion 

In this paper we have tried to present the chemical and mechanistic aspects of 
chemical bath deposition of chalcogenide compounds as they appear both in the 
recent literature and also in older studies dealing with hydrolysis of chalcogenide 
precursors. A better account of these aspects gives clues to understanding the prop- 
erties of the films such as the dependence of composition on solution composition 
and competitive precipitation processes, and the dependence of structure on compe- 
tition between atom-by-atom and colloidal growth deposition mechanisms. 

A special focus has been then given to structural properties and the open chal- 
lenge concerning epitaxial growth of CBD films, which appears as another case of 
Chemical single Crystal Routes from solutions recently highlighted [257]. It appears 
that this technique offers many possibilities in thls area which have been not yet 
explored. Important efforts have still to be made to increase the quality of the 
CBD epitaxial films to the level of vapor phase films, in order to get all the benefits 
from a unique deposition process at low temperatures. A better control of deposition 
chemistry in combination with surface chemistry of single crystals is an important 
aspect. 

In the last section we have indicated the main present applications of chemically 
deposited films. Some of them like photoconductors have been established for a long 
time while others only emerged recently, as is the case for photovoltaic applications. 
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We can anticipate that in the near future, chemical deposition will not only concern 
window layers but also absorber layers, i.e. small band gap semiconductors (Eg = 
1 - 1.5 eV). There are many options for this type of material among sulfide and telluride 
compounds. Other large area applications or new developments are expected in the 
area of glass coatings such as large area electrochromic devices prepared by CBD. In 
addition, applications in microelectronics have recently emerged for 111-V devices. It 
is clear that, owing to intrinsic qualities of the CBD technique in terms of passivating 
properties, further developments will also appear in this area. It may be the chemi- 
cally deposited part which will also become a more active functional component, 
based on specific luminescence or electroluminescence properties, and that coupling 
with chemical sensors is possible. It is interesting to note that low dimensional struc- 
tures can be made by CBD, such as quantum sized films where the optical properties 
are controlled by the grain size of the material. Films with spatially modulated 
composition and structure (in 2D and 3D) may be new materials efficiently prepared 
by CBD techniques allowing for instance an improved control of the deposition at 
the monolayer level, by using flowing solutions for instance [36]. Some weak points 
which are still associated with CBD concern the thickness range, especially towards 
thick films and the lack of understanding and control of the electrial properties as 
compared to their vapor phase homologues. 

Looking to the present status of this technique it appears that it is mainly re- 
stricted to aqueous solutions and a limited number of precursors especially for the 
chalcogenide atoms. The use of non aqueous solutions ( THF, toluene) with aIterna- 
tive precursors, as reviewed by Rouxel [258] for the homogeneous precipitation of 
low-dimensional chalcogenides (TiS2, MoS2, WS2, Cr2S3, NiTe etc.) may open new 
routes for film formation by non aqueous-CBD. In addition to chalcogenides, non 
aqueous solvents also offer the possibility to extend the method to the preparation of 
111-V compounds films [259]. 

9 References 

1. J .  Emerson-Reynolds, J. Chem. Soc. 45, 162 (1884). 
2. Y. Okinaka, T. Osaka in: Advances in Electrochemical Science and Engineering, H. 

3. D. E. Bode in: Physics of Thin Films, G. Hass and R. E. Thun (ed.), (1966), Vol. 3, 

4. J. Bloem, Appl. Sci. Res. B 6, 92 (1956). 
5. R. A. Zingaro, D. 0. Skovlin, J. Electrochem. Soc. 11, 42 (1964). 
6. A. B. Lundin, G. A. Kitaev, Inorg. Mater. 1, 1905 (1965). 
7. G. A. Kitaev, S. G. Mokrushin, A. A. Uritskaya, Colloid J .  USSR, 27, 38 (1965). 
8. M. J. Mangalam, K. Nagaraja Rao, N. Rangarajan, C. V. Suryanarayana, Brit. J. Appl. 

9. G. A. Kitaev , T. S. Terekhova, Russian J. Inorg. Chem. 15, 25 (1970). 

Gerisher and C. W. Tobias (ed.), VCH, Weinheim (1994), Vol. 3, p. 55. 

p. 275. 

Phys. 2, 2, 1643 (1969). 

10. G.A. Kitaev, T. P. Sokolova, Russian J .  Inorg. Chem. 15, 167 (1970). 



228 Daniel Lincot, Michel Froment and Hubert Cachet 

11. K. L. Chopra, R. C. Kainthla, D. K. Pandya, A. P. Thakoor, Phys. Thin Films 12, 167 

12. L. Stolt, J. Hedstrom, J .  Kessler, M. Ruckh, K. Velthaus, H. W. Schock, Appl. Phys. 

13. J. Britt, C. Ferekides, Appl. Phys. Lett. 62, 2851 (1993). 
14. J. Barker, S. P. Binns, D. R. Johnson, R. J .  Marshall, S. Oktik, M. E. Ozsan, M. H. 

Patterson, S. J .  Ransome, S. Roberts, M. Sadeghi, J. Sherborne, A. K. Turner, J .  M. 
Woodcock, Int. J. Solar Energy 12, 79 (1992). 

15. K. Vaccaro, H. M. Dauplaise, A. Davis, S. M. Spaziani, J .  P. Lorenzo, Appl. Phys. Lett. 
67, 527 (1995). 

16. C. D. Lockande, Mater. Chem. Phys. 28, 145 (1991). 
17. S. S. Dhumure, C. D. Lockande, Thin Solid Films 240, 1 (1994). 
18. I .  Grozdanov, Semicond. Sci. Technol. 9, 1235 (1994). 
19. H. Meherzi-Maghraoui, M. Dachraoui, S. Belgacem, K. Buhre, R.  Kunst, P. Cowache, 

20. P. Pramanik, R. N. Bhattacharya, J. Electrochem. SOC. 127,2087 (1980). 
21. R. N. Battacharya, P. Pramanik, J. Electrochem. SOC. 129, 332 (1982). 
22. S. Biswas, A. Mondal, D. Mukherjee, P. Pramanik, J. Electrochem. SOC. 133, 8 (1986). 

(1982). 

Lett. 62, 597 (1993). 

D. Lincot, Thin Solid Films 288, 217 (1996). 

23. M. T. S. Nair, P. K. Nair, Semicond. Sci. Technol. 5, 1225 (1990). 
24. L. Huang, R. A. Zingaro, E. A. Meyers, M. T. S. Nair, T. S. Nair, Phosphorus 

25. I. Kaur, D. K. Pandya, K. L. Chopra, J. Electrochem. SOC. 127, 943 (1980). 
26. W. J .  Danaher, L. E. Lyons, G. C. Morris, Solar Energy Mater. Solar Cells 

27. M. T. S. Nair, P. K. Nair, J. Campos, Thin Solid Films 161, 21 (1988). 
28. H. Uda, S. Ikegami, H. Sonomura, Japanese J. Appl. Phys. 29, 30 (1990). 
29. V. N. Semenov, J. Appl. Chem. 64, 159 (1991). 

and Silicon 103, 77 (1995). 

(1985). 

Sulfur 

2, 137 

30. D. Lincot, R. Ortega-Borges, J. Electrochem. SOC. 139, 1880 (1992). 
31. J.M. Doiia, J .  Herrero, J. Electrochem. SOC. 139, 2810 (1992). 
32. T. L. Chu, S. S. Chu, N. Schultz, C. Wang, C. Q. Wu, J .  Electrochem. SOC. 139, 2443 

33. B. R. Lanning, J .  H. Armstrong, Int. J. Solar Energy 12, 247 (1992). 
34. R. Ortega-Borges, D. Lincot, J. Electrochem. SOC. 140, 3464 (1993). 
35. P. C. Rieke, S. B. Bentjen, Chem. Mater. 5, 43 (1993). 
36. K. Ito and K. Shiraishi, Solar Energy Mater. Solar Cells 35, 179 (1994). 
37. T. Nakanishi, K. Ito, Solar Energy Mater. Solar Cells 35, 171 (1994). 
38. L. Hernandez, 0. de Melo, 0. Zelaya-Angel, R. Lozada-Morales, J. Electrochem. SOC. 

39. K. Ito, T. Tamaru, J. Mat. Sci. Lett. 13, 893 (1994). 
40. N. Andriskos, A. J. Karabelas, J. Colloid Interface Sci. 165, 301 (1994). 
41. S. Gorer, G. Hodes, J. Phys. Chem. 98, 5338 (1994). 
42. P. O’Brien, T. Saeed, J. Crystal Growth 158, 497 (1996). 
43. I .  0. Oladeji, L. Chow, J. Electrochem. SOC. 144, 2342 (1997). 
44. a- A. Kylner, J. Lindgren, L. Stolt, J .  Electrochem. SOC. 143, 2662 (1996). 

(1992). 

141, 3238 (1994). 

b- D. W. Niles, G. Herdt, M. Al-Jassim, J. Appl. Phys. 81, 1978 (1997). 
c- A. Kylner, E. Niemi, 15th E.C. Photovoltaic Solar Energy Conf., (1997), to be pub- 
lished. 

45. M. Froment, D. Lincot, Electrochim. Acta 40, 1293 (1995) 
46. P. K. Basu, P. Pramanik, J. Mater. Sci. Lett. 5, 1216 (1986). 
47. M. T. S. Nair, P. K. Nair, Semicond. Sci. Technol. 4, 191 (1989); ibid 4, 99 (1989). 
48. A. J. Varkey, Solar Energy Mater. Solar Cells 19, 415 (1989). 



Chemical Deposition of Chalcogenide Thin Films from Solution 229 

49. I. Grozdanov, C. K. Barlingay, S. K. Dey, M. Ristov, M. Najdoski, Thin Solid Films 

50. I. Grozdanov, C .  K. Barlingay, S. K.  Dey, Mater. Lett. 23, 181 (1995). 
51. G. A. Kitaev, V. I. Dvoinin, A. V. Ust’yantseva, M. N.  Belyaeva, L. G. Skornyakov, 

52. T. Yoshida, K. Yamaguchi, H. Toyodd, K. Akao, T. Sugiura, H. Minoura, Y. Nasaka, 

53. P. Pramanik, M. A. Akhter, P. K. Basu, Thin Solid Films 158, 271 (1988). 
54. P. Pramanik, S. Biswas, J. Solid State Chem. 65, L45 (1986). 
5 5 .  J. L. Davis, M. K. Norr, J. Appl. Phys., 37, 1670 (1966). 
56. H. Rahnamai, H .  J.  Gray, J. N. Zemel, Thin Solid Films, 69, 347 (1980). 
57. P. K. Nair, M. T. S. Nair, Semicond. Sci. Technol. 4, 807 (1989). 
58. P. K. Nair, M. T. S. Nair, A. Fernandez, M. Ocampo, J. Phys. D: Appl. Phys. 22, 829 

59. M. Isshiki, T. Endo, K. Masumoto, Y. Usui, J. Electrochem. SOC. 137, 2697 (1990). 
60. L. Huang, P. K. Nair, M. T. S. Nair, R. A. Zingaro, E. A. Meyers, J. Electrochem. SOC. 

61. P. Pramanik, S. Bhattacharya, J. Mater. Sci. Lett. 6, 1105 (1987). 
62. 0. Savadogo, K. C. Mandal, Solar Energy Mater. Solar Cells 26, 117 (1992). 
63. P. Pramanik, P. K. Basu, S. Biswas, Thin Solid Films 150, 269 (1987). 
64. R. D. Engelken, H. E. McCloud, C. Lee, M. Slayton, H. Ghoreishi, J. Electrochem. SOC. 

65. M. T. S. Nair, P. K. Nair, Semicond. Sci. Technol. 6, 132 (1991). 
66. A. Mondal, P. Pramanik, Thin Solid Films 110, 65 (1983). 
67. T. G. Leonova, L. F. Bakhturova, V. I. Belyi, S. V. Larionov, N. P. Sysoeva, Inorg. Mat. 

68. R. Ortega-Borges, D. Lincot, J. Vedel, 11 th E.C. Photovoltaic Solar Energy Conf., H. 

69. J. M. Doiia, J. Herrero, J. Electrochem. SOC. 141, 205 (1994). 
70. B. Mokili, M. Froment, D. Lincot, J. Physique IV, 5, 26 (1995). 
71. P. Pramanik, R. N. Battacharya, A. Mondal, J. Electrochem. SOC., 127, 1857 (1980). 
72. V. M. Garcia, M. T. S. Nair, P. K. Nair, R. A. Zingaro, Semicond. Sci. Technol. 12, 645 

73. R. C. Kainthla, D. K. Pandya, K. L. Chopra, J. Electrochem. SOC. 127, 277 (1980). 
74. R. A. Boudreau and R. D. Rauh, J. Electrochem. SOC. 130, 513 (1983). 
75. A. Mondal, T. K. Chaudhuri, P. Pramanik, Solar Energy Mater. Solar Cells 7,431 (1983). 
76. G. Hodes, A. Albu-Yaron, F. Decker, P. Motisuke, Phys. Rev. B 36, 4212 (1987). 
77. A. H. Eid, S. Mahmoud, J. Mat. Sci. Lett. 11, 937 (1992). 
78. 0. Savadogo, K.C. Mandal, Mater. Chem. Phys. 31, 301 (1992). 
79. J. M. Gracia-Jimenez, G. Martinez-Montes, R. Silva-Gonzalez, J. Electrochem. SOC. 139, 

80. H. Cachet, H. Essaaidi, M. Froment, G. Maurin, J. Electroanal. Chem. 396, 75 (1995). 
81. H. Cachet, M. Froment, G. Maurin, J. Electroanal. Chem. 406, 239 (1996). 
82. P. Pramanik, S. Bhattacharya, P. K. Basu, Thin Solid Films 149, L81 (1987). 
83. G. K. Padam, Thin Solid Films 150, L89 (1987). 
84. C. Levy-Cltment, M. Neumdnn-Spallart, S. K. Haram, K. S. V. Santhanam, Thin Solid 

85. S. Gorer, A. Albu-Yaron, G. Hodes, Chem. Mater. 7, 1243 (1995). 
86. S .  Gorer, A. Albu-Yaron, G. Hodes, J. Phys. Chem. 99, 16442 (1995). 
87. R. N. Bhattacharya, P. Pramanik, Solar Energy Mater. Solar Cells 6, 317 (1982). 
88. R.  N. Bhattacharya, P. Pramanik, Bull. Mater. Sci. 3, 403 (1981). 

250, 67 (1994). 

Inorg. Mater. 12, 1448 (1976). 

Electrochemical SOC. Proc. 97- 20, 37 (1997). 

(1989). 

141, 2536 (1994). 

134, 2696 (1987). 

27, 1745 (1991). 

Stephens & Associates, Bedford (1 992) , p. 862. 

(1997). 

2048 (1992). 

Films 302, 12 (1997). 



230 Daniel Lincot, Michel Froment and Hubert Cachet 

89. P. Pramanik, S. Bhattacharya, J .  Mater. Sci. Lett. 7, 1305 (1988). 
90. G. A. Kitaev, P. T. Sokolova, Russian J .  Inorg. Chem. 15, 167 (1970). 
91. P. Pramanik, S. Biswas, J .  Electrochem. SOC. 133, 350 (1986). 
92. C. A. Estrada, P. K. Nair, M. T. S. Nair, R. A. Zingaro, E. A, Meyers, J. Electrochem. 

93. J .  M. Dofia, J. Herrero, J. Electrochem. SOC. 142, 764 (1995). 
94. R. W. Buckley, 1 Ith E.C. Photovoltaic Solar Energy Conf., H .  Stephens & Associates, 

95. M. A. Berchenko, A. I .  Belyaev, Russian J. Inorg. Chem. 15, 1034 (1970). 
96. R. D. Mukhamed’yarov, G. A. Kitaev, V. M. Markova, V. I .  Stuk, Inorg. Mater. 17, 

97. G. A. Kitaev, V. F. Markov, L. N. Maskaeva, L. E. Vasyunina, I .  V. Shilova, Inorg. 

98. G. K. Padam, G. L. Malhotra, S. U. Rao, J. Appl. Phys. 63, 770 (1988). 
99. J. M. Dofia, J. Herrero, Thin Solid Films 268, 5 (1995). 

SOC. 141, 802 (1994). 

Bedford (1991), p. 962. 

1282 (1981). 

Mater. 26, 202 (1990). 

100. T. Yamaguschi, Y. Yamamoto, T. Tanaka, Y. Demizu, A. Yoshida, Thin Solid Films 

101. a) S. Sushma Shrivastava, S. Bhushan, Indian J .  Pure Appl. Phys. 34, 106 (1996). 

102. L. P. Deshmukh, D. S. Sutrave, B. M. More, C. B. Rotti, K. M. Garadkar, Semicon- 

103. P. K. Nair, L. Huang, M. T. S .  Nair, H. Hu, E. A. Meyers, R. A. Zingaro, J. Mater. Res. 

104. G. K. Padam, S. U. M. Rao, Solar Energy Mater. Solar Cells 13, 297 (1986). 
105. N. C. Sharma, D. K Pandhya, H. K. Sehgal, K. L. Chopra, Mat. Res. Bull. 11, 1109 

106. N. C. Sharma, D. K. Pandhya, H. K. Sehgal, K. L. Chopra, Thin Solid Films 59, 157 

107. R. K. Pandey, A. J. N. Rooz, S. K. Kuljarni, Semicond. Sci. Techno]. 3, 729 (1988). 
108. R. K. Pandey, A. J. N Rooz, R. B. Gore, Semicond. Sci. Techno]. 3, 733 (1988). 
109. K. C. Sharma, J .  C. Karg, J. Phys. D: Appl. Phys. 23, 141 1 (1990). 
110. R. N. Bhattacharya, J. Electrochem. SOC. 130, 2040 (1983). 
1 1  1. J. C. Garg, R. P. Sharma, K. C. Sharma, Thin Solid Films 164, 269 (1988). 
112. R. C. Kainthla, D. K. Pandya, K. L. Chopra, J .  Electrochem. SOC., 129, 99 (1982). 
113. L. P. Desmukh, G. S. Shahane, C. B. Rotti, S. G. Holikatti, P. P. Hankare, Semi- 

conductor Devices 388 (1996). 
114. G. N. Chaudhari, S. N. Sardesai, S. D. Sathaye, V. J. Rao, J. Mater. Sci. 27, 4647 

( 1992). 
115. D. Hariskos, R. Heberholz, M. Ruckh, U. Ruhle, T. Walter, H. W. Schock, Proc. 1st 

World Conf. Photovoltaic Energy Conversion, (1994), p. 91. 
116. D. Hariskos, R. Herberholz, M. Ruckh, U. Riihle, R. Schaffler, H. W. Schock, in: 13th 

E.C. Photovoltaic Solar Energy Conf., H. Stephens & Associates, Bedford, (1993, 
p. 1899. 

117. K. Kushiya, T. Nii, I. Sugiyama, Y. Sato, Y. Inamori, H. Takeshita, Jap. J. Appl. Phys. 
35, 4383 (1996). 

118. B. Mokili, Y. Charreire, R. Cortes, D. Lincot, Thin Solid Films 288, 21 (1996). 
119. A. N. Nielsen, in: Kinetics of Precipitation, Pergamon Press, (1964). 
120. R. J. Hunter, in: Fondations of Colloid Science, Oxford University Press, Vol. 2, 

121. A. E. D. M. van deHeijden and G. M. van Rosmalen, in: Industrial Mass Crystallisation 

122. J. Jolivet, in: De la Solution 

281-282, 375 (1996). 

b) S. Sushma Shrivastava, S. Bhushan, Indian J. Phys. 70A, 487 (1996). 

ductor Devices, 421 (1996). 

12, 651 (1997). 

(1976). 

(1979). 

(1989). 

Handbook of Crystal Growth, D. J. Hurle ed., Chap. 7, (1994). p. 315. 
I’Oxyde, CNRS Editions, (1994). 



Chemical Deposition of Chalcogenide Thin Films from Solution 23 1 

123. V. K. La Mer and R. H. Dinegar, J. Amer. Chem. SOC. 72, 4847 (1950). 
124. R. Kern, Bull. Miner. 101, 202 (1978). 
125. 0. Knacke, 0. Kubaschewski, K. Hesselmann, in: Thermochemical Properties of 

126. A. J. Bard, R. Parsons, J .  Jordan, in: Standard potentials in aqueous solutions, Marcel 

127. A. Ringbom, in: Complexation in Analytical Chemistry, Interscience, ( 1963). 
128. B. Tremillon, in: Reactions in Solutions, An Applied Analytical Approach, John Wiley 

129. G. A. Kitaev, A. A. Uritskaya, L. E. Yatlova, T. S. Terekhova, T. I .  Dzyuba, Russian J. 

130. W. H. Shaw, D. G. Walker, J. Am. Chem. SOC. 78, 5769 (1956). 
131. G. Marcotrigiano, G. Peyronel, R. Battistuzzi, J. Chem. SOC. Perkin 11, 1539 (1972). 
132. G. A. Kitaev, I. T. Romanov, Khim. Technol. 17, 1427 (1974). 
133. E. Swift, E. A. Butler, Anal. Chem. 28, 146 (1956). 
134. Battistuzzi, G. Marcotrigiano, G. Peyronel, J. Chem. SOC. Perkin I1 169 (1975). 
135. G. A. Kitaev, Y. N. Makurin, V. I. Dvoinin, Russian J. Phys. Chem. 50, 1828 (1976). 
136. G.  A. Kitaev, Y. N. Makurin, V. I.  Dvoinin, V. R. Mirolyubov, ibid 49, 590 (1975), ibid 

137. L. P. Hammett, in: Physical Organic Chemistry, McGraw-Hill Inc., (1940), p. 340. 

138. G. A. Kitaev, I. T. Pomanov, in russian (1975). 
139. R. A. Zingaro, F. C. Bennett, G. W. Hammar, J. Organ. Chem. 18, 292 (1953). 
140. N. D. Betenekov, V. P. Medvedev, G. A. Kitaev, Soviet Radiochem. 20, 369 (1978). 
141. I. K. Ostrovskaya, G. A. Kitaev, A. A. Velikanov, Russian J. Physical Chem. 50, 956 

142. G. A. Kitaev, T. P. Bol’shchikova, L. E. Yatkovla, Russian J. Inorg. Chem. 16, 1683 

143. D. Lincot, J. Vedel, in 10th E.C. Photovoltaic Solar Energy Conf., H. Stephens & Asso- 

144. M. D. Ward, D. A. Buttry, Science 249, 1000 (1990) and references therein. 
145. C. Gabrielli, M. Keddam, R. Torresi, J. Electrochem. SOC. 138, 2657 (1991). 
146. S. Bruckenstein, M. Shay, J. Electroanal. Chem. 188, 131 (1985). 
147. H. Cachet, R. Cortks, M. Froment, G.  Maurin, N. Shramchenko, J. Electrochem. SOC., 

148. M. D. Ward, in: Physical Electrochemistry. Principles, methods and applications., 

149. G.  Sauerbrey, Z. Phys. 155, 206 (1959). 
150. S. J. Martin, G. C. Frye, A. J. Ricco, S. D. Senturia, Anal. Chem. 65, 2910 (1993). 
151. S. Bruckenstein, K. C. Kanige, A. R. Hillman, J. Appl. Electrochem. 26, 171 (1996). 
152. H. E. Hager, R. D. Ruediselli, M. E. Buehler, N.A.C.E. 42, 345 (1986). 
153. H. Cachet, M. Froment, F. Zenia, J. Electrochem. SOC. 143, 442 (1996). 
154. G. Folcher, H. Cachet, M. Froment, J. Bruneaux, Thin Solid Films 301, 242 (1997). 
155. M. Y. Abyaneh, M. Fleischmann, J. Electrochem. SOC. 138, 2491 (1991). 
156. M. Fleischmann, H. R. Thirsk, in Advances in Electrochemistry and Electrochemical 

157. C. Gabrielli, in: Physical Electrochemistry. Principles, methods and applications, I .  Ru- 

158. M. Avrami, J. Chem. Phys. 7, 1103 (1939); ibid 8, 210 (1940). 
159. A. Kitaev, S. G. Mokrushin, A. A. Uritskaya, Colloid. J. USSR 27, 38 (1965). 
160. L. Reimer, in: Scanning Electron Microscopy, Springer Series in Optical Sciences, Physics 

of Image Formation and Microanalysis, Springer Verlag, (1985), Vol45. 

Inorganic Substance, Springer Verlag, ( 1991). 

Dekker Inc., (1985). 

and Sons, (1997). 

Inorg. Chem. 35, 1744 (1990). 

51, 51 (1977). 

References cited. 

(1976). 

(1971). 

ciates, Bedford (1991), p. 931. 

144, 3583 (1997) 

I. Rubinstein and M. Dekker (ed.), New-York (1999, Ch. 7, p. 293. 

Engineering, P. Delahay (ed.), Interscience, New York (1963), Vol. 3, p. 123. 

binstein and M. Dekker (ed.), New-York (1999, Ch. 6, p. 243. 



232 Daniel Lincot. Michel Froment and Hubert Cachet 

161. D. E. Newbury, D. C. Joy, P. Echlin, C. E. Fiori, J. I. Goldstein, in: Advanced Scanning 
Electron Microscopy and X-Ray Analysis, Plenum Press, New York (1986). 

162. E. Budevski, G. Staikov, W. J. Lorentz, in: Electrochemical Phase Formation and 
Growth, VCH, Weinheim, New York (1996). 

163. P. Allongue, in: Scanning Tunneling Microscopy of Semiconductor Electrodes. Advances 
in Electrochemical Science and Engineering, H. Gerisher and C. Tobias (ed.), VCH, 
Weinheim, New York (199.5), vol 4, p. 62. 

164. E. Budevski, G. Staikov, W. J. Lorentz, in: Electrochemical Phase Formation and 
Growth, VCH, Weinheim, New York (1996), p. 75-76. 

165. U. Demir, C. Shannon, Langmuir 10, 2794 (1994). 
166. P. Facci, V. Erokhin, A. Tronin, C1. Nicolini, J. Phys. Chem 98, 13323 (1994). 
167. H. P. Klug, L. E. Alexander, in: X-Ray diffraction procedures for polycrystalline and 

168. N. Itoh, Appl. Phys. Lett. 62, 690 (1993). 
169. M. A. G. Halliwell, Appl. Phys. A 58, 135 (1994). 
170. M. Froment, M. C. Bernard, R. Cortes, B. Mokili, D. Lincot, J. Electrochem. SOC. 42, 

171. M. H. Loretto, in: Electron Beam Analysis of Materials, Chapman and Hall, London 

172. S. Andrieu, P. Frechard, Surf. Sci. 360, 289 (1996). 
173. J. I. Harris, B. A. Joyce, P. J. Dobson, Surf. Sci. 103, L90 (1981). 
174. A. Hirsh, A. Howie, R. Nicolson, D. W. Plashley, M. J. Whelan, in: Electron Micro- 

scopy of Thin crystals, Buttenvorths, London (1985). 
175. M. Froment, D. Lincot, Electrochim. Acta 40, 1293 (1995). 
176. P. J. Goodhew, in: Thin Foil Preparation for Electron Microscopy, Practical methods in 

177. P. B. Buseck, J. Cowley, L. Eyring. in: High Resolution Transmission Electron Micro- 

178. J. Echigoya, P. Pirouz, J. W. Edington, Phil. Mag. A 45, 455 (1982). 
179. R. Hillebrand, H. Hofmeister, K.  Scheerschmidt, J. Heidenreich, Ultramicroscopy 49, 

180. S. J. Pennycook, D. E. Jesson, A. J. McGibbon, P. D. Nellist, J. Electron. Microsc. 4.5, 36 

18 1. B. Jouffrey, C. Colliex, in: Electron Microscopy 1994, Interdisciplinary Developments 

182. S. N. Sahu, J. Mater. Sci. Mater. Electron. 6, 41 (1995). 
183. H. H. Hu, P. K. Nair, J. Crystal Growth 152, 1.50 (1995). 
184. 0. Zelaya-Angel, A. E. Esparza-Garcia, C. Falcony R. Lozada-Morales, R. Ramirez- 

185. R. J. Bandaranayake, G. W. Wen, J. Y .  Lin, H. X. Jiang, C. M. Sorensen, Appl. Phys. 

186. D. Manno, R. Cingolani, L. Vasarelli, in: Electron Microscopy 1994, Editions de Phy- 

187. D. Bhattacharya, M. J. Carter, Thin Solid Films 288, 176 (1996). 
188. D. Lincot, R. Ortega-Borges, M. Froment, Phil. Mag. B 68, 185 (1993). 
189. D. Lincot, B. Mokili, M. Froment, R. Cortes, M. C. Bernard, C. Witz, J. Lafait, J. Phys. 

190. T. Vossmeyer, L. Katsikas, M. Giersig, I .  Popovic, K. Diesner, A. Chemseddine, A. 

191. A. L. Rogah, L. Katsikas, A. Kornowski, Dangsheng Su, A. Eychmiiller, H. Weller, Ber. 

amorphous materials, John Wiley and Sons, New York (1974). 

2642 (1995). 

( 1994). 

Electron Microscopy, A. M. Glauert ed, Elsevier, Amsterdam (1985), Vol. 1 1. 

scopy and Associated Techniques, Oxford University Press, ( 1988). 

252 (1993). 

(1996). 

and Tools, Les Ulis (1994), Les editions de Physique, Vol. 1. 

Bon, Solid State Comm. 94, 81 (1995). 

Lett. 67, 831 (1995). 

sique, Les Ulis (1994), Vol. I ,  p. 977. 

Chem. B 101, 2174 (1997). 

Eychmiiller, H. Weller, J. Phys. Chem. 98. 7665 (1994). 

Bunsenges. Phys. Chem. 100, 1772 (1996). 



Chemical Deposition of Chalcogenide Thin Films from Solution 233 

192. M. E. Ozsan, D. R. Johnson, S. Oktik, M. H. Patterson, in 12th E.C. Solar Energy Conf., 
H. Stephens & Associates, Bedford (1994), p. 1604. 

193. M. E. Ozsan, D. R. Johnson, M. Sadeghi, D. Sivapathasundaram, G. Goodlet, M. J. 
Furlong, L. M. Peter, A. A Shingleton, J. Mater. Sci. Mater. Electron. 7, 119 (1996). 

194. C.-Y. Yeh, Z. W. Lu, S. Froyen, A. Zunger, Phys. Rev. B 46, 10086 (1992). 
195. W. F. Knippenberg, Philips Res. Rep. 18, 161 (1963). 
196. G. E. Engel, J. Phys: Condens. Matter 2, 6905 (1990). 
197. M. T. S. Nair, P. K. Nair, H. M. K. K. Pathirana, R. A. Zingaro, E. A. Meyers, J. 

198. 0. de Melo, L. Hernandez, 0. Zelaya-Angel, R. Lozada-Morales, M. Becerril, E. Vasco, 

199. P. J. Sebastian, Appl. Phys. Lett. 62, 2956 (1993). 
200. 0. Zelaya-Angel, L. Hernandez, 0. de Melo, R. Lozada-Morales, C. Falcony, H. Vargas, 

201. S. A. Tomas, 0. Vigil, J .  J. Alvarado-Morales, 0. Zelaya-Angel, H. Vargas, A. Ferreira 

202. R. Lozada-Morales, 0. Zelaya-Angel, Thin Solid Films 281, 386 (1996). 
203. M. Froment, H. Cachet, H. Essaaidi, G. Maurin, Pure Appl. Chem. 69, 77 (1997). 
204. M. A. Herman, Thin Solid Films 267, 1 (1995). 
205. D. R. T. Zhan, C. Maierhofer, A. Winter, M. Reckziigel, R Srama, A. Thomas, K .  

206. K. Sinha, J Menendez, D. W. Niles, H. Hochst, J. Vac. Sci. Technol. B9, 2202 (1991). 
207. T. Tadokoro, S. I .  Ohta, T. Ishiguro. Y. Ichinose, S. Kobayashi, N. Yamamoto, J. 

208. W. M. Yim, E. J. Stotlo, J. Electrochem. SOC. 119, 381 (1972). 
209. M. P. Halsall, J .  J Davies, J. E. Nicholls, B. Cockayne, P. J. Wright, J. Crystal Growth 

210. T. F. Kuech, N. R. Perkins, J .  Crystal Growth 166, 558 (1996). 
21 1 .  J. W. McCamy, D. H. Lowndes, J. D. Budai, R. A. Zuhr, Xiao Zhang, J. Appl. Phys. 73, 

212. W. P. Shen, H. S. Kwok, Appl. Phys. Lett. 65, 2162 (1994). 
213. B. W. Gregory, J. L. Stickney, J Electroanal. Chem. 300, 543 (1991). 
214. B. M. Huang, L. P. Colletti, B. W. Gregory, J. L. Anderson, J. L. Stickney, J. Electro- 

215. Y. F. Nicolau, M. Dupuy, M. Brunel, J. Electrochem. SOC. 137, 2915 (1990). 
216. S. Lindroos, T. Kanniainen, M. Leskela, Appl. Surf. Sci. 75, 70 (1994). 
217. G.  Hodes, in: Physical Electrochemistry, I. Rubinstein (ed.), Dekker New York (1995), 

218. Y. Golan, L. Margulis, G. Hodes, I .  Rubinstein, J. L. Hutchison, Surf. Sci. 31 I ,  L633 

219. Y. Golan, G. Hodes, I. Rubinstein, J. Phys. Chem. 100, 2220 (1996). 
220. D. Lincot, A. Kampmann, B. Mokili, J. Vedel, R. Cortes, M. Froment, Appl. Phys. Lett. 

221. H. Cachet, R. Cortes, M. Froment, G. Maurin, J. Solid State Electrochem., I ,  100 

222. K. Rajeshwar, Adv. Mater. 4, 23 (1992). 
223. H. Rahnamai, H. J. G.  Ray, J. Nzemec, Thin Solid Films 69, 347 (1980). 
224. D. Lincot, R. Ortega-Borges, M. Froment, Appl. Phys. Lett. 64, 569 (1994). 
225. M. Froment, M. C. Bernard, R. Cortes, B. Mokili, D. Lincot, J .  Electrochem. SOC. 142, 

226. L. Royer, Bull. SOC. Fr. Mineral. Crist. 51, 7 (1928). 

Electrochem. SOC. 140, 2987 (1993). 

Appl. Phys. Lett. 65, 1278 (1994). 

R. Ramirez-Bon, Vacuum 46, 1083 (1995). 

da Silva, J. Appl. Phys. 78, 2204 (1995). 

Horn, W. Richter, J. Vac. Sci. Technol. B9, 2206 (1991). 

Crystal Growth 130, 29 (1993). 

91, 135 (1988). 

7818 (1993). 

chem. SOC. 142, 3007 (1995). 

p. 515. 

(1994). 

67, 2355 (1995). 

(1997). 

2642 (1995). 



234 Daniel Lincot. Michel Froment and Hubert Cachet 

227. J. W. Matthews, in: Epitaxial growth Materials Science Series. Academic Press, New 

228. D. Lincot, B. Mokili, R. Cortes, M. Froment, Microsc. Microanal. Microstruct. 7, 217 

229. M. J. Stowell in: Epitaxial Growth, Materials Science Series. J .  M. Matthews (ed.), 

230. M. A, Arnold, Z. L. Wang, W. Tong, B. K. Wagner, S. Schon, C. J. Summer, Phil. Mag. 

231. A. Ponchet, A. Le Corre, A. Godefroy, S. Salaun, A. Poudoulec, J. Crystal Growth 153, 

232. D. E. Jesson, K .  M. Chen, S. J. Pennycook, MRS Bulletin 31 (1996). 
233. R. Cortes, M. Froment, B. Mokili, D. Lincot, Phil. Mag. Lett. 73, 209 (1996). 
234. J. L. Boone, S. A. Howard, D. D. Martin, G. Cantwell, Thin Solid Films 176, 143 

235. M. Grun, M. Hetterich, U. Giessen, C. Klingshirn, J. Crystal Growth 141, 68 (1994). 
236. T. Tadokoro, S. I .  Ohta, T. Ishiguro, Y. Ichinose, J. Crystal Growth 130, 29 (1993). 
237. E. Budevski, G .  Staikov, W. J. Lorenz, in: Electrochemical Phase Formation and 

238. A. K. Turner, J. M. Woodcock, M. E. Ozsan, J. G. Summers, in 10th E.C. Photovoltaic 

239. M. E. Ozsan, D. R. Johnson, D. W. Lane, K. D. Rogers, in 1 Ith E.C. Photovoltaic Solar 

240. D. Lincot, B. Mokili, Final Report of Eurocis Joule 11 project (1994). 
241. J. R. Tuttle, A. D. Ward, A. Duda, T. A. Berens, M. A. Contreras, K. R. Ramanathan, 

A. L. Tennant, J. Keane, E. D. Cole, K. Emery and R. Noufi, MRS Proc., 426, 143 
(1996). 

242. L. Stolt, K. Granath, E. Niemi, M. Bodegard, J. Hedstrom, S. Bocking, M. Carter, M. 
Burgelman, B. Dimmler, R. Menner, M. Powalla, U. Ruhle, H. W. Schock, in 13th E.C. 
Photovoltaic Solar Energy Conf., H. Stephens & Associates, Bedford (1995), p. 1451. 

243. J. Kessler, K. 0. Velthaus, M. Ruckh, R. Laichinger, H. W. Schock, D. Lincot, R. 
Ortega, J. Vedel. 6th Int. Phot. Sci. Eng. Conf., (1992), p. 1005. 

244. K. Ramanathan, R. N. Bhattacharya, J. Granata, J .  Webb, D. Niles, M. A. Contreras, 
H. Wiesner, F. S. Hasoon, R. Noufi, 26th IEEE PVSC, (1997), to be published. 

245. L. Kronik, L. Burstein, M. Leibovitch, Y. Shapira, D. Gal, E. Moons, J. Beier, G. 
Hodes, D. Cahen, D. Hariskos, R. Klenk, H. W. Schock, Appl. Phys. Lett. 67, 1405 

246. M. J. Furlong, D. Lincot, M. Froment, R. Cortes, A. N. Tiwari, M. Krejci, H. Zogg, in 
14th E.C. Photovoltaic Solar Energy Conf., H. Stephens & Associates, Bedford (1997), 
p. 1291. 

247. S. Saito, Y. Hashimoto, K. Ito, in: Proc. 1st World Conf. Photov. En. Conv., (1994), 
p. 1867. 

248. 0. Savadogo, K .  C. Mandal, J. Electrochem. Soc. 141, 2871 (1994). 
249. H. M. Dauplaise, K. Vaccaro, A. Davis, G. 0. Ramseyer, J. P. Lorenzo, J. Appl. Phys. 

250. K. Vaccaro, A. Davis, H. M. Dauplaise, S. M. Spaziani, E. A. Martin and J. P. Lorenzo, 

251. M. Gros-Jean, R. Herino, D. Lincot, J. Electrochem. SOC. 145, 2448 (1998). 
252. R. Garuthara, G. Levine, J.  Appl. Phys. 80, 401 (1996). 
253. P. K. Nair, J .  Campos, M. T. S. Nair, Semicond. Sci. Technol. 3, 134 (1988). 
254. V. M. Garcia, M. T. S. Nair, P. K. Nair, R. A. Zingaro, Semicond. Sci. Technol. 10, 427 

255. M. T. S. Nair, P. K. Nair, J. Phys. D: Appl. Phys. 24, 450 (1991). 

York (1980). 

(1996). 

Academic Press, New York (1975), p. 437-492. 

A 75, 1209 (1997). 

71 (1995). 

(1989). 

Growth, VCH, Weinheim, New York (1996), p. 1-7. 

Solar Energy Conf., H. Stephens & Associates, Bedford (1991 j ,  p. 791. 

Energy Conf., (1994), p. 1600. 

(1995). 

80, 2873 (1996). 

J. Electron. Mater. 25, 603 (1996). 

(1995). 



Chemical Deposition of Chalcogenide Thin Films from Solution 235 

256. P. K. Nair, M. T. S. Nair, Semicond. Sci. Technol. 4, 807 (1989). 
257. F. F. Lange, Science 273, 903 (1996). 
258. J. Rouxel, in: Advances in the Synthesis and Reactivity of Solids, JAI Press Inc. (ed.), 

259. T. J. Trentler, K. M. Hickman, S. C. Goel, A. M. Viano, P. Gibbons and W. E. Buhro, 
Vol. 2, (1994), pp. 27-91. 

Science 270, 1791 (1995). 



Advances in Electrochemical Science and Engineering 

Edited by Richard C . Alkire and Dieter M . Kolb 
0 WILEY-VCH Verlag GmbH. 1999 

Plasma Engineering 

Demetre J . Economou 

Plasma Processing Laboratory.. Department of Chemical Engineering. 
University of Houston. Houston. TX 77204-4792 

Contents 

I Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 Plasma Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2.1 Sheath Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  
2.2 Potential Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  
2.3 Equivalent Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3.1 Homogeneous Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3.1.1 Electron-Impact Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3.1.3 Heavy-Particle Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3.2 Surface Chemistry . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 Plasma Reactor Configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4.1 Low Plasma Density Reactors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4.2 High Plasma Density Reactors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5 Plasma Modeling and Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5.1 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
5.2 Disparate Length and Time Scales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5.3 Plasma Simulation Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5.4 Reactor Scale Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5.4.1 Fluid Model Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5.4.2 Judicious Approximations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5.4.3 Ambipolar Diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5.4.4 Wafer Heat Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5.4.5 Dimensionless Numbers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5.5 Sheath Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5.6 Microfeature Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5.6.1 Profile Evolution . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  
5.6.2 Aspect Ratio Dependent ..................... 

3 Plasma Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3.1.2 Electron Energy Distribution Function . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  

3.3 Anisotropy Mechanisms . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
e) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6.3 Etching of Aluminum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  

6.6 Plasma Enhanced Chemical Vapor Deposition (PECVD) . . . .  . . . . . . . . . . . . . . . . . . .  

7 Plasma and Surface Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7.1 Plasma Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6.7 Step Coverage . . . .  . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

241 
241 
248 
250 
254 
256 
258 
258 
260 
265 
266 
270 
270 
270 
273 
274 
274 
276 
277 
280 
281 
287 
295 
296 
300 
302 
306 
306 
310 
310 
312 
312 
316 
318 
319 
321 
322 
323 
324 
324 



238 Demetre J .  Economou 

7.1. I Langmuir Probes.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  324 
7.1.2 Optical Emission Spectroscopy (OES). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  326 
7.1.3 Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  326 
7.1.4 Laser Induced Fluorescence ( L I F )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  327 
7. I .5 Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  327 
7. I .6 Retarding Grid Energy Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  328 
7.1.7 Impedance Analysis. . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  328 

7.2 Surface Diagnostics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  329 
8 Plasma vs. Electrochemical Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  329 
9 Concluding Remarks and Future Trends.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  331 

10 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  332 

List of Symbols 

area. m 2  
complex vector potential 
magnetic induction, T 
mean thermal speed of species i, m/s 
capacitance, F 
gas heat capacity a t  constant pressure, J/kg-K 
silicon heat capacity at constant pressure, J/kg-K 
ambipolar diflusion coefficient, m2/s  
diffusion coefficient of species i, m2/s 
Damkohler number 
diffusion coefficient of positive ions, m2/s  
elementary charge, 1.602 lo-’’ C 
electric field, V/m 
activation energy, J/mole or eV 
effective electric field, V/m 
amplitude of electric field. V/m 
etch rate, units vary 
electron velocity distribution function 
electron energy distribution function, eV-’ 
force. N 
heat transfer coefficient for wafer backside cooling, J/m’-K-s 
wafer topside heat transfer coefficient, J/m’-K-s 
energy exchange in electron-neutral collision, eV 
current density due to species i, A/m2 
flux of species i, l/m’-s 
total (kinetic plus internal) energy of species i, eV 
Boltzmann constant, eV or J K-’ 
attachment rate coefficient, m3 s-’ 
dissociation rate coefficient, m3 S K I  

rate coefficient for process i, units vary 
total ionization rate coefficient. m3 s - I  

surface reaction rate coefficient, m s-’  
rate coefficient for volume recombination, mh s-’  
thermal conductivity of species i, J/m-s-K 
Knudsen number 
length scale (m), or inductance, H 
mass of species i, Kg 
number density of species i, m-? 
total gas number density, m-3 



Plasma Engineering 

dopant atom density, m-3 
atom density of silicon, m-3 
pressure, Pa 
Peclet number 
electron energy flux. eV/m2-s 
radial coordinate. m 
electrode radius, m 
wafer radius, m 
resistance ( Q ) ,  or universal gas constant, 8.307 J/mole-K 
Reynolds number 
reaction rate, units vary 
sheath thickness, m 
time, s 
coolant temperature, K 
electron temperature, K or eV 
gas temperature, K 
temperature of species i, K or eV 
substrate temperature, K 
directed (average) velocity, m/s 
gas velocity at the showerhead electrode, m/s 
internal energy of species i, eV 
particle velocity. m/s 
potential, V 
time-average potential of sheath a. h,  V 
floating potential. V 
plasma potential, V 
Cartesian coordinates, m 
sputtering yield 
charge number of species i 

239 

thermal accommodation coefficient 
ratio of heat capacities, C,/C, 
wafer thickness, m 
heat of etching, J/mole 
heat of recombination, J/mole 
energy or electron energy, eV 
permittivity of free space, 8.8542 x lo-'? F/m 
emissivity of silicon 
thermal conductivity of gas, J/m-s-K 
thermal conductivity of silicon, J/m-s-K 
mean free path, m 
Debye length, m 
characteristic diffusion length, m 
free-molecular heat conductivity of chlorine, J/mZ-s-K-Pa 
mobility, m2/V-s 
collision frequency ( l/s), or kinematic viscosity, m2/s 
mass density kg/m' 
collision cross section for process, i, m 2  
Boltzmann constant 
dimensionless time, or characteristic time, s 
Thiele Modulus 
angular frequency, rad s-I 



240 Demetre J. Economou 

Sirhscrip tu 
z ambipolar 
a sheath a 
h sheath b 
B Bohm 
c chemical 
e electrons 
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or volume recombination 
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Abbreviations 
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AMS 
ARDE 
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R E D  
R F  
RIE 
SOG 
STM 
TCAD 
TEOS 
XPS 
ULSI 
uv 

Radical Energy Distribution 
Radio Frequency 
Reactive Ion Etching 
Spin-on Glass 
Scanning Tunneling Microscopy 
Technology Computer-Aided Design 
Tetraethoxysilane 
X-Ray Photoelectron Spectroscopy 
Ultra Large Scale Integration 
Ultraviolet Spectroscopy 

1 Introduction 

Etching and deposition of thin solid films are central unit operations in the fabrica- 
tion of integrated circuits (IC) [ 11, printed circuit boards, magnetic recording heads, 
and a variety of micro-electro-mechanical devices. A schematic of a cross section of 
an integrated circuit is shown in Fig. 1 [ 2 ] .  It consists of patterned layers of metals 
(e.g., Al/Si/Cu, W, Ti/TiN), semiconductors (e.g., silicon substrate), and insulators 
(e.g., SOG, TEOS oxide, and silicon nitride passivation layer). A layer may be pat- 
terned either by subtractive or additive methods with the aid of a photoresist (a 
polymer) mask. In the subtractive method (Fig. 2, left) the portion of the layer not 
protected by the mask is removed by a process known as etching. In the additive 
method (Fig. 2, right), the film is first deposited through a mask by, for example, 
electrodeposition or physical vapor deposition. The mask is then lifted off leaving 
behind the desired pattern. 

0.5 pm TLM Process 
+.. - I  * 

Fig. 1. Cross section of an integrated circuit with three levels of AI/Si/Cu metallization separated by spin- 
on-glass (SOG) and plasma enhanced oxide (PEOX). The top passivation layer is typically silicon nitride. 
The silicon substrate is not shown. After [2]. 
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ISOTROPIC VERSUS ANISOTROPIC !3CHING 

ISOTROPIC ETCH PROFILE 
AFI'ER FILM DEPOSITION 

ION ASSISTED ETCHING DOMINANT 
ANISOTROPIC ETCHING A F E R  MASK LETOFF 

Fig. 2. (left) The subtractive method of patterning a thin film showing isotropic vs. anisotropic etching. 
(right) The additive method of patterning a thin film. 

There are two distinct etching methods: wet and dry. Wet processes make use of a 
liquid etchant. For example silicon dioxide (SiOz) can be etched in buffered hydro- 
fluoric acid ( H F )  to produce (H2SiF6) and water. Wet etching offers higher reaction 
rate and selectivity, but the reaction proceeds at  comparable rate in all directions 
(except for the so-called crystallographic etching of single crystalline materials). This 
results in a characteristic mask undercut (isotropic etch profile, Fig. 2, left), which 
limits the resolution of the method to a few microns. Thus, wet etching is advantageous 
for thicker films of not very fine dimensions. Wet etching is reviewed by Ghandhi [3] 
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Table 1. Comparison of wet and plasma etching. 

Plasma Etching Wet Etching 

Maturity 
cos t  
Process Control 
Etch Rate 
Selectivity 
Resolution Limit 
Sidewall Profile Control 
Waste Disposal Problem 

Industry standard 
High 
Fairly easy 
Moderate 
Moderate 
< 0.25 p 
Moderate 
Low 

Industry standard 
Low 
Not so easy 
High 
High 
> 2 / c  
Difficult 
High 

and Vossen and Kern [4]. Dry etching makes use of gaseous plasmas [5 -8] .  Plasma 
etching' or reactive ion etching (RIE) can provide very high resolution (better that 
0.25 p) by a combination of neutral radicals and ions bombarding the substrate. Wet 
and plasma etching methods are compared in Table 1. Plasma etching is the method of 
choice for patterning micron and submicron features in advanced microelectronic de- 
vice fabrication. Also, the subtractive method (Fig. 2, left) outweighs the additive 
method (Fig. 2, right) for creating high resolution (submicron) patterns with con- 
trolled shapes. In modern semiconductor manufacturing, as many as 30'% of all 
major process steps involve use of a plasma. 

Figure 3 is a schematic of a plasma etch process. The case of polysilicon etching 
in a chlorine plasma is shown as an example. The plasma is generated by applying 
power between a pair of parallel plates in a low pressure (< 1 torr) chamber ( Fig. 3a). 
The Cl2 feedstock gas is attacked by plasma electrons to produce CI radicals and 
C12+ ions. Radicals diffuse or are convected by gas flow towards the wafer where they 
adsorb on the surface. Ions accelerate in the sheath naturally occurring over the 
wafer, and bombard the wafer vertical to its surface (Fig. 3b). The combination of 
radical and ion bombardment produces Sic14 product which desorbs and is removed 
by the gas flow. It is this directional ion bombardment which promotes anisotropic 
etching of microscopic features (Fig. 3c), whereby the film etches much faster in the 
vertical as compared to the horizontal direction. At the atomic level, ion bombard- 
ment produces a modified surface layer in which the reactant (CI) is mixed within the 
silicon lattice (Fig. 3d) to a depth depending on the ion energy ( - 10s A).  The energy 
deposited by ions promotes the formation of products that are either sputtered away 
or desorb spontaneously in the gas phase. Figure 3 also demonstrates the disparity 
in length scales encountered in plasma processing. The wafer will soon become 30 cm 
in diameter, so the reactor scale is of the order of 10s of cm. The sheath thickness 
ranges from 0.1-10 mm depending on the Debye length and the voltage applied to 
the electrode. The feature size is rapidly moving in the sub-quarter-micron regime. 
Finally the lattice has to be described on the A length scale. 

' In colloquial terminology, plasma etching usually implies conditions that result in rather weak ion bom- 
bardment of the wafer. Reactive ion etching (also referred to as reactive sputter etching) implies intense ion 
bombardment (see Section 4.1). In this Chapter, the term plasma etching will be used throughout. 
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Fig. 3. Panorama of plasma etching using silicon etching with chlorine as an example. This figure also 
shows the disparate length scales involved from the reactor, to the sheath, to the microfeature, to the atomic 
scale. CI radicals and Cll ions are generated in the plasma by electron impact of gas molecules (a). Ions 
accelerate in the sheath and bombard the wafer along the vertical direction (b), thereby inducing aniso- 
tropic etching of microscopic features to yield SiCtb, a volatile product (c). Ion bombardment creates a 
modified layer at the surface where CI is mixed within the Si lattice (d). 
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Table 2. Representative gases used for plasma etching and the materials the etch. 

Source Gas Additive Gas Etchant Specie Material Mechanism Selective Over 

0 2  

0 2  
He 

None 
0 2  

Hz 
c12 
CHF, 
Ar 
C2F6 
BCl3 
0 2  
None 
H2 
H20 

F 
F 
F 

Si 
Si 
Si 

Si 
Si 
SiOz/Si3N4 
Si3N4 
Si02 
undoped-Si 
n-type Si 
A1 
Mo, MoSi2, Cr 
111-vs 
111-vs 
Resist 

Chemical 
Chemical 
Ion-enhanced 
(Low Temp.) 
Chemical 
Chemical 
Ion-induced 
Chemical 
Ion-induced 
Ion-induced 
SP 
SP 
Ion-induced 
Chemical 
Ion-enhanced 
Chemical 

SiO2/III-Vs 
SiO2/III-Vs 
Resist/ 111-Vs 

Resist/III-Vs 
SiOz 
Si 
Resist 
Si 
SiO2 
SiOz/Resist 
SiO~/Resist 
Si02 
SiOz/Resist 
Resist 
Si, Si02 

~~ 

SP = sidewall passivation. 

Neutral species do not have any directionality. They can etch equally well in all 
directions undercutting the mask (e.g., etching of silicon by fluorine atoms). When 
ion bombardment is necessary for etching to occur (e.g., etching of undoped silicon in 
chlorine plasma), anisotropic (vertical) wall profiles can result (Fig. 2, left). The mask 
pattern can then be faithfully reproduced into the film. There is a host of gases [9-121 
that have been used for plasma etchmg materials encountered in microelectronics. 
Table 2 provides only a small sample. 

The goals of any plasma etch process are to achieve high etch rate, uniformity, 
selectivity, controlled shape of the microscopic features etched into the film, and 
no radiation damage. High etch rate is desirable to increase the process throughput 
(wafers/hr). However, etch rate must be balanced against uniformity, selectivity, and 
anisotropy. Uniformity refers to achieving the same etch characteristics (rate, wall 
profile, etc.) across the wafer which is projected to be 30 cm in diameter by the year 
2000. Uniformity is necessary so that the underlying layer (silicon dioxide in Fig. 3c), 
for example, is not exposed to potentially harmful plasma radiation in some areas 
of the wafer while other areas are yet to clear. Also, plasma uniformity is needed 
to avoid non-uniform charging of the wafer which can lead to electrical damage. 
Selectivity refers to the relative rate of etching of one material with respect to 
another. Etch processes must be selective with respect to the mask and the underlying 
film. The mask must not be etched, otherwise the desired pattern will be distorted. 
Selectivity with respect to the underlying layer is particularly important when that 
layer is thin or when the process uniformity i,s not good. For example, a process may 
call for etching polysilicon over a thin (< 50 A) gate oxide (Fig. 3c). The selectivity of 
this process must be extremely high (> 50 : l),  otherwise a substantial thickness of the 
oxide may be lost. 

The shape of the microscopic features etched into the wafer is of paramount im- 
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F Type of Source 
DesigdGeometry 

h 

Power 
Pressure 

Frequency 
Bias 

Gas Flow Rate and Composition 
Wall Material and Temperature 

portance. Most often anisotropic (vertical) sidewall profiles are required, perhaps 
with some roundness at the bottom of the feature. Radiation damage refers to struc- 
tural damage of the crystal lattice or more importantly to electrical damage of sen- 
sitive devices caused by plasma radiation (ions, electrons, UV and soft X-ray photons) 
[13]. For example, spatially non-uniform current flowing from the plasma to the wafer 
can lead to charging and breakdown of thin oxides; or charging of insulating mate- 
rials within a microfeature can lead to pattern distortion (notching, see Section 5.6.1) 
or high energy ion bombardment can lead to structural damage of the top atomic 
layers of the etched film. 

Manipulation of the plasma chemistry, coupled with the appropriate reactor 
design, are crucial for meeting the goals of plasma etching. There are many externally 
controlled variables (process inputs) which can influence the plasma characteristics, 
and in turn the process output (Fig. 4). Given a reactor type, its dimensions and 
materials of construction, one can manipulate operating parameters (pressure, power, 
frequency, etc.) to influence the process output (rate, uniformity, anisotropy, etc.). 
Plasma process development has been based largely on trial-and-error procedures 
guided by experience and intuition. A more rational selection of plasma etch chem- 
istry and also of the appropriate plasma reactor design can be based on understand- 
ing the fundamentals of the chemical and physical processes taking place in the 
plasma and on the wafer surface. Such understanding can be obtained by bridging 
the gap between the process inputs and outputs through key plasma properties as 
shown in Fig. 4. 
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In what follows, the fundamentals of plasma engineering are discussed with 
emphasis on plasma etching. Discussion pertains to the kind of plasmas used in 
electronic materials processing. Similarities and differences with electrochemical re- 
actor engineering are pointed out along the way, and are summarized in Section 8. 

Plasmas are also used for the low temperature deposition of thin solid films, for 
example amorphous hydrogenated silicon, diamond, and a host of other materials. 
Since the fundamentals of plasma physics and chemistry are the same for both 
plasma etching and plasma assisted chemical vapor deposition (PECVD), the latter 
will only be discussed briefly in Section 6.6. A review of PECVD can be found in [14]. 
Sputtering is discussed by Chapman [ 151, and plasma polymerization is covered by 
Yasuda [16]. 

2 Plasma Physics 

Plasmas of interest are partially ionized gases that contain electrons and ions (posi- 
tive and negative ions), in a sea of neutrals. This ionized gas must satisfy several 
conditions in order to be classified as a plasma [ 17- 191, namely (a) the Debye length 
AD (see Eq. 2, below) must be smaller than a characteristic length scale (e.g., plate 
separation) of the reactor, and (b) there must be a large number of charged particles 
in a Debye sphere, i.e., 4/37cneA2, >> 1. There is a wide range of plasmas depending on 
the charge density and temperature [19]. Plasmas used in electronic materials proc- 
essing are low pressure glow discharges with operational and physical characteristics 
summarized in Table 3. These plasmas are strongly non-equilibrium systems (elec- 
trons have much higher temperature than ions and neutrals), and the degree of ioni- 
zation is small (weakly ionized gases); there are 100 to 100,000 neutrals for every 
electron in the plasma [6,  151. 

Although a plethora of reactor configurations and methods for plasma generation 
exist (see Section 4), the parallel plate capacitively-coupled reactor (also called diode) 
shown in Fig. 3a is a typical example. A semiconductor wafer rests on one electrode 

Table 3. Typical parameter values for RF diode and high density plasma (HDP) reactors [6] .  

Parameter RF Diode HDP 
~ 

units 

Pressure 
Power 
Frequency 
Volume 
Magnetic Field 
Plasma Density 
Electron Temperature 
Heavy Particle Temperature 
Ion Bombardment Energy 
Fractional Ionization 

10- 1000 
50-2000 
0.05-13.56 
1-10 
0- I00 

1-5 
<0.1 
100-1000 
10-~-10-~ 

109-1010 

0.5-50 
100-5000 
1-2450 
1-50 
0- 1000 
1 0 ~ ~ - 1 0 ~ ~  
2-12 
<0.25 
20-300 
10-4-10-~ 

mtorr 
Watts 
MHz 
Liters 
Gauss 
cm-’ 
eV 
eV 
eV 
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and is showered with gas entering through the other electrode. The wafer temperature 
is too low for reaction to take place in the absence of a plasma. A voltage is now 
applied between the electrodes. The induced electric field causes gas ionization and a 
plasma is generated. The electric field imparts a force on charged species (electrons 
and ions) but not on neutrals. Because the gas is only weakly ionized, charged species 
collide mainly with neutrals rather than with one another. Depending on the fre- 
quency of the applied voltage, plasmas range from DC, to radio frequency (RF),  to 
microwave frequency. DC plasmas are not as common since very often the electrode 
(and/or wafer) is covered by an insulating material whch can’t pass DC current. RF 
plasmas are excited at 13.56 MHz, although other frequencies have also been used. 
Microwave plasmas are normally excited at a frequency of 2.45 GHz. 

The vast disparity in mass between the light electrons and heavy ions and neutrals 
is responsible for many of the unique characteristics of plasmas: (a) in contrast to 
ions, electrons can follow the electric field variations with time and thus are able to 
absorb energy from the field much more efficiently compared to ions [18], and (b) 
electrons loose very little energy in elastic collisions with neutrals and ions [15]. For 
example, an electron colliding elastically with an argon atom looses up to 5.5 
times the original electron energy, a very small fraction, indeed. On the contrary, ions 
loose a substantial amount of energy in collisions with neutrals because their mass is 
comparable to that of neutrals. 

Since electrons pick up most of the energy from the field, and they do not loose 
this energy efficiently in collisions with neutrals, electrons are “heated” to much 
higher temperatures compared to ions and neutrals (see Table 3). It is this non- 
equilibrium that makes plasmas suitable for electronic materials processing. Specifi- 
cally, the energetic electrons can break bonds (bond energies are a few eV) and 
initiate radical chemistry in a gas at near room temperature. One would need much 
higher temperatures to perform the same chemistry by thermal excitation (e.g., 
thermal CVD [20]) in the absence of a plasma. Thus, it is often said that glow dis- 
charge (cold) plasmas are capable of performing lugh temperature chemistry at low 
temperatures. As device dimensions continue to shrink, low temperature processing is 
becoming increasingly important in microelectronics to minimize dopant redistribu- 
tion and defect generation [21]. 

2.1 Sheath Formation 

Another consequence of the much smaller mass of electrons compared to ions is the 
formation of a so-called sheath over any material surface in contact with the plasma. 
When a surface is first exposed to the plasma, the surface receives a much higher 
electron flux compared to the positive ion flux. For a Maxwellian velocity distribu- 
tion of the particles, the flux due to particle i striking the surface is given by [15] 

where ni, Ti, mi, and ci are number density, temperature, mass, and mean thermal 
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Fig. 5. Establishment of a DC sheath over a wall immersed in an infinite plasma. The sheath is separated 
from the bulk plasma by a presheath which is of the order of an ion mean free path (li) long. Top shows 
the electron (n,) and ion (ni) density profiles. Bottom shows the potential (@) profile. After [6]. 

speed of particle i, and k is the Boltzmann constant. Since T, >> T,, and electro- 
neutrality holds in the bulk plasma n, % n+ (assuming no negative ions), it follows 
that J,  >> J+. Hence the surface charges negatively with respect to the plasma at- 
taining a potential lower than the plasma potential. An electric field is thus estab- 
lished that attracts ions and repels electrons so that, at steady state, the net current 
flowing to afloating surface is zero. The surface has then charged to theJIoating po- 
tential. The floating potential is obtained by equating the electron and positive ion 
currents to the wall. The result is [6] Vf = -kT, 1n(mi/2nme) 'I2. For argon, the value 
of the logarithm is 4.7. Since kT, - 2-5 eV, the floating potential is - 10-25 V 
(negative with respect to the plasma potential). 

For simplicity, consider a plane wall immersed in an otherwise infinite plasma. 
Also, assume a time-independent plasma so that a DC sheath develops. The transi- 
tion from the "bulk" plasma to the wall is shown schematically in Fig. 5 ,  which 
shows the charge density (top) and potential profiles (bottom) [6]. The bulk plasma is 
electrically quasi-neutral with almost equal densities of positive and negative charges. 
The presheath is also quasi-neutral but the density of the charged species decreases 
from the bulk value. For an electropositive plasma (no negative ions), the electron 
(and ion) density at the sheathlpresheath interface (sheath edge) is 61% of the bulk 
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value [6 ,  151. The presheath is of the order of one ion mean free path long and sustains 
a potential drop of the order of kT,. It is the presheath that imparts enough energy 
to the positive ions to reach the so-called Bohm velocity UB = (kT6,/m+)’’2 before 
entering the sheath [6, 221. The Bohm velocity is necessary for a stable positive charge 
sheath to develop. Charge neutrality is violated within the sheath with the positive 
ion density exceeding the electron density. Because of the existence of net charge, the 
sheath is a region of relatively high electric field. The sheath thickness over a floating 
substrate is of the order of the Dehye length AD where 

The Debye length is the distance over which macroscopic fields can penetrate the 
plasma. The sheath can be considerably thicker when a negative voltage is applied to 
the substrate (see Section 5.5). However, for given voltage, the sheath thickness de- 
creases as the Debye length decreases, i.e., as electron temperature decreases or elec- 
tron density increases. The sheath has an analog in the double layer found next to the 
electrode in electrochemical systems. The difference is that the electrochemical double 
layer is much thinner (10-100 A compared to 0.1-10 mm) because of the much 
higher charge density and much lower charged species temperature in electrochemical 
systems. 

Formation of the sheath is of critical importance to plasma processing. The 
strong sheath electric field (normally -100 times stronger than that in the bulk 
plasma) is pointing such that positive ions are accelerated towards the wall (Fig. 3b). 
Since the sheath thickness is much smaller than the lateral dimensions of the elec- 
trode, the electric field in the sheath is perpendicular to the macroscopic wafer surface. 
Hence ions acquire directional energy in the sheath and bombard the wafer along the 
surface normal. That way, horizontal surfaces which are exposed to ion bombard- 
ment etch much faster than vertical surfaces, resulting in anisotropic (vertical) etching 
(Fig. 2, left). Low temperature processing and anisotropy are the most important 
attributes of plasma etching from the technological point of view. 

2.2 Potential Distribution 

Figure 6 shows a typical spatial profile of the potential distribution between the 
parallel plate electrodes of a DC discharge [lo, 151. In DC discharges of interest, the 
spacing between anode (right electrode) and cathode (left electrode) is much reduced 
compared to the classical DC discharge [23],  eliminating the positive column. The 
bulk plasma (away from the electrodes) is electrically neutral and sustains only a 
small electric field. However, as explained above, large potential gradients (hence 
large fields) develop in the sheath regions near the electrodes. The sheath is much 
thicker over the cathode which is biased with a large negative voltage (of the order 
of 1,000 V ) .  The cathode sheath is essentially devoid of electrons. Positive ions 
accelerate in the cathode sheath and bombard the electrode with high energy ejecting 
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Fig. 6. Potential distribution in a DC discharge sustained 
between two closely-spaced parallel plates. After [ 101. 

secondary electrons. The sheath potential is such that electrons released from the 
cathode accelerate through the sheath back into the plasma, where they ionize neu- 
tral atoms and molecules. Secondary electron emission by ion bombardment is an 
important mechanism by which a DC discharge is sustained [15, 231. In micro- 
electronics, DC discharges are most often used for sputtering of metallic (conductive) 
films [5 ,  151. 

In the so-called capacitively-coupled plasma (CCP) reactors, AC voltage is 
applied to the electrode through a capacitor (blocking capacitor) which does not 
allow any net particle (DC)  current to flow through the electrode. An idealized one- 
dimensional parallel plate capacitively coupled system is shown in Fig. 7 [6]. The 
sheaths over the two electrodes are shown as sheath a and sheath b, with time- 
dependent thickness sa( t )  and sb(t), respectively. The electron and ion density profiles 
in the gap are also shown. For excitation frequencies above the ion plasma fre- 
quency, cop+ = (e2n+/cOm+)’’*, ions do not respond to the instantaneous electric field 
and the ion density profile is almost time-invariant. Electrons respond, however, and 
the electron cloud oscillates back and forth between the plates. The sheath potential 
is such as to repel electrons; hence the electron density drops sharply within the 
sheath over a distance of a few Debye lengths. In R F  CCP discharges, electrons are 
“heated” primarily by two mechanisms: (a) collisionless heating because of the oscil- 
lating electric field near the plasmalsheath interface. This can be thought to result 
because of “collisions” of electrons with an oscillating potential “wall” (the R F  
sheath edge) [6, 18, 24, 251. (b) ohmic heating because of the electric field accelerating 
electrons which then collide with neutrals, absorbing power from the field [6, 181. 
Collisionless heating predominates at low pressures when electron-neutral collisions 
are scarse. Secondary electron emission is not necessary to sustain a R F  discharges, 
although it is operative under certain conditions. 

Typical spatiotemporal profiles of potential are shown in Fig. 8 [26]. The left 
electrode is driven by a sinusoidal radio frequency voltage VRF = Vosin(wt). The 
case shown is for an argon discharge with VO = 100 V and co/2n = 13.56 MHz. The 
potential distribution is such that the electrodes are bombarded by positive ions 
during the whole period of the R F  cycle, while most electrons are trapped in the 
plasma. Only electrons with kinetic energy greater than the sheath potential can 
reach the walls. Electrons “leak” to the walls during a short time in the cycle when 
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Fig. A R F  capacitively coupled plasma between two parallel plate elec odes (diode). The ele ron cloud 
oscillates back and forth and is separated from the walls by the sheath. The ion density distribution (n,) is 
almost time-invariant if the applied field frequency is greater than the ion plasma frequency. The electron 
density (n,) modulates severely in the sheath (bottom). After (61. 

the sheath voltage is low; in Fig. 8 this will occur at -7 = 0.25 on the left electrode 
and at T = 0.75 on the right electrode (the two electrodes are 180 degrees out of phase 
in this symmetric system). The electron flux is such that when integrated over the RF 
cycle, the electron current is equal to the positive ion current, since no DC current is 
allowed to pass through the capacitively-coupled electrode. Each electrode alternates 
as the cathode and the anode during the RF cycle. 

The sheath potential (voltage) is the difference between the plasma potential and 
the electrode (or wall) potential. The potential of the sheath over the grounded elec- 
trode (right electrode in Fig. 8) is equal to the plasma potential. The potential of the 
sheath over the powered electrode (left electrode in Fig. 8) is the difference between 
the plasma potential and the electrode potential. The time-average potential of the 
powered electrode (with respect to ground) is called the D C  self-bius or DC bias. 
Actually, the DC-bias is the difference of the time-average potential of the sheath 
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Fig. 8. Spatiotemporal profiles of the potential distribution in a 13.56 MHz argon discharge sustained be- 
tween two parallel plates (diode). The left electrode is driven by a sinusoidal voltage of 100 V amplitude. 
The right electrode is grounded. Note that the plasma potential (potential in the bulk away from walls) is 
more positive than either electrode potential. After [26]. 
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over the grounded electrode from the time-average potential of the sheath over the 
powered electrode. Since the energy of ions bombarding a wall is directly affected by 
the potential of the sheath over that wall, the importance of the potential distribution 
in the reactor is apparent. 

Fig. 8 is for a symmetric reactor, i.e., one in which the two electrodes have the 
same area. Then the time-average potential distribution is symmetric as well, and 
there is no DC bias developed. In asymmetric reactors the time-average potential 
distribution looks much like the one in Fig. 6 .  In fact, assuming capacitive voltage 
division between the two sheaths, the time-average sheath voltage scales with the 
inverse electrode area ratio as [ 151 

The exponent has the theoretical value of n = 4 [27], but a value of n z 1-2 has been 
determined experimentally [28]. In any case, Eq. (3)  shows that the smaller electrode 
develops a larger sheath voltage, hence it receives stronger ion bombardment. 

The time variation of the potential of the powered electrode (dashed lines) and 
the plasma potential (solid lines) under different conditions in a high frequency 
(o >> up+) parallel plate discharge are shown in Fig. 9 [29]. Several features are ap- 
parent: (a) the plasma potential is always the most positive potential in the system, 
(b) there is no DC self-bias developing in a symmetric discharge (area of powered 
electrode equal to that of grounded electrode), or when power is coupled directly to 
the electrode without a blocking capacitor (DC coupled), (6) with a blocking capac- 
itor (capacitively coupled) the DC bias is negative when the smaller electrode of an 
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Fig. 9. Time variation of the electrode V(t) (dashed lines) and plasma V,(t) (solid lines) potentials in a 
capacitively-coupled [diode) R F  discharge for different coupling configurations. After (281. 

asymmetric discharge is powered, or positive when the larger electrode of an asym- 
metric discharge is powered. 

At this point it is instructive to contrast the potential distribution in a plasma 
reactor with that of an electrochemical reactor. In the latter, the potential profile is 
monotonic with potential drops across the double layers over the cathode and the 
anode, and another potential drop in the bulk solution. The potential distribution in 
a plasma reactor is non-monotonic, with the plasma potential being the most positive 
potential in the system. In addition, the potential drop in the bulk of the plasma (of 
the order of several kT,)  is a small fraction of the potential drop across the sheath. 
In electrochemical systems, the potential drop across the bulk solution may be com- 
parable to or even larger than that across the double layer. 

2.3 Equivalent Circuit 

Equivalent circuits of plasma systems [30, 311 have found use in calculating the elec- 
trical interaction of the plasma with the external circuit that powers the plasma. The 
latter is composed not only of the power supply but also of a matching network (this 
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Fig. 10. Equivalent circuit of a RF capacitively-coupled diode. 
The current source i,, which represents ion current, is often DP b replaced by a resistor. After [ 6 ] .  

is used to match the plasma impedance to the 50 SZ internal resistance of the power 
supply), and stray elements (e.g., stray capacitance to the grounded chamber) [32, 
331. An equivalent circuit of a parallel plate discharge is shown in Fig. 10 [6]. Here 
the middle block of elements represents the bulk plasma (space-averaged) and the 
edge blocks represent the sheaths adjacent the two electrodes. The bulk plasma has 
resistance R,, corresponding to particle collisions with neutrals (ohmic heating), in- 
ductance L,, corresponding to particle inertia, and capacitance C, corresponding to 
the spacing between the sheath edges (see Fig. 7). The capacitance and inductance 
of the bulk plasma are normally small and are frequently neglected, leaving only 
the plasma resistance R,,. Plasma inductance can become important at frequencies 
approaching the (electron) plasma frequency, cope = (e2n,/Epze) especially in 
strongly electronegative discharges, where the electron density is orders of magnitude 
smaller than the ion density. Each sheath is represented by a capacitance (C,  or Ch) 
that is inversely proportional to the sheath thickness (Fig. 7), a diode to represent the 
(one-way) electron current flow in the sheath, and a DC current source to represent 
the ion current. Often, the ion current source is replaced by a resistor. In either case, 
there is power dissipated by ions in the sheath due to ion collisions with neutrals and/ 
or ions bombarding the walls and transferring their energy to these walls. Resistances 
R,  and Rh correspond to power dissipation due to collisionless electron heating by 
the oscillating sheath boundary [6, 18, 24, 251. It must be emphasized that the ele- 
ments of the equivalent circuit shown in Fig. 10 depend on discharge conditions. For 
example the plasma resistance is higher at higher pressures (more collisions) assuming 
constant electron density, and the sheath capacitance is higher at higher electron 
densities (thinner sheath). 

Equivalent circuits are used to determine important plasma properties (such as 
electron density, sheath thickness, etc.) from measurements of the current-voltage 
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characteristics of the device (impedance analysis, see Section 7.1.7) [32-351. The 
equivalent circuit of the plasma reactor has many similarities to that of an electro- 
chemical reactor. For example, in both systems the boundary layers near the wall 
(sheath or double layer) are represented by capacitors and the bulk is represented by 
a resistor. The similarity is closer for an AC electrochemical cell. 

3 Plasma Chemistry 

One of the major complexities in dealing with plasmas is that of plasma chemistry in 
the gas phase and especially on surfaces. The main reasons are: (a) the existence of a 
plethora of species neutral and charged, in ground and excited states, (b) the strongly 
non-equilibrium nature of the discharge, and (c) the lack of knowledge of reaction 
pathways and rate coefficients. It is worth noting that species at even minute con- 
centrations (e.g., metastables with mole fraction can strongly influence the 
plasma [36]. As another example, extremely small additions of a molecular gas to a 
rare gas can dramatically change the characteristics of the discharge [37, 381. 

Fig. 11 shows the range of kinetic energies and densities of particles typically 
present in plasma processing reactors [39]. The non-equilibrium nature of the dis- 
charge is evident from the fact that different species have different energies (and 
temperatures). Ions bombarding the cathode (box C)  and the secondary electrons 
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Fig. 11. Ranges of kinetic energies and densities of species typically present in glow discharge plasmas. 
A=secondary electrons accelerated through the sheath, B=ions backscattered from cathode (most likely 
neutralized), C=ions accelerated towards cathode, D=electrons in bulk plasma, E=hot ions and neutrals 
formed in dissociation reactions (Frank-Condon effect), F=ions in bulk plasma, and G=neutral atoms and 
molecules. After 139). 
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(box A) they emit (which stream back into the plasma) have the highest energies since 
they are accelerated through a high voltage sheath. Ions in the bulk plasma (box F )  
are only accelerated by the much weaker bulk fields and have much lower energies 
(and temperatures). Neutral species (feedstock gas and reaction products) are orders 
of magnitude more abundant than charged species and have much lower (thermal) 
energies (box G). There can be a significant concentration of neutrals (and ions) that 
are hot ( Box E). These result from dissociation or dissociative ionization reactions 
(see Section 3.1.1) where the excess electron energy is deposited as kinetic energy of 
the reaction fragments. At low pressures, these fragments do not suffer enough colli- 
sions to thermalize [40, 411. In plasmas of interest the velocity of electrons is much 
higher than that of positive ions which in turn is much higher than that of neutrals. In 
addition, electrons have a nearly isotropic velocity distribution, while positive ions 
have very anisotropic velocity distribution (directed along the electric field). The 
ordering of electron, ion, and neutral gas temperatures is T, >> Ti - T,. 

Fig. 12 shows a schematic of the steps typically involved in plasma etching [ 111. 
Radicals generated in the plasma by electron impact dissociation of gas molecules 
(step 1) diffuse or are convected by gas flow (step 2) to the surface where they adsorb 
(step 3). The adsorbed species (adspecies) react with the surface to from products 
(step 4). The products then desorb (step 5) and diffuse back into the gas phase (step 
6 ) .  The surface processes may be strongly influenced by energetic particle bombard- 
ment of the surface, including positive ions, electrons and photons. Of these, positive 
ion bombardment is though to be most important. Negative ions are excluded be- 

reactive intermediate 
feedstock gas 

0-6) 0 0 
RT 
GAS 

8 0  0 
1. GENERATION OF 
ETCHANT SPECIES 

0, 2. TRANSPORT 0 
TO SURFACE, 

00 
5 .  PRODUCT 

4. REACTION DESORPTION 3. ADSORPTION “P 

Fig. 12. “Molecular” representation of primary processes occurring in plasma etching. The basic steps are 
etchant generation (step I ) ,  diffusion to the surface (2). adsorption (3) ,  reaction on the surface to form 
product (4), product desorption ( 5 ) ,  and product diffusion into the flowing gas ( 6 ) .  The surface processes 
can be strongly affected by energetic ions bombarding the surface. After [ 1 I I. 
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Table 4. Representative reactions in argon and chlorine plasmas. 

Excitation to Metastables 
Metastable (Two-step) Ionization 
Ground State Ionization 
Metastable-Metastable Ionization 
Metastable Quenching to Resonants 
Metastable Quenching to Higher States 
Metastable Superelastic Collisions 
Radiative Decay of Resonants 
Excitation to Higher States 
Radiative Decay of Higher States 
Momentum Transfer 
Molecular Chlorine Excitation 
Atomic Chlorine Excitation 
Molecular Chlorine Radiative Decay 
Atomic Chlorine Radiative Decay 
Molecular Chlorine Ionization 
Atomic Chlorine Ionization 
Dissociative Attachment 
Dissociation of Molecular Chlorine 
Momentum Transfer to Molecular Chlorine 
Momentum Transfer to Atomic Chlorine 
Positive-Negative Ion Recombination 
Electron-Ion Recombination 
Wall Recombination of Atomic Chlorine 
Volume Recombination of Atomic Chlorine 

A r + e -  -+ Ar*+e-  
Ar' + e- + Ar' + 2e- 
Ar + e- --f Ar' + 2e- 
Ar' + Ar' - Art + Ar + e- 
Ar' + e- - Ar' + e- 
Ar' + e- --* Arh + e- 
Ar' + e- - Ar + e- 
Ar' -+ Ar + hv 
Ar + e-  + Arh + e- 
Arh --* Ar' + hv 
Ar+e-  - + A r + e -  
C12 f e -  -+ C12* +e -  
C1+ e- + CI' + e- 
Clz' -+ Clz + hv 
CI' + CI + hv 
C12 + e- + Cll+ + 2e- 
CI + e- -t C1+ + 2e- 
Clz + e- - CI- + CI 
Cl2 + e- + 2CI + e- 
Cl? + e- + Clz + e- 
CI + e- + CI + e- 
CI- + C12+ + 3 CI 
Clz+ + e- - 2 C1 
CI + CI + wall - Cll +wall 
2 C I f C I ~ + 2 C l 2  

RI 
R2 
R3 
R4 
R5 
R6 
R I  
R8 
R9 
RIO 
RI 1 
R12 
R13 
R14 
R15 
R16 
R17 
R18 
R19 
R20 
R2 1 
R22 
R23 
R24 
R25 

cause they are not energetic enough to overcome the sheath potential barrier. It must 
be emphasized that product uolatility is a necessary condition for etching to occur. 
Otherwise, the products block the surface and the reaction stops altogether. 

3.1 Homogeneous Chemistry 

Table 4 provides a list of the most important types of reactions taking place in 
plasma etching [9]. Two rather extreme cases are shown. The argon discharge is a 
typical example of an inert gas plasma, in which negative ions do not play a role 
(electropositive discharge). Pure argon discharges are not used for etching, but they 
find widespread application in film deposition by sputtering (Section 6.5). Also, argon 
is found as a component of gas mixtures used for etching. The chlorine discharge is 
an example of a molecular plasma that readily forms negative ions (electronegative 
discharge). 

3.1.1 Electron-Impact Reactions 

Electrons are the heart of the plasma. Electrons ionize atoms and molecules (reac- 
tions R2, R3, R16, R17 in Table 4) to reproduce themselves thus sustaining the dis- 
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charge by counterbalancing the electron losses. Electrons also dissociate molecules to 
form highly reactive atoms and radicals which are potential etchants (R19). Electron 
bombardment of neutrals and ions can excite bound electrons to higher energy levels 
(R13). As the excited species relax to a lower energy state they can emit photons (R8, 
R14, R15), giving the plasma a glow characteristic of the gas. Since there are very 
few electrons in the sheath region, the excitation rate is very low in the sheath. Hence 
the sheath appears dark (it is also called dark space) relative to the bulk plasma glow. 
In electronegative gases (such as Clz or SF,j), electron attachment to molecules (R18) 
creates negative ions. 

The rate of electron impact reactions is given by [6, 42, 431 

R,i = n,ni(ua(u)) = neni ua(u)J’(v, r, t )  dv s (4) 

where the average ( a ( u ) u )  is taken over the electron velocity distribution function 
(EVDF) f ( v , r ,  t ) .  Here n, and n; are the number density of the electrons and the 
collision partner, respectively, v and r are the electron velocity and position vectors, 
respectively, u is the magnitude of the velocity vector (speed), and a ( u )  is the collision 
cross section, which is a measure of the “effectiveness” of the particular interaction 
between an electron and a neutral. 

Electron collisions can be categorized as elastic and inelastic [6, 151. Elastic 
collisions do not alter the internal energy of the heavy particle and result in a 
small energy loss by the electrons. Inelastic collisions change the internal energy of 
the collision partner. Inelastic collisions (ionization, dissociation, excitation, etc.) 
usually have a threshold energy below which the collision can’t happen (cross sec- 
tion is equal to zero). In a typical example of an inelastic process, the cross section 
rises rapidly with electron energy above the threshold energy, reaches a maximum 
and then declines at high energies. Exothermic collisions may have no threshold, 
meaning that electrons with very low energy can participate in the collision. A nota- 
ble example is attachment of electrons to electrophilic gases to create negative ions 
(reaction R18 in Table 4). In fact, the attachment rate may be highest for thermal 
electrons, i.e., electrons having “temperature” close to that of the gas. Another ex- 
ample is electron-positive ion recombination (R23). The collision cross section in- 
creases as the electron energy decreases. A set of collision cross sections for selected 
electron impact reactions with molecular chlorine is shown in Fig. 13 [MI. Data on 
electron collision cross sections for a variety of relevant gases can be found in [45- 
471. 

It is worth noting that the rate of reactions involving electrons depends on the 
relative velocity between the electron and the projectile. Since the electron velocity 
is much higher than the neutral velocity, the latter is neglected. Hence the electron- 
impact reaction rate coefficients are a function of the electron “temperature” rather 
than the gas temperature. An exception is electron attachment (R18).  The corre- 
sponding reaction coefficient depends on the gas temperature because the latter affects 
the rovibrational populations of the molecules and the attachment coefficient can be 
sensitive to the rovibrational state [45]. 
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Fig. 13. Electron energy dependence of collision cross section for representative electron impact processes 
with molecular chlorine. Note threshold energy for endothermic processes (vibrational excitation, ioniza- 
tion, etc.). Qa, Qd, Qe, Qi, Q,,,, and Q,,, correspond to electron attachment (reaction R18 in Table 4), dis- 
sociation (R19), electronic excitation (R12), momentum transfer (R20), ionization (R16) and vibrational 
excitation (not shown in Table 4), respectively. After (441. 

3.1.2 Electron Velocity Distribution Function (EVDF) 

As shown by Eq. (4), the rate of reactions involving electrons depends on the EVDF, 
f ( r ,  v ,  t). Determination of the distribution function is one of the central problems in 
understanding plasma chemistry. The EVDF is defined in the phase-space element 
dvdr such that f (r ,  v,  t) dv dr is the number of electrons dn, at time f located between 
r and r + dr which have velocities between v and v + dv. When normalized by the 
total number of electrons n,, it is a probability density function. The EVDF is ob- 
tained by solving the Boltzmann transport equation [42, 43, 48, 491 

The right hand side of Eq. (5) is the so-called collision integral which accounts for 
changes of the EVDF because of collisions electrons undergo mainly with neutrals 
but also with other electrons and ions. F = ez,(E + v x B )  is the Lorenz force acting 
on the electrons, where E and B are the electric field and magnetic induction, re- 
spectively. Eq. (5) is a partial integro-differential equation in seven dimensions (three 
in space, three in velocity and time), and as such is extremely difficult to solve. In the 
expressions above, v is the individual particle velocity not to be confused with u 
which is the average velocity of the ensemble of particles. 

The EVDF of an equilibrium electron gas follows the Maxwell-Boltzmann dis- 
tribution (also called Maxwellian, see Eq. 9 below). In equilibrium, there is no net 
transport of electrons in any direction, i.e., the distribution function is isotropic. 
Under the influence of an electric field, the EVDF becomes anisotropic. However, for 
weak enough fields, the degree of anisotropy is very small. The EVDF can then be 
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written as a superposition of an isotropic part fo and (a small) anisotropic part, f , .  
In this so-called two-term spherical harmonics expansion [42, 43, 481, the distribution 
function is written as f ( v ,  t )  z f o (u ,  t )  + f l  ( u ,  t )  cos 0, where 0 is the angle between v 
and E, and where the spatial (r) dependence of the distribution function has been 
neglected for simplicity. The two-term approximation is quite popular and has been 
found to be adequate for a wide range of gases when (a) the electric field to neutral 
density ratio E/N is relatively small, and (b) the elastic collision cross section is much 
higher than the inelastic collision cross sections. However, the two-term approxima- 
tion may be poor when anisotropic electron transport is important. An example is the 
cathode sheath of DC discharges in which secondary electrons emitted from the wall 
accelerate in the sheath forming an electron beam. 

Often the electron energy distribution function (EEDF) ,  f o ( ~ ,  t ) ,  which is a func- 
tion of the electron kinetic energy, is used instead of fo (u ,  t ) .  The two are related by 
~481 

f o ( & ,  t) dt. = E-li24nU2f~(Ul t )  du 

The EEDF is normalized such that 

(7) 

Using this normalization, a Maxwellian distribution (Eq. 9) would be a straight line 
or a semi-logarithmic plot of f o  ( E ,  t )  vs. E.  Once the EEDF has been determined, the 
reaction rate coefficient for electron impact reaction i can be calculated by 

which is a working version of Eq. (4), and where, again, the spatial dependence has 
been suppressed for simplicity. 

Fig. 14, left, shows the EEDF in a static (DC)  electric field in chlorine gas [50]. 
Under these conditions the EEDF is a function of the reduced electric field E/N. 
The distribution is not Maxwellian. This is because inelastic collisions deplete the tail 
of the distribution. As the field strength increases, the distribution extends to higher 
electron energies. Using the distribution functions of Fig. 14, top, and the cross 
section data of Fig. 13, one can calculate rate coefficients based on Eq. (8). Fig. 14, 
bottom, shows the calculated rate coefficients for electron attachment (reaction R18 in 
Table 4) and total ionization (sum of reactions R16 and R17) in a chlorine discharge, 
again in a static field [ S O ] .  The rate coefficients increase with E/N. The strong de- 
pendence of the ionization rate on E/N is evident. This is characteristic of high 
threshold processes. The threshold energy corresponds approximately to the activa- 
tion energy of conventional thermal chemical reactions. The mean electron energy 
(or en equivalent electron temperature, Eq. 10) as a function of E/N can also be 
calculated (not shown), and used to express the rate coefficients as a function of (E) 

or T,.  Such information is important in plasma reactor modeling (see Section 5.4.1). 
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Fig. 14. (top) Electron energy distribution function (EEDF) in molecular chlorine as a function of the 
electric field to neutral density ratio E/N (1  Td = lo-" V-cm2). A Maxwellian EEDF would be a straight 
line on this plot. (bottom) Rate coefficients in chlorine as a function of the electric field to neutral density 
ratio E/N. ki, is total ionization including molecular and atomic chlorine; the atomic mole fraction is de- 
noted by y ~ .  k, is the coefficient for attachment to molecular chlorine. The points of intersection of the 
curves give the value of E/N prevailing in a relatively high pressure (100s of mtorr) self-sustained discharge 
with the corresponding atomic chlorine content. After [50]. 

The calculated EEDFs shown in Fig. 14 did not include the effect of electron-electron 
(e-e) collisions because the degree of ionization was assumed low enough for e-e 
collisions not to play a role. Under these conditions electron-molecule (atom) reac- 
tions predominate. Electron-electron collisions come into play when the degree of 
ionization exceeds about lo-' [43, 48, 51, 521. Such collisions tend to drive the dis- 
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tribution towards a Maxwellian. In low density plasmas (Table 3, R F  diode column), 
electron-molecule collisions are more important since the degree of ionization is low 
(n,/N < lo-’). In high charge density (large ne) ,  low gas pressure (small N )  plasmas 
(Table 3, HDP column), e-e collisions become more important. However, even when 
e-e collisions are substantially present, the tail of the distribution may still be depleted 
of high energy electrons due to inelastic processes. 

The Maxwellian distribution is given by 

2 exp( -E/kT,) 
fO(E) = - fi (kT,)3’2 

(9) 

with the mean (average) electron energy 

It should be noted that an electron temperature is defined properly only when the 
EEDF is Maxwellian. For non-Maxwellian distributions, an equivalent electron 
temperature may be defined based on the mean electron energy, by using Eq. (10). 
Another popular form of the EEDF which can be expressed analytically is the 
Druyvesteyn distribution [42, 43, 481. 

The time response of the EEDF in an AC field is determined by the relative 
magnitudes of the angular frequency w of the applied electric field E = EO sin(wt) 
and the momentum ( v , ~ )  and energy relaxation frequencies (vu) [53-551. The collision 
frequency is given by vi = o , v N .  When w >> v,, the characteristic time for energy re- 
laxation is much greater than the period of the applied field. As a consequence, the 
EEDF can’t respond to the time variation of the field and does not change appreci- 
ably over a cycle. At the other extreme (o << v,) the EEDF can follow the applied 
field faithfully. Under this condition, the EEDF at any time would be identical to the 
EEDF obtained in a static field of magnitude equal to the magnitude of the AC field 
at that particular moment in time. This is the so-called quasi-steady-state approxi- 
mation. Figure 15 shows the time-evolution of the EEDF in chlorine for two excita- 
tion frequencies 1531. At 10 MHz (top), the EEDF is modulated strongly since the 
electron relaxation frequency (especially for the high energy electrons) is higher than 
the applied frequency. At 100 MHz (bottom), the EEDF is not modulated as much. 
If one were to increase the frequency to 2.45 GHz, modulation of the EEDF would 
cease altogether. It should be noted that v, is an increasing function of electron 
energy, for the energy range of interest. This is the reason, the tail of the EEDF is 
modulated more strongly than the low energy part in Fig. 15. 

Many investigators have used to effective field approximation [42, 531 to describe 
the EEDF under high frequency excitation, when time modulation is absent. In this 
static approximation, the high frequency field is considered equivalent to an effective 
DC field of magnitude 
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Fig. 15. Time dependence of the EEDF 
in chlorine under an applied AC field 
with 10 MHz (top) and 100 MHz 
(bottom) excitation frequency. The peak 
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As noted above, solving the Boltzmann equation is problematic because of the 
multidimensionality of the problem. A promising approach to calculating the electron 
distribution function in low pressure plasmas is the so-called non-local approach to 
electron kinetics. This was proposed by Bernstein and Holstein [56] and popularized 
by Tsendin [57], who initially suggested this approach for the positive column of a 
DC discharge. Since then, the non-local approach has been applied to a variety of 
low pressure gas discharge systems [%I. 

The non-local approach assumes that the distribution function is almost isotropic 
(i.e., the two-term approximation applies) and that the isotropic part f o  is not 
modulated in time. The Boltzmann equation is then reduced to a time-invariant 
but space-dependent equation for f o ;  f, is recovered as a derivative of f o .  For the 
majority of electrons in the discharge, which are trapped by the self-forming electro- 
static field, a further simplification is applicable. At low enough pressures, the energy 
relaxation length for these electrons is large compared to the reactor dimensions. 
Since electron heating is a slow process compared to the time scale of electron spatial 
displacement, the total energy of the electrons (kinetic plus potential) is approxi- 
mately constant in space. One can then space-average the Boltzmann equation and 
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derive an equation for fo as a function of the total electron energy, that does not 
depend explicitly on the spatial coordinates [59]. This is a tremendous simplification 
of the Boltzmann equation in multidimensional plasmas. However, the spatial de- 
pendence has to be retained for electrons which have high enough energy to over- 
come the sheath potential and reach the walls (free electrons), or for electrons 
that have an energy relaxation length smaller than the reactor dimension. For 
monatomic gases (e.g., argon) this includes electrons with energy above the first ex- 
citation potential of the atom. In molecular gases (e.g., chlorine, sulfur hexafluoride, 
carbon tetrafluoride) the electron energy relaxation length of trapped electrons is 
much shorter that in atomic gases because of a plethora of relatively low threshold 
energy (few eV) collisions (e.g., vibrational excitations), see Fig. 13. Therefore, as the 
gas pressure increases, the non-local approach is expected to break down much 
sooner for molecular gases as compared to atomic gases. Also, for molecular gases, 
the traditional two-term approximation of the EEDF may not be applicable because 
the inelastic collision cross sections are comparable to or even exceed the elastic 
collision cross sections. 

3.1.3 Heavy-Particle Reactions 

Common types of chemical reactions among heavy particles are also shown in Table 
4 (More can be found in [ 6 ] ) .  An important reaction is radical recombination in the 
gas phase according to 

A + B + M  -+ AB+ M (12) 

Reaction R24 in Table 4 is an example. The rate coefficient k,,, has an Arrhenius 
dependence on gas temperature, 

Another important kind of heavy-particle reaction is that between ions and 
molecules or atoms. Typical examples are charge exchange and ion-molecule recom- 
bination 

A+ + B -+ A + B +  (14) 

A + + B + A B +  (15) 

Charge exchange between a molecule and the daughter ion (symmetric charge ex- 
change) is particularly efficient. Charge exchange is often responsible for transforming 
a fast ion and a slow neutral into a fast neutral and a slow ion in the sheath, thereby 
reducing the energy by which ions bombard the wafer surface. Ion-molecule (atom) 
recombination is responsible for generating molecular ions in atomic gas plasmas. 
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Finally, ion-ion neutralization reactions such as 

are important as negative ion sinks in the gas phase, since negative ion loss to the 
walls is negligible. These reactions are often dissociative (see reaction R22 in Table 
4). Data on heavy particle reactions of interest can be found in [60-621. 

Thermal dissociation reactions are not important in plasma systems because of 
the low gas temperature. Dissociation of molecules is induced by energetic electron 
bombardment instead. In contrast, thermal dissociation is a major mechanism for 
radical generation in thermal CVD systems [20]. 

3.2 Surface Chemistry 

Surface reactions are of ultimate importance since the goal of plasma processing is 
surface modification [7]. One can distinguish between several types of processes [ 121 
which can occur on the surface of a solid exposed to a plasma ( Fig. 16). The surface is 
bombarded by neutral radicals and molecules, positive ions, electrons, and photons. 

NEUTRAL , VOLATILE 

SPUTTERING 

(a) 

PRODUCT 

CHEMICAL 

(b) 

ION- ENHANCED 
ENERGETIC 

(c) 

ION- ENHANCED 
INHIBITOR 

Fig. 16. The four basic mechanisms of etching by 
a plasma. (a) sputtering, (b) chemical etching by 
the action of neutrals only, (c) ion-induced etch- 
ing; reaction occurs only on surfaces undergoing 
ion bombardment, and (d) ion-enhanced etching; 
neutrals could etch even in the absence of ion 
bombardment; the latter increase the etch rate. 
In order to avoid etching of the sidewalls by 
neutrals in case (d), the plasma chemistry is 
selected so as to “coat” the sidewalk by an ex- 
tremely thin layer which inhibits sidewall etch- 
ing. Ion bombardment clears the inhibitor film 
allowing etching to proceed anisotropically. 
After [12]. 
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Of these, neutral specie and positive ion bombardment is generally considered most 
important. Sputtering (Fig. 16a) refers to the process of ejection of surface atoms in- 
duced by ions transferring momentum to the surface [ 151. Sputtering can be thought 
of as atomic scale sandblasting. This is a physical rather than a chemical mechanism, 
and as such has very low selectivity. For ion energies of interest, the etch rate due to 
sputtering is given by [63, 641 

where x = 0.5, Y ,  is the sputtering yield (atoms of substrate removed per incident 
ion), J+ and E+ are the ion flux and energy, respectively, and ps is the density of the 
substrate material; a is a constant characteristic of the material (a  = 0.0337 eV-0,5 
and 0.0139 eV-0.5 for Si and SiOz, respectively), and &th is the sputtering threshold 
energy ( ~ 2 0  eV and 18 eV for Si and SOz ,  respectively) [64]. The latter is the mini- 
mum ion energy required for sputtering to occur at all. The sputtering yield for some 
solid/ion combinations can be found in [15, 611. Plasma etching systems are designed 
to minimize sputtering. Ion bombardment can also result is ejection of electrons 
(secondary electrons) from the surface. The secondary electron emission yield (elec- 
trons per incident ion) depends mainly on the type of surface and the ion energy (see 
also [15, 611). 

In chemical etching (Fig. 16b) neutrals react with the surface spontaneously to 
yield product. An example is etching of silicon with F atoms. Rapid surface fluori- 
nation leads to SiF4 which desorbs into the gas. 

Si + 4F + SiF4 (18) 

Ion bombardment is not necessary for this reaction to occur. The reaction rate in the 
absence of ion bombardment is given by Eq. (58) of Section 6.1. Generally, chemical 
etching has very high selectivity. 

Instead of etching, radicals can recombine on the surface (reaction R24 in Table 
4). This may be an important loss mechanism of potential etchant species, especially 
at low pressures. Recombination can occur between two radicals adsorbed on the 
surface at adjacent sites, ( Langmuir-Hinshelwood mechanism [65]). The product of 
recombination desorbs into the gas. 

A.S + B.S ---f AB(g) + 2 S (19) 

This mechanism has been postulated for recombination of C1 atoms on alumina 
(both A and B in Eq. 19 are C1 atoms). Another mechanism is for a gas-phase radical 
to abstract another radical adsorbed on the surface (Rideal mechanism [65]). The 
latter case can be shown schematically as, 

A(g) + B.S - AB(g) + S (20) 

This mechanism is followed in recombination of O-atoms on quartz (both A and B in 
Eq. 20 are 0 atoms). 
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Ion bombardment can influence one or more of the surface reaction steps in 
plasma etching. For example, ion bombardment disrupts the crystal lattice generat- 
ing “active” sites where neutrals can adsorb (step 3 in Fig. 12), or ions promote the 
reaction of adsorbed species with the surface (step 4), or ions clear the surface from 
adsorbed products (by sputtering) thereby exposing “fresh” surface to the incoming 
etchant flux. In ion-induced etching, reaction between a species with the surface occurs 
only in the presence of ion bombardment. An example is etching of undoped silicon 
with chlorine. Figure 17 shows the result of a well-defined experiment that demon- 
strates the principle [66]. A piece of silicon wafer a t  ambient temperature can be 
bombarded under Ultra High Vacuum conditions by a thermal beam of Cl2 molecules 
and an energetic beam ( - 1000 eV) of argon ions (Fig. 17, top). No etching occurs 
when the surface is bombarded by chlorine alone (not shown). Dissociative adsorp- 
tion of chlorine on the silicon surface occurs, but surface reaction leading to the vola- 
tile Sic14 compound can’t occur under these conditions [67]. When the surface is 
bombarded by the ion beam alone, a small etch rate is observed, corresponding to 
sputtering of the surface. When the chlorine beam is also turned on, so that the sur- 
face is bombarded by molecules and energetic ions simultaneously, the etch rate is 
much higher than the sputtering rate. The ion beam has now induced a reaction of 
chlorine with the surface leading to SiCl,y product formation. At the molecular level, 
ion bombardment induces mixing of the adsorbed gas (Cl) with the crystal by the so- 
called collision cascude [68]. The depth of the mixed layer depends on the ion energy, 
and typically extends several atomic layers into the crystal lattice. Energy deposited 
by the ions in the mixed layer favors the formation of weakly bound species (SiCl,, 
x = 1-4) that are either sputtered away or desorb spontaneously into the gas phase. 
The formation of a surface layer is discussed further in Section 6.1. 

In ion-enhanced etching, ion bombardment accelerates the reaction of the neutral 
with the surface. Without ion bombardment that reaction would still occur but at  
much reduced rate. An example is shown in Fig. 17, bottom. When the silicon surface 
is exposed to XeF2 alone, a small etch rate (chemical etching) is observed. Apparently, 
fluorination of the silicon surface leading to volatile SiF4 does not require ion bom- 
bardment. Also, when the surface is exposed to argon ions alone, a small sputtering 
rate is observed. However, simultaneous exposure to the neutral and ion beams leads 
to an etch rate much higher than the sum of the chemical etching and sputtering rates. 
More details on the etching of silicon and also of oxide can be found in Section 6. 

In general, the total etch rate can be expressed as the sum of three components: 
physical sputtering, spontaneous (chemical) etching and ion-induced or ion-enhanced 
etching [64, 69-71]. 

All three processes can occur simultaneously when a surface is exposed to a 
plasma. The relative importance of one mechanism over the others depends on the 
material system (surface and gas), the ratio of neutral to ion flux, and the ion energy. 
In general, conditions are selected such that ion assisted chemistry dominates. In 
cases that chemical etching dominates, a mechanism for wall passivation (Sectjon 
3.3) is necessary to avoid mask undercut. 

In some cases ion bombardment has no effect on etching. A notable example is 
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Fig. 17. Demonstration of ion-induced etching (top). Chlorine gas alone does not etch silicon. Ion bom- 
bardment alone yields a low sputtering rate. Simultaneous exposure to ions and neutrals results in an en- 
hanced etch rate (much higher than the sputtering rate). Demonstration of ion-enhanced etching (below). 
XeFz can etch silicon (chemical etching) even in the absence of ion bombardment. Ion bombardment alone 
yields a low sputtering rate. Simultaneous exposure to ions and neutrals results in greatly enhanced etch 
rate (much higher than the sum of chemical etching and sputtering). After [66]. 

etching of aluminum in chlorine containing plasmas [72]. The etch rate is independent 
of ion energy since the only function of the ions in this case is to keep the surface 
“clean” by sputtering away any adsorbates (e.g. oxygen forming aluminum oxide) 
that can potentially block etching. In still another situation, ion bombardment can 
retard etching as in the case of copper etching by chlorine [73]. 
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3.3 Anisotropy Mechanisms 

Anisotropic etching refers to the situation where reaction proceeds only along the 
bottom surface of a microscopic feature, or more precisely, only along surfaces that 
are not perpendicular to the macroscopic wafer surface. Anisotropic etching is based 
on the premise that energetic ion bombardment is directed along the normal to the 
wafer surface. Of course, the finite ion temperature can result in a spread of ion 
velocities around the surface normal [41, 74, 751. Plasma etching processes are de- 
signed to minimize this angular distribution of ion flux. Also, the ion energy must be 
optimized in the sense that it should be enough to cause the desired surface reaction 
but not too high to cause undesired sputtering or radiation damage. In many cases 
that optimum lies in the range of 50-300 eV, depending on the system. 

There are basically two mechanisms to achieve anisotropy (Fig. 16). When gasi- 
fication of the solid by neutral species is not spontaneous, etching can occur only on 
surfaces exposed to ion bombardment (ion-induced etching). Thus, anisotropy can be 
readily achieved (Fig. 16c). However, when the chemical reaction between neutrals 
and the surface is spontaneous, a “wall passivation” mechanism is necessary to 
achieve anisotropy (Fig. 16d). Wall passivation means deposition of thin polymeric 
films or “inhibitors” that block etching of the surface by the neutrals. The passivation 
film does not form on surfaces exposed to ion bombardment, allowing etching to 
proceed unimpeded on these surfaces. The deposition of passivation films is con- 
trolled by judicious selection of the plasma chemistry [76] and wafer temperature. 
Oftentimes, the photoresist (polymer) used as mask contributes to the formation 
of passivation films. Spontaneous chemical etching can be stopped if the wafer is 
chilled to low enough temperatures to quench the reaction. This is another way to 
promote anisotropic etching. 

A possible mechanism of formation of a sidewall passivation film in the case 
of silicon etching in a HC1/02/BC13 plasma is shown in Fig. 18 [77]. SiCl,H,-type 
byproducts are sputtered away by ion bombardment from the bottom of the trench. 
A portion of the sputtered flux strikes and sticks on the sidewalls on the trench. 
Oxygenation of the byproducts on the sidewalls results in a silicon dioxide type of 
film that resists etching. The sidewalls do not receive any appreciable ion bombard- 
ment and hence, depending on conditions, a rather thick inhibitor film may be 
formed. 

4 Plasma Reactor Configurations 

4.1 Low Plasma Density Reactors 

These have the operational characteristics shown under the “RF  diode” column of 
Table 3. An example of a low plasma density system is the capacitively-coupled diode 
shown in Fig. 3a. The substrate electrode can be made larger to hold many wafers, 
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Fig. 18. Model of formation of sidewall passivation film during RIE of silicon in a HCI/Oz/BC13 plasma. 
Material sputtered away from the feature bottom ( 1 )  redeposits on the sidewall (2) where it is oxidized (3,4) 
to form a passivation film. After 1771. 

but due to the tendency of increasing wafer size, single wafer tools (processing one 
wafer at a time) are favored for improved uniformity and better process control. Fig. 
3a shows a symmetric configuration (electrodes of equal area), that is normally 
operated at relatively high pressures (> 100 mtorr). As a result of collisions in the 
sheath [78], the energy of ions bombarding the wafer is rather low (see also Fig. 33, 
bottom). In colloquial terminology this is referred to as plasma etching configuration. 
A variant of this diode system is shown in Fig. 19a, in which the counterelectrode is 
the (grounded) chamber itself. This is a strongly asymmetric system (large difference 
in electrode areas). As a result the sheath over the smaller electrode holding the wafer 
attains a larger voltage (Eq. 3). In addition, the operating pressures are relatively 
low (< 100 mtorr) resulting in intense ion bombardment. This is referred to as reac- 
tive ion etching (RIE) or reactive sputter etching configuration. The addition of a 
magnetic field parallel to the wafer holder (Fig. 19b) reduces electron losses and 
hence enhances the plasma density. At the same time the sheath potential is reduced 
minimizing unwanted sputtering. The resulting configuration is called magnetically 
enhanced reactive ion etching (MERIE) [5]. Oftentimes, the magnetic field is rotated 
to improve etch uniformity. In another variant of the diode reactor (so called triode) 
a third electrode is added to partially decouple plasma density and ion bombardment 
energy. 

The volume-loaded barrel reactor shown in Fig. 19c, is not used for applications 
that require anisotropic etching. A typical example is photoresist stripping. High 
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Fig. 19. Schematic of common plasma reactor configurations besides the one shown in Fig. 3a. Reactive 
ion etching (RIE) (a), magnetically enhanced reactive ion etching (MERIE) (b), barrel (c), and down- 
stream etching (d) reactors. In the barrel and downstream reactors etching is purely by neutral radical 
species (chemical etching). After [ 1 I]. 

throughput is one of the advantages of the volume-loaded tools. The plasma is gen- 
erated in the annulus between the quartz barrel and the etch tunnel, a perforated 
metal cylinder. The wafers are loaded on a quartz boat which is placed inside the 
tunnel. Reactive radicals formed in the plasma diffuse through the perforations of the 
etch tunnel and then diffuse in-between the wafers where they react [79, SO]. When 
the plasma is confined in the annular space outside the tunnel, the wafers are not 
subjected to ion bombardment, but the wafers can still be exposed to plasma radia- 
tion. There are applications that require the wafers to be far away from the plasma so 
as to avoid electrical damage of devices built onto the wafers. In such cases a duwn- 
stream etching reactor is used (Fig. 19d). The plasma is generated at a remote loca- 
tion. Reactive radicals formed in the plasma are transported by gas flow downstream 
to the wafer chamber where etching occurs. If the plasma is far enough from the 
substrate, charged particles recombine before reaching the wafer. Thus the wafer is 
exposed to neutral species alone. This configuration is used only for applications 
that do not require anisotropic etching, for example, photoresist stripping [81] and 
selective nitride etching over oxide [82]. 
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4.2 

A disadvantage of the diode CCP reactor is that the plasma (electron and ion) density 
can’t be controlled independently of the ion bombardment energy. As the applied 
R F  voltage amplitude is increased to increase the plasma density, so does the sheath 
potential and consequently the ion bombardment energy. Excessive ion energy is not 
beneficial as it can lead to unwanted sputtering and heating of the wafer. Further- 
more, etching of modern sub-quarter-micron device structures requires extreme 
directionality of the impinging ions. This can only be achieved by avoiding ion col- 
lisions in the sheath. Finally, etching of wafers with ever increasing diameter demands 
a uniform plasma over large areas. To satisfy these requirements, high (charge) 
density, low (gas) pressure plasmas have been developed. Typical characteristics of 
these high density plasmas (HDP) compared to conventional R F  diodes are 
shown in Table 3 .  Salient features of HDP reactors are: (a) (quasi) independent 
control of plasma density and ion bombardment energy can be achieved by decou- 
pling plasma generation from substrate (wafer) bias, (b) high plasma density (small 
Debye length) and low gas pressure (long mean free path) result in collisionless 
sheath that promotes ion directionality, and (c) low gas pressure facilitates diffusion, 
promoting uniformity over large diameter substrates. Examples of HDP are in- 
ductively coupled plasma ( ICP), helical resonator, electron cyclotron resonance 
(ECR), and helicon plasmas (Fig. 20) [6, 11, 831. A common feature of these 
reactors is the separate zones for plasma production and wafer placement. These two 
zones can be 10s of cm apart. Plasma is generated in the upper zone and diffuses into 
the lower part of the chamber enclosing the substrate. A set of optional multi- 
pole permanent magnets (not shown) can surround the substrate chamber to mini- 
mize plasma losses to the walls, thus improving plasma density and also plasma 
uniformity. 

Inductively coupled plasma (ICP) reactors (Fig. 20a) are particularly attractive 
because their design is relatively simpler and they are easily scaleable to large diam- 
eter substrates [84, 851. In ICPs, the plasma is excited in a cylindrical chamber (Y, z ,  0) 
by a solenoidal or planar (stovetop-type) coil powered at radio frequencies, for 
example 13.56 MHz. The coil current induces a time-varying magnetic field which 
in turn induces an azimuthal (in the 8-direction) electric field that couples power to 
the plasma, i.e., heats the plasma electrons. For common excitation frequencies (less 
than the plasma frequency), the electromagnetic fields are absorbed by the plasma 
within the skin depfh. For typical conditions, fields penetrate a few cm into the 
plasma. The power is deposited non-uniformly in the shape of a toroid (see also Fig. 
25). Because of the low pressure, however, species diffusion is facile and the plasma 
fills the whole reactor. In the absence of any capacitive coupling from the coil, the 
plasma potential is relatively low ( - 20 V )  thus minimizing unwanted sputtering 
of the reactor walls. Capacitive coupling from the coil can result in larger plasma 
potentials. The wafer platen can be biased independently by a separate R F  power 
supply in order to control the energy of ions bombarding the wafer [86]. As in the 
case of capacitive coupling from the coil, larger (but controllable) time-dependent 
plasma potentials are then established. 

High Density Plasma (HDP) Reactors 
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Fig. 20. High density plasma (HDP) reactor configurations. Inductively coupled plasma (ICP) (a), helical 
resonator (b), electron cyclotron resonance (ECR) (c) and helicon (d) reactors. After [ l  1). 

5 Plasma Modeling and Simulation 

5.1 Problem Statement 

The problem statement can be summarized by Fig. 4. Given a reactor type and con- 
figuration, geometrical dimensions and materials of construction, as well as a set of 
operating parameters (inputs including plasma power, gas pressure, excitation fre- 
quency, substrate voltage or power, and feedstock gas composition and flow rate), 
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determine the following key plasma properties: The electron velocity distribution 
function (EVDF), the space and time variation of electron, ion, and neutral species 
densities and velocities, the flux and energy distribution of ions and neutrals bom- 
barding the electrodes and their uniformity across the electrodes, and the potential 
and current distribution in the system. These variables and their spatiotemporal 
variation provide insight into the plasma reactor behavior. When the reactor is 
loaded with a wafer, one is in addition interested in the outputs (figures of merit) 
including the etch (or deposition) rate, uniformity, anisotropy, selectivity, radia- 
tion damage, and wafer temperature. One can also pose the inverse problem which 
is more difficult to solve, that is: given a material to be etched (or deposited) 
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Fig. 21. Disparity in length and time scales in plasma processing 

and specifications on the rate, uniformity, anisotropy, and selectivity, determine the 
reactor configuration, dimensions, and operating parameters to achieve the task. 

5.2 Disparate Length and Time Scales 

One of the central issues in modeling the behavior of plasma processes is the disparity 
in length and time scales (Fig. 21). Length scales range from atomistic, to microscopic 
(microfeature width), to mesoscopic (sheath, cluster of features) to macroscopic (re- 
actor, wafer). Even if one focuses on reactor scale simulations, the presence of the 
extremely thin sheath in high density plasmas introduces a formidable range of length 
scales from 10s of microns to 10s of cm. The range of time scales is also extremely 
wide, from ps for the collision cascade, to the ns response time of electrons, to 1s 
for ions, to 10-100s of ms for heavy species chemistry and gas residence times, to 
mins for the duration of etching processes. Similar issues arise in electrochemical 
engineering as well as in many other fields of science and engineering. In pattern 
definition by electrochemical etching or electrodeposition, for example [87, 881, one 
needs to describe behavior at the progressively diminishing scales of reactor, work- 
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piece (e.g., circuit board), cluster of features, individual feature, films possibly 
covering the surface, and the reaction(s) at the interface between film and underlying 
material. 

One can extend the picture to include a process composed of several unit opera- 
tions, or even the whole factory. When the whole range of scales is included, the 
problem becomes one of describing the behavior of an entire plant starting from 
molecular principles. This problem is unsolved at  the present time, but given the 
rapid advancements in modeling and simulation at each individual scale, and the 
growth in computational power, one can envision that the overall coupled problem 
will be solvable within the next few decades. 

Until recently, work done to connect the disparate length scales solved the prob- 
lem in a sequential manner. For the plasma etching problem for example, Economou 
and Alkire solved for the macroscopic (reactor) scale [69] and used the results as a 
boundary condition for solving the sheath equation (mesoscopic scale) [78]. In turn 
they used the sheath simulation results as a boundary condition for the microscopic 
(feature) scale [89]. Feedback from the feature to the reactor was not considered. 
Lately, some progress has been made in self-consistent coupling (with feedback) of 
the disparate length scales of reactor (10s of cm) and microfeature (< 1 pm) evolu- 
tion in CVD [90, 911. Gobbert et al. 1901 developed a multiscale simulator that links 
the reactor and microfeature scales through a mesoscopic scale ( -  few mm) model. 
The mesoscale corresponds to the size of a die on the wafer and contains clusters 
of microfeatures. Both reactor and mesoscale models were solved based on the con- 
tinuum approximation (Kn = A/L << 1)  using a finite element method, while the 
feature scale model was solved based on ballistic transport (no gas phase collisions). 
The calculation iterated among the different scale models until a converged solution 
was obtained. Thus, the effect of changing surface area, for example, due to micro- 
feature shape evolution during CVD, could be accounted for in the simulation. 
Rodgers and Jensen also developed a multiscale simulator for CVD [91]. Feature 
scale Monte Carlo simulations were used to develop a “surface reactivity” map as 
a function of location, E ( Y ) ,  which was used in the flux boundary condition for the 
reactor scale model. In this continuum finite element model the wafer surface was 
taken as planar. Information was exchanged back and forth (Fig. 22) between the 
models until convergence. Again, the effect of changing surface topography during 
CVD could be accounted for. 

5.3 Plasma Simulation Approaches 

Modeling and simulation of plasma systems has emerged as a tool for enhancing 
one’s intuition about the physicochemical processes occurring in the plasma, for 
understanding the complex spatiotemporal plasma dynamics, and for assisting in the 
design of new reactors or the optimization of existing ones [92-961. A comprehensive 
plasma model should account for at least the following phenomena [97]: 

1. Mass, momentum, and energy transport of charged and neutral species coupled 
with plasma chemistry. 
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2. The electric and magnetic field distribution in the reactor. 
3.  The variation of electron velocity distribution function with operating conditions. 
4. Species transport in the sheath, and the resulting angular and energy distribution 

of ions, electrons, and any hot neutrals bombarding the surface. 
5. Surface chemistry, especially ion-assisted reactions, recombination, or polymeri- 

zation that might occur. 
6 .  Feature profile evolution. 
7. Heat transport in the semiconductor wafer. 

Because of the strong interaction and coupling of the phenomena enumerated 
above, performing a comprehensive plasma simulation which couples all of these 
phenomena is an extremely challenging task, and is still an unsolved problem. One 
way to attack this problem is to break it down into smaller pieces, separating the 
length and time scales. An approach is shown in Fig. 23, top. The reactor scale 
simulation includes the bulk plasma and the sheath. Wafer heat transport should 
also be included here, although this item has not received attention in the literature, 
except for isolated cases [98]. Wafer heating is important as it can affect the rate of 
recombination, chemical etching and polymerization on the surface. In many cases, 
bulk plasma and sheath are solved together, i.e., the same equation set is applied to 
the whole reactor. This approach is especially convenient for low plasma density 
systems in which the sheath thickness is an appreciable fraction of the reactor length 
scale [97], but has also been practiced, to a limited extend, in HDP reactors [99, 1001. 
However, the most common approach for HDP systems (in which the sheath is 
extremely thin), is to solve the bulk plasma and the sheath separately [IOl-1031, and 
then apply a “splicing” procedure to connect the two [102, 1031. The reactor scale 
model (or the sheath model if done separately from the bulk plasma) provides 
boundary conditions (species fluxes, energy and angular distributions) to the feature 
scale model. A surface chemistry model should describe the reactions between neutral 
and charged particles with the surface, including ion-assisted chemistry, recombina- 
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Fig. 23. A methodology for modeling plasma reactors by braking the problem into smaller parts: (top) 
From the reactor, to the feature, to the atomic scale. (bottom) Modules used for reactor scale model. 

tion, polymerization, or even secondary electron emission. This model can be phe- 
nomenological ( Langmuir-Hinshelwood kinetics) or one based on molecular simula- 
tion approaches (Atomic Scale, see Section 5.7). It provides boundary conditions for 
the feature evolution model as well. An atomic scale model can also be used to calcu- 
late rate coefficients for plasma chemical reactions, and these can be fed to the reactor 
scale model. Although published works on plasma modeling tackle these models in 
isolation from one another (for example no coupling between reactor and feature 
scales), efforts to construct an integrated plasma reactor model are continuing. 

The reactor scale model is further split into “modules” (see Fig. 23, bottom) to 
separate the disparate time scales of electron, ion, and neutral transport. This is 
essentially an equation splitting approach. Calculation of the EVDF by solving the 
Boltzmann Eq. (5) is then part of the electron transport module. The EVDF de- 
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termines the space- and time-dependent electron energy and transport properties, as 
well as the electron-particle reaction rate coefficients (Section 3.1.2) for given electric 
and magnetic fields and plasma gas composition profiles. The electromagnetics (EM) 
module solves for the electric and magnetic field distributions in the reactor using the 
Maxwell equations. The neutral and ionic species concentrations are obtained from 
the corresponding modules. Information is cycled among the modules until a con- 
verged solution has been obtained. 

5.4 Reactor Scale Simulations 

Plasma reactor simulations range from zero-dimensional (well-mixed) to three- 
dimensional. Well mixed [ 104- 1061 and one-dimensional models (including plug flow 
models [ 107, 1081) are best for sorting out the complicated gas and surface chemistry 
to arrive at a reduced reaction set for use in multidimensional simulations. Two- 
dimensional simulations can address the important aspect of reaction uniformity 
across the wafer radius. Three-dimensional simulations are useful for studying azi- 
muthal asymmetries in the reactor due to non-axisymmetric power deposition, or 
non-axisymmetric gas inlets and pumping ports [ 109, 1 lo]. 

Simulations of plasma reactors of the type used in the microelectronics industry 
started to appear only in the 1980s. A number of two-dimensional plasma reactor 
simulations were reported [69, 1 1 1, 1121 focusing on the transport and reaction 
of neutrals only (neutral transport and reaction models). The electron density was 
assumed to have a uniform or Bessel function profile, and the electron energy was not 
calculated as a function of space and time in the reactor. The radical source terms 
(by electron-impact dissociation, for example) were estimated and the conservation 
equations for mass, momentum, and energy transport of neutrals were solved to 
obtain the fluid velocity profiles, gas temperature and the concentration distribution 
of radicals: this is a computational fluid dynamics problem. Charged particle trans- 
port was not considered, and the effect of plasma gas composition (different than the 
feedstock gas composition) on the plasma properties was not accounted for. Aydil 
and Economou [ S O ]  improved on these works by using a well-mixed model for the 
discharge physics to obtain the electron density and electron impact reaction rate 
coefficients. These were used as input to a two-dimensional transport and reaction 
model to calculate etch uniformity. They also extended the model to include wafer 
heating effects [98]. 

Up until the early 1990s, simulations that solved for the radio frequency ( R F )  
plasma dynamics (so-called glow discharge models) were confined to one spatial di- 
mension (I-D) [36, 113-1261. In addition, most of these simulations did not solve for 
the transport and reaction of neutrals, i.e., the effect of gas excitation and/or dis- 
sociation on the plasma characteristics was not accounted for. This can sometimes be 
a severe limitation since even minute quantities of excited species can alter the dis- 
charge properties (361. Self-consistent RF plasma simulations which solve for the 
coupled effects of charged and neutral species transport and chemistry have only been 
reported within the past several years in I-D (36, 121, 1231, 2-D [97, 100, 127-1321 
and 3-D [ 109, 1 lo]. Multidimensional simulations are particularly useful since they 
can address the important issue of plasma uniformity and the spatiotemporal plasma 
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dynamics along both the radial and axial direction. However, most 2-D simulations 
still do not include neutral transport and chemistry and consider noble gases (argon 
and helium) only [133-1381, not reactive gas plasmas. In view of the above discus- 
sion, multidimensional self-consistent plasma reactor simulation is of very young age. 

There are three kinds of glow discharge simulations: fluid, kinetic and hybrid. 
Fluid simulations use moments of the Boltzmann equation describing species density, 
momentum and energy conservation [48, 92, 1221. They require some assumptions 
regarding the species distribution function to achieve closure of the equations. Kinetic 
simulations, including Particle-In-Cell with Monte Carlo Collisions (PIC-MCC) 
[139-1411 or Direct Simulation Monte Carlo (DSMC) [41, 142, 1431 yield the par- 
ticle distribution functions as an output of the simulation. They are considered more 
accurate than fluid simulations at low pressures when the species mean free path is 
comparable to or longer than a characteristic length scale (Kn > 0.2) or for highly 
non-equilibrium situations. However, there is evidence that fluid simulations can 
perform well even at low pressures for which their assumptions must be scrutinized 
[ 1441. Kinetic simulations are computationally intensive as compared to fluid simu- 
lations. Hybrid simulations have been developed [59, 121, 1311 in an attempt to 
preserve the accuracy of kinetic simulations and at the same time reduce the compu- 
tational burden. 

5.4.1 Fluid Model Equations 

A fluid (or continuum) model of a plasma reactor treats the system as three inter- 
penetrating interacting fluids, i.e., electron, ion, and neutral fluids. The fluid equations 
are obtained from the Boltzmann Eq. (5) by first multiplying that equation by 4, 
where 4 is a constant or a function of the velocity v ,  and then integrating over 
the velocity space to obtain the “average” of #. The resulting equations are called 
moments [48, 92, 122, 1291. Kinetic simulations such as DSMC and PIC/MCC solve 
for the species distribution function by integrating the Boltzmann equation using 
pseudoparticles. On the other hand, fluid simulations solve equations for “average” 
quantities such as the directed velocity [48]. 

When # = 1, the species i number density continuity equation (where i can be 
electrons i = e ,  positive ions i = f, negative ions i = -, or neutrals i = n )  is obtained 
as the zeroth moment, 

where nj and u; are the density and directed velocity of species i, respectively. R,  is 
the rate of production or loss of species i due to the volumetric reactionj. 

The first moment is the (vector) momentum equation which can be derived by 
setting # = mv, 
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where vnl, is an effective momentum exchange frequency of species i and P,  is the 
partial pressure given by P,  = nikT;, and Ti is the species temperature. Eq. (23) as- 
sumes that the pressure tensor is isotropic which appears to be a good approximation 
in the absence of strong magnetic fields. In Eq. (23), the terms represent (in order 
from left to right) local acceleration, convective acceleration (inertia), motion due to 
pressure gradient, motion due to the presence of farce fields (e.g., electric field), and 
momentum exchange due to collisions with the background species. 

When the terms on the left hand side of Eq. (23) are negligible (see I1221 for a 
discussion of this point), and after setting F = eziE, where zi is the charge number of 
species i (positive or negative), one obtains 

Since the flux for each carrier is Ji  = niui one can write 

where p j  and D; are the particle’s mobility and diffusivity respectively, and the species 
temperature has been taken outside the differential as if the temperature were con- 
stant. Eq. (25) is known as the drift-diffusion approximation and is often used in 
place of the full momentum Eq. (23) for simplicity [113-115, 133, 135, 1371. The 
drift-diffusion approximation has been questioned at  low pressures and in the sheath 
where species inertia may not be negligible [92]. Eq. (25) does not contain a term 
corresponding to convective flux by bulk gas flow (niu,) where uy is the gas flow ve- 
locity. This term is normally small compared to the other two terms in Eq. (25). 
Actually the gas velocity should have been included in the last term of Eq. (23) since 
the momentum loss of the ion fluid, for example, is proportional to the relatiue 
velocity between ions and neutrals [48]. It was neglected because u+ >> u,. Under 
typical conditions, the drift flux dominates over the diffusion flux in Eq. (25) for 
positive ions, while the two fluxes nearly balance each other (and are in opposite 
direction) for electrons and negative ions. Comparing Eqs. (24) and (25) one obtains, 

Combination of Eqs. (26) and (27) results in Einstein’s relation, 

Although electrons are mobile enough to respond to the variations of the electric 



Plasma Engineering 283 

field at  13.56 MHz (i.e., u,,,, >> o, and the electron inertia can be neglected), ions are 
massive and can’t follow the field faithfully. Recognizing this fact, Richards et al. 
[ 1 151 introduced an equation for an “effective” field to which the ions (positive and 
negative) respond. 

That way, the drift-diffusion Eq. (25) can be used for both electrons and ions, except 
that the actual electric field is replaced by the effective field, in the case of ions. Of 
course, when the full ion momentum Eq. (23) is used, Eqs. (25) and (29) become 
immaterial. 

The second moment of the Boltzmann equation is the (scalar) energy conser- 
vation equation which can be derived by setting I$ = mv . v / 2  = 3, where 3 is the 
total (kinetic plus internal) energy. For particle i, 3; = rniu?/2 + Ui where U, is the 
internal energy 

Here K; is the thermal conductivity and HV is the energy loss of species i due to col- 
lisionj. In order from left to right, the terms in Eq. (30) represent the time rate of 
change of total energy, convective transport of energy, rate of work done by pressure 
forces, energy exchange with the force field, energy transport by conduction, and 
energy loss due to collisions. 

An equation for the thermal energy Ui (For  a Maxwellian distribution U; = 
3/2kT;)  can be obtained by taking the dot product of u; with the momentum Eq. 
(23),  and subtracting the resulting equation from the total energy Eq. (30) [92]. 
However, a simplification is frequently made in plasma simulations, namely that 
Ui >> miu?/2, and 3, in Eq. (30) is simply replaced by U;. The resulting equation, 
written here for electrons (i = e ) ,  reads, 

(? m, 
at 
-(3/2n,kT,) +V.q, +eJ,.E+3v,,,,-n,k(Te m - 

where the substitution F = -eE has been made, and the total electron energy flux is 

The thermal conductivity of a monatomic “gas” is 

(33) 
3 

K .  - - kD;ni 
‘ - 2  

In Eq. (31), the electron energy loss term has been decomposed into losses due to 
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elastic and inelastic collisions (last two terms on left hand side). The term containing 
the dot product of electron flux and electric field provides for electron heating by 
the field. This would correspond to ohmic heating in electrochemical systems. In 
R F  plasma systems, in addition to ohmic (Joule) heating, non-Joule heating is also 
important, especially at low pressures (< 100 mtorr) [6, 18, 24, 251. The ability of the 
fluid model to capture this essentially non-collisional heating has been scrutinized in 
the literature [ 1451. Turner [ 1461 has proposed a modification to the fluid equations to 
account for this effect. Some authors write Eq. (3 1)  in terms of the thermal energy U,, 
i.e., they don’t make the substitution U, = 3/2kT, (122, 1371. This way, they have an 
equation in terms of the mean electron energy instead of one in terms of electron 
temperature. The two formalisms are equivalent. 

When solving a fluid equation for the (average) electron energy, an assumption 
has to be made regarding the EEDF. In the case of Eq. (31), the EEDF has been 
implicitly assumed to be Maxwellian. The electron energy determines the rate co- 
efficients of electron impact source terms that enter the species mass balance (Eq. 22), 
and also the electron transport properties (momentum exchange frequency, mobility, 
diffusivity) that enter the electron momentum equation (either Eq. 23 or Eq. 25). 
These coefficients and transport properties can be expressed as a function of the 
average electron energy [53-55, 92, 1291 based on the solution of a DC Boltzmann 
equation. Instead of solving for the average energy, one can solve the (time- 
dependent) Boltzmann equation for electrons and calculate the EEDF (a kinetic 
approach), in essence replacing the electron energy equation. This essentially hybrid 
(kinetic EEDF, fluid for the rest) approach has been used extensively in the literature 
[59, 121, 1311. 

Finally, the Poisson equation links the potential field with the charge density 

e C zin, 
2 i v v = -  

EO 
(34) 

Depending on the approximations made, different sets of the equations shown 
above are used by different authors. Most often, the drift-diffusion approximation is 
made for both electrons and ions [113-115, 126, 127, 133, 135, 1371. Other authors 
solve the full momentum equations for either electrons or ions (using drift-diffusion 
for the other species) [99, 130, 1341 or for both electrons and ions [ 116, 125, 1361. An 
energy equation for ions is normally not solved. Almost always, it is assumed that 
ions are at the same “temperature” as neutrals. At very low pressures (or more 
accurately for high Kn) this is not a good assumption. Most workers also assume a 
neutral gas temperature. Others solve an energy balance for the neutral gas to cal- 
culate T6, [ 1301. Of course, particle simulations (DSMC) yield the species temper- 
atures without the need for any assumptions. 

In general, boundary conditions are difficult to specify and oftentimes difficult to 
incorporate into the numerical scheme. Typical boundary conditions used are given 
in [92, 97, 129, 130, 1361. Boundary conditions for the mass continuity Eq. (22) 
specify a zero electron density at  the wall, or an electron flux equal to the local ther- 
mal flux multiplied by an electron reflection coefficient. The ion diffusion flux is set to 



Plasma Engineering 285 

vanish at the wall, i.e., ion transport is completely by drift at that point. The neutral 
species boundary condition is set such that the flux is equal to the reaction rate. The 
latter is often specified through a “sticking” probability. Care should be exercised to 
account for rarefaction effects at low pressures; see Chantry for a discussion [ 1471. An 
“extrapolation” boundary condition (second derivative of velocity equal to zero) is 
typically specified for the momentum Eq. (23). Boundary conditions for the electron 
energy equation have included’a constant energy at the wall, or adiabatic wall. More 
often, the energy flux (Eq. 32) is set equal to the electron number flux multiplied by 
the energy carried by each electron to the wall. Boundary conditions on the Poisson 
Eq. (34) include a specified potential on metal surfaces (either grounded or R F  
driven) or a specified current at the metal wall. A current continuity boundary con- 
dition is used on insulators [129]. The method of solution of the governing equations 
varies. Most often finite difference methods are employed [92, 122-124, 130-1381. 
Finite element methods are preferred for handling complicated geometries [97, 129, 
1481. 

The above set of equations applies as shown to capacitively coupled systems. An 
identical set applies to the modeling of semiconductor devices [149]. Also, the simi- 
larity with the equations governing electrochemical systems (Section 8) is striking. 
The main difference is that continuity equations for electrons are not necessary, since 
there are no free electrons in the solution. 

The above set of equations is similar to that used in traditional computational 
fluid dynamics (CFD) (except for the electron energy balance and the EM equations), 
and advances made in that field can be used to benefit the plasma reactor simulation 
problem. As an example, the sheath near the wall can be thought of as similar to a 
boundary layer in fluid flow (chemically reacting or not) [130]. Separating the flow 
into bulk (inviscid) and boundary layer (viscous) and then “patching” the two solu- 
tions (asymptotic analysis) has long been practiced in fluid mechanics and may also 
be applied to the plasma problem [102, 103, 1511. 

Application to capacitively-coupled reactors Figure 24a shows the electron temper- 
ature distribution in an argon discharge sustained in a one-dimensional parallel plate 
reactor of the kind shown in Fig. 7. The temperature peaks near the plasma-sheath 
interface, where the product of the current and electric field (Eq. 31) is highest, and 
steep gradients develop in that region. Electrons which diffuse towards the electrode 
during the sheath potential minimum (around r = 0.25 at left electrode, see also Fig. 
8) are pushed back into the plasma as the potential reverses during the cathodic part 
of the cycle. One can think of electrons ‘riding the wave’ as the sheath boundary 
moves away from the electrode during the cathodic part of the cycle. The electric field 
in the bulk plasma is much weaker than that in the sheath. Hence the bulk electron 
temperature is lower. The bulk electron temperature in this case is 3.39 eV (this 
corresponds to an average energy of 5.09 eV). 

The excitation rate profiles are shown in Fig. 24b. Substantial modulation is 
observed even deep in the bulk plasma. The excitation peak moves away from the left 
electrode and is washed into the bulk plasma as the left electrode potential goes 
through the negative zero crossing (T = 0.5), to the maximum negative potential 
( t  = 0.75), to the positive zero crossing (T = 0) and finally to the maximum positive 
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Fig. 24. Spatioternporal distribution of the electron temperature (top) and excitation rate (bottom) in an 
argon RF  capacitively-coupled diode discharge. Time is normalized with respect to the RF  period. After 
[36]. Pressure 1 torr, electrode spacing I", frequency 13.56 MHz, applied R F  peak voltage 100 V. 

potential (T = 0.25), Fig. 8. The situation at the right electrode is symmetric but 180" 
out of phase. The time-average excitation rate (not shown) is negligible right next to 
the electrodes (in the sheath) and peaks at a distance from the electrodes which de- 
creases with increasing pressure. At high enough pressures (> 100s mtorr), the plasma 
would appear as two relatively bright disks separated from the electrodes by a dark 
space, and connected through a less bright bulk plasma. Details of the spatio- 
temporal distributions of important discharge quantities are found in [36]. 

Application to inductively-coupled reactors When modeling inductively coupled sys- 
tems (Fig. 20a), the electric field powering the electrons is azimuthal. In the case of 
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azimuthal symmetry (no variation in the @-direction), the heating field E g  = -jwA, is 
obtained from a one-dimensional Helmoltz equation [ 129, 1501 

where 2, is the complex vector potential, and the current density is given by 
j g  = 6E” where 6 is the complex conductivity of the medium. The permeability of the 
medium p should not be confused with mobility; c is the speed of light in the medium 
(plasma, metal wall, etc.). The (time-average) power deposited in the plasma by 
ohmic heating is then found to be w ( r ,  z )  = i { R e ( a E i ) } ,  where Re is the real part of 
the complex number in parenthesis [129]. Typical results obtained for an oxygen 
discharge in an inductively coupled reactor with a stovetop coil are shown in Fig. 25 
[ 13 11. These results were calculated with a model similar to that described in Section 
5.4.1, except that the EVDF was obtained by solving the Boltzmann equation by a 
Monte Carlo method. This can be thought as a fluid-kinetic (hybrid) model. How- 
ever, similar results are found by assuming a Maxwellian EEDF [loo, 1301. The 
power is deposited by the electromagnetic fields in the shape of a toroid (Fig. 25, 
bottom) peaking at about midradius near the coils. The penetration depth of the 
azimuthal field is a few cm. Since there was no bias voltage applied to the bottom 
electrode and capacitive coupling from the coils was neglected, the plasma potential 
is low peaking at  17.5 V (Fig. 25, bottom). Strong potential gradients are seen near 
the walls where a sheath is formed. The electron production rate (Fig. 25b) is highest 
near the maximum in power deposition and drops off away from this zone as the 
electrons cool down. The density profiles of major charged particles (electrons, 0- 
and 0 2 +  ions) all show off axis maxima (Figs. 25 top and middle). An off axis max- 
imum in the positive ion density, for example, can be sustained if there are reactive 
losses at the center (e.g., by ion-ion recombination of the type of reaction R22 in 
Table 4) or significant diffusive losses towards the axial walls (see also Fig. 29, be- 
low). The negative ions have low energy (near room temperature) and are likely to be 
pooling around the maxima of the plasma potential. 

5.4.2 Judicious Approximations 

When dealing with multidimensional geometries and complex chemistries, “full- 
blown” self-consisted plasma simulations pose a very challenging task. While “brute 
force” simulations (for example ones that solve the complete set of conservation 
equations for all particles) are feasible, they are also labor and time consuming. 
Judicious approximations, based on the physics of the problem, can reduce the 
simulation times dramatically. Examples are the space-time averaging used in the 
non-local approach [58,  591, or the approximations used to construct rapid plasma 
simulation tools [59, 101, 148, 152, 1531. 

The two-dimensional self-consistent ICP reactor simulation of Wise et al. [ 101, 
148, 1521 employs a modular approach similar to that used for capacitively-coupled 
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Fig. 25. Calculated profiles of plasma parameters in an ICP in oxygen. 0- and 0: density (top), electron 
production rate and electron density (middle), and power deposition profiles and plasma potential (bot- 
tom). After [ 131). Pressure 10 mtorr. 
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[97] and inductively-coupled [ 100, 130, 13 11 systems. The simulation begins by solv- 
ing Maxwell’s equations to determine the electromagnetic fields and power deposi- 
tion for a specified coil current (Fig. 23, bottom). The power deposition profile is 
used as input to the electron energy equation to calculate the electron energy or 
“temperature” and hence the rate coefficients for electron-impact reactions. In turn 
these are used in the source terms of the neutral and charged species modules. The 
former is used to calculate the neutral gas composition. The latter is used to calculate 
the charged particle densities. The calculation is repeated in a cyclic fashion until 
“convergence”. From the converged solution, the self-consistent power deposition, 
electrostatic potential, electron temperature, charged and neutral species densities 
and flux, reaction rate and uniformity along the wafer radius can be calculated. This 
modular approach is essentially an equation splitting approach, in order to overcome 
the disparate time scales of electron, ion, and neutral transport and chemistry (each 
of the species is solved in its natural time scale). The Poisson equation can be part of 
the electromagnetics module, or it can be replaced by Eq. (36) below. In the case of a 
RF biased substrate, a circuit simulation of the plasma which includes the non-linear 
impedance of the sheath, can provide the time-dependent plasma potential and in- 
formation on the energy distribution of ions bombarding the wafer. 

The rapid simulation employs a number of simplifying assumptions as described 
below: 

Separation ojbulk plusma from sheath For high density plasmas, the sheath thick- 
ness is on the order of 10-100s of pm. In contrast, the reactor dimension is typically 
10s of cm. This disparity in length scales requires, for any numerical method, a much 
denser grid near the walls compared to the bulk plasma, or high order approxima- 
tions. The high degree of spatial stiffness ( 103-104) introduces numerical difficulties 
and results in excessive computation times. For this reason it has become customary to 
separate the bulk plasma from the sheath [59, 69, 101, 152, 1531, or to avoid resolving 
the sheath [ 130-1 321. It then becomes necessary to device a procedure for “splicing” 
the sheath to the bulk plasma [102, 103, 1511. Fortunately, the sheath in HDPs is 
collisionless, since the species mean free path at  10 mtorr is on the order of 1 cm, 
much larger than the sheath thickness. Thus, if one knows the ion (or electron) dis- 
tribution function at  the sheath edge, and the spatiotemporal distribution of the sheath 
electric field, one can obtain the ion (or electron) distribution function at the wall. 

In order to be consistent with the Bohm criterion for ions, the sheath edge is de- 
fined as the point where the ions have been accelerated (presumably by the presheath 
electric field, Fig. 5 )  to the Bohm velocity, i.e. the presheath is included as part of the 
bulk plasma. The Bohm flux also provides a boundary condition (applied at the wall 
because of the thinness of the sheath) for the positive ion continuity equation. The 
negative ion density is assumed zero at the walls. 

Separation of the bulk solution from the double layer is tacitly assumed in elec- 
trochemical reactor analyses. When describing electrochemical systems, one is not 
interested in resolving the double layer because it is extremely thin. Phenomena 
within the double layer and on the electrode surface are incorporated into the 
boundary conditions. 
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Electroneutrality in the bulk plasma If one is not interested in resolving length scales 
of the order of the Debye length, the electroneutrality constraint in the bulk plasma is 
applicable. 

n, = C z i n ,  
I 

This is an excellent assumption for the plasmas of interest since the Debye length 
is exceedingly small (10s of pm) compared to the reactor dimensions. Of course, the 
electroneutrality constraint can't be applied in the sheath, where the Poisson equation 
(34) has to be solved. Solving Poisson's equation in the whole reactor domain intro- 
duces numerical difficulties. When using the electroneutrality constraint, the electron 
continuity equation (Eq. 22) is not necessary. The electron density is obtained di- 
rectly from Eq. (36), having solved for all ion densities. The electroneutrality con- 
straint is routinely used in electrochemical systems outside of the double layer. 

Boltzmann electrons If the Poisson equation is used instead of electroneutrality in 
the bulk, the electrostatic field can be recovered without recourse to any additional 
assumptions. Since the Poisson equation is not solved in the bulk, the fields are ob- 
tained by assuming Boltzmann electrons [6], 

This expression results from the electron momentum balance (Eq. 23) by assum- 
ing inertialess electrons (neglecting the left hand side of the momentum equation) to 
yield Eq. (25). Now the electron drift and diffusion fluxes nearly balance each other, 
yielding Eq. (37). This equation simply states that the electric field force balances the 
electron pressure force. Eq. (37) breaks down when the density of negative ions is 
large enough such that the negative ion current is an appreciable fraction of the cur- 
rent carried by negatively charged species. Under typical ICP conditions, however, 
the negative ion density is comparable to the electron density and Eq. (37) is 
applicable. 

SpeciJied electron energy distribution function The EEDF is specified, normally as- 
sumed Maxwellian (Eq. 9). The electron energy balance (Eq. 3 1) is solved assuming 
an adiabatic condition for electron temperature at the wall. The Maxwellian as- 
sumption is very common in the literature 1100, 125, 126, 130, 133, 135-1371. Mea- 
sured EEDFs in ICPs, however, have a Maxwellian bulk (due to electron-electron 
collisions), and a depleted tail due to inelastic losses and escape of fast electrons to 
the walls. Thus a bi-Maxwellian distribution may be more appropriate [ 1541. A 
Maxwellian distribution is not expected to have a great effect on ion densities since 
the ionization rate is self-adjusted to balance the loss rate of ions to the walls; and the 
latter depends only very weakly on the EEDF. The good agreement with experi- 
mental data [101, 130, 148, 1521 is an indirect evidence that the Maxwellian EEDF 
is reasonable for obtaining species densities and their distributions. Other forms of 
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the EEDF may also be used, e.g., Druyvesteyn [48]. If accurate determination of 
the EEDF is necessary one must solve the Boltzmann Eq. (5). Approximations such 
as the non-local [58, 591 approach (when applicable), offer tremendous advantages, 
especially for complex multidimensional geometries. 

Drift-diflusion for ions The drift-diffusion approximation (Eq. 25) is made for ions, 
e.g., ion inertia is neglected. This appears to be a good approximation for Kn < 0.2. 
Eq. (37) provides the field that drives ions in the plasma. Also, a constant mobility 
is assumed for ions. Actually, when collisions are infrequent (high Kn number), it 
is better to use a variable mobility model, for which the ion mobility is inversely 
proportional to the magnitude of the directed velocity of the ion [6]. This model re- 
sults by assuming a constant mean-free-path of ion-neutral collisions. The constant 
mobility model results by assuming a constant mean-free-time for ion-neutral 
collisions. 

Diflusiveflow for  neutrals The importance of convective vs. diffusive flow of neu- 
trals is determined by the Peclet number Pe = uL/D, where L is a characteristic di- 
mension of the system. Away from inlet and exit ports, the characteristic length will 
be on the order of the reactor dimension. The system will be primarily diffusive when 
Pe << 1. For Clz gas in a reactor with L - 0.1 m and a neutral species diffusivity of 
D - 5 m2 s-’ at 20mtorr, the Peclet number will be Pe - 1 when u = 50msp’. 
Convective gas velocities are not likely to be that high, except for a small region near 
the gas inlet ports. It follows that gas flow can be approximated as diffusive; this 
obviates the need for solving the full Navier-Stokes equations which adds to the 
computational burden. It should be noted that both the diffusivity and the convective 
velocity scale inversely with gas pressure, so the Pe number is independent of pres- 
sure. However, as the pressure is lowered to the point of free molecular flow, the gas 
diffusion coefficient has no meaning any more. Direct Simulation Monte Carlo 
(DSMC) [41, 1431 can then be applied to solve for the fluid velocity profiles. 

In summary the following equations were used for the rapid ICP reactor model: 
(a) density continuity (Eq. 22) for each and every ion and neutral in the system, (b) 
the drift-diffusion equation (Eq. 25) for the ion fluxes and diffusion alone for the 
neutral fluxes, (c) electroneutrality to calculate the electron density, Eq. (36), (d) 
Boltzmann relation, Eq. (37), to calculate the electrostatic fields, (e) the electron 
energy Eq. (31) to calculate T,, and ( f )  the Helmoltz Eq. (35). The cold plasma ap- 
proximation was used to calculate the power deposition profiles [ 1501. This system 
of equations was supplemented with a table of values for the reaction rate coefficients 
of electron impact reactions as a function of T,. Analytical approximations can 
also be used for this purpose, but table interpolation is generally faster. These equa- 
tions were incorporated into a simulation code named MPRES (Modular Plasma 
Reactor Simulator [ 1521) which can be used as a Technology Computer-Aided 
Design ( TCAD) tool for inductively coupled plasma systems. 

The MPRES simulator has been validated by comparing predictions to experi- 
mental data taken in a Gaseous Electronics Conference (GEC) reference cell [155]. 
Predicted [loll (lines) and measured [ 1561 (points) radial profiles of electron density, 
electron “temperature,” and plasma potential for a chlorine plasma are shown in 
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Fig. 26. The radial profiles were measured by using a Langmuir probe. The agree- 
ment between simulation and experiment is very good, considering that there were 
no adjustable parameters in the simulation. The width of the electron density profile 
(Fig. 26, top) is rather small, suggesting a well confined plasma. The predicted elec- 
tron temperatures (Fig. 26, middle) are - 50% lower than the measured values, pos- 
sibly due to the assumption of Maxwellian electron energy distribution function used 
in the simulation. Also, it is well known that the errors in the electron temperature 
measurement using Langmuir probes can be substantial [ 1571. The electron temper- 
ature gradients are rather small due to the high thermal conductivity of the electron 
gas at the low operating pressure and high charge density (Eq. 33). Finally, the pre- 
dicted plasma potentials match the data quite well (Fig. 26, bottom). Overall, the 
quantitative agreement between simulation and experimental data is remarkable 
considering that no adjustable parameters were used. Good agreement was also 
obtained with data in argon discharges [ 1521, and in mixed gas plasmas [ 1581. 

The experimentally verified simulation tool was then used to predict plasma 
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Fig. 27. Dome-shaped (axisymmetric) reactor showing four different placements of the solenoidal coil 
wound around the reactor (only half of the coil is shown). The finite element meshes used for argon and 
chlorine discharge MPRES simulations are also shown. After [ 1481. 

transport in a dome-shaped reactor [ 1481 that can accommodate 30 cm-diameter 
wafers, i.e., an industrial-size reactor (Fig. 27). This is an inductively coupled reactor 
powered by a four-turn solenoidal coil wound around the quartz dome. The coil can 
be positioned in one of four different locations designated in Fig. 27 as high, middle, 
low, and bottom positions, in descending order from the top of the dome (for each 
position only half of the coil is shown in Fig. 27). The chosen base case conditions 
were a pressure of 10 mtorr, a plasma power of 1000 Watts, no substrate bias, the 
middle coil position, an excitation frequency of 13.56 MHz, and an inlet gas feedrate 
of 30 sccm. The finite element grids used for argon and chlorine plasma simulations 
are also shown in the figure. 

The effect of coil location on ion flux uniformity is shown in Figure 28 for the 
argon discharge. The peak values of the ion flux were 4.20 x lo2', 4.23 x 1020, and 
4.56 x 1020 and 4.64 x lo2' m-2 S F ' ,  respectively, for high, middle, low, and bottom 
coil positions. The ion flux uniformity improves steadily and dramatically in going 
from the high to the bottom coil positions. This is a result of altering the location of 
the plasma generation zone and the ion diffusion length as the coil position is vaned. 
Under the conditions of Fig. 28 the ion density always peaks on axis. However, 
having the plasma production zone near the wafer edge (when the coil is at the bot- 
tom position), results in more uniform ion density profiles. In general, the flux uni- 
formity depends on the Damkohler number (see Section 5.4.5) and the reactor aspect 
ratio. 

The aspect ratio effect is seen in Fig. 29. Given a localized source of species (e.g. 
radicals), the spatial distribution of these species at steady state will depend on the 
reactor aspect ratio. Low aspect ratio reactors (tall, small radius) yield a distribution 
that peaks on axis, while large aspect ratio systems (short, large radius) yield a dis- 
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Fig. 28. Ion flux uniformity to the bottom surface of the dome-shaped reactor of Fig. 27 for the four coil 
locations. The uniformity improves as the coil is moved from high to bottom position. 
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tribution that peaks off axis. This is because, as the species diffuse radially away from 
the localized source to try to fill in the central regions of the reactor, they also diffuse 
towards and lost onto the axial end walls. The final profile is dictated by the relative 
magnitude of the diffusion lengths, i.e., the aspect ratio. Actually it is the square 
of the aspect ratio that governs behavior since the diffusion loss “rate coefficient” is 
inversely proportional to the square of the diffusion length. 
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5.4.3 Ambipolar Diffusion 

Another commonly used approximation is that of ambipolar diffusion. Let us confine 
our discussion to an electropositive plasma (no negative ions) in which the electron 
density equals the positive ion density throughout the bulk plasma, n, = n, = n. We 
will also assume that at every point in the plasma J+ = J, = J (for singly charged 
ions). This corresponds to no net current flow in the system. Using the drift-diffusion 
approximation (Eq. 25) for both particles and solving for the field E results [6, 15, 18, 
421 

Substituting this expression for E into any of the two flux equations (Eq. 25)  yields 

The flux can be written as 

J = -D,Vn 

where the ambipolar diffusion coefficient is 

Taking into account that p, >> p +  and using Einstein's relation Eq. (28) results 

It is quite usual to have T, - lOOT+ in plasmas of interest, which shows that the 
ambipolar diffusivity is - 100 times the free ion diffusivity. Ambipolar diffusion pre- 
vails at high enough plasma densities. At very low plasma densities, the space charge 
fields are too weak to have any effect on the charged species motion and diffusion is 
free. The transition from free to ambipolar diffusion as the plasma density increases 
has been the subject of many investigations and is reviewed in [ 1591. 

Using Eq. (40), the mass balance for either electrons or ions can be written as a 
usual diffusion equation with a variable diffusivity. 

an 
- = V . (D,Vn) + 
at R, 

J 
(43) 

Eq. (43) is solved as an eigenvalue problem assuming a zero charge density at the 
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boundary and a constant diffusivity [6, 42, 431. The eigenvalue corresponding to the 
dominant eigenmode (diffusion mode) is actually an equation for the electron tem- 
perature in terms of the so-called electron diffusion length A. The latter depends 
on the geometry of the system and is known for well-defined geometries [6, 42, 431. 
The electron temperature can’t be set independently. It adjusts itself so that a sev- 
sustained discharge results, i.e., the electron production rate equals the electron loss 
rate (self-organizing system). For the classical positive column, the electron temper- 
ature is a function of NA only [6, 42, 431. In electrochemical systems, the ion mobi- 
lities and diffusivities are comparable and hence the ambipolar diffusivity is about 
twice the ion diffusivity. 

5.4.4 Wafer Heat Transport Model 

Wafer temperature affects the rate of spontaneous etching and also polymerization 
reactions. Wafer temperature control is important in semiconductor manufacturing. 
The temperature is typically controlled by relatively high pressure (several torr) He 
cooling from the backside of the wafer. The model below refers to silicon etching in a 
chlorine plasma as a typical example [98]. 

An energy balance can be made in the wafer to determine the temperature dis- 
tribution along the wafer radius; radial uniformity of temperature is important for 
temperature sensitive processes. Since the thickness of the wafer is much smaller than 
its radius, and assuming azimuthal symmetry, a one-dimensional analysis suffices. 
The wafer energy balance reads, 

where 

In Eq. (44) the net heat flux to the wafer surface, Q N ,  is divided by the surface 
to volume ratio (wafer thickness A) to accommodate the surface term into the one- 
dimensional model. In Eq. (45) the first two terms are heat generation due to surface 
recombination (reaction R24 in Table 4, heat of recombination AHrp,.) and etching 
(Si + 4 C1 -+ SiC14, heat of reaction AH,,,), respectively, which are normally both 
exothermic reactions. The third term is the rate of energy transfer to the wafer via 
energetic ion bombardment, assuming that the ions deposit all their energy on the 
wafer. The fourth and fifth terms are the rates of energy loss from the wafer top and 
backside respectively. The last term is the energy loss via radiation, where ES; is the 
emissivity of silicon. Energy gain and loss mechanisms and model geometry are 
depicted in Fig. 30. 
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Fig. 30. Mechanisms of heat gain and loss of a silicon wafer during etching in a chlorine plasma. After [98]. 

Boundary conditions are 

- = O  a t r = O  d TY 
dr 

(3 TS 
dr -Ks;- = hr (Ts  - T,) at r = r,,. 

(46) 

(47) 

T,  = T,. at t = 0 (48) 

The initial wafer temperature may be taken equal to the electrode temperature (Eq. 
48). The latter can be assumed to be kept constant by cooling water flow. 

The wafer energy balance has to be solved simultaneously with the plasma reactor 
model since the etchant concentration, ion flux, and energy are needed as input to 
the wafer energy balance [98]. In turn, if the etch rate is temperature sensitive, the flux 
of product into the plasma (and in turn the plasma composition and output of the 
plasma reactor model) will depend on wafer temperature. Even for a temperature 
insensitive etch reaction, the wafer temperature will affect the gas density for an etch 
with controlled pressure (typical case). 

The most important energy loss mechanism is typically backside cooling. The gap 
between the wafer and the electrode is expected to be some tens of microns. At low 
pressures, at which the mean free path of gas species is much larger than the wafer- 
electrode gap, the heat transfer coefficient for backside cooling is independent of the 
gap width and is given by 

where 
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is the free-molecular heat conductivity. It has been assumed that the gas dissociation 
is very low [50, 1601 so that molecular chlorine is by far the dominant gas phase 
species. In HDP systems a substantial fraction of the gas may be dissociated [130] 
and adjustments to the model will have to be made. In practice, wafers are clamped 
to the electrode and the backside is filled with He to a pressure of several torr. In such 
cases the properties of He must be used in Eq. (50): 

When molecules strike a hot surface, complete interchange of energy does not 
occur at the first collision. Indeed, several collisions may be required before the 
molecule and the surface equilibrate. To take this effect into account, Knudsen 
introduced the accommodation coefficient, clucc, which “can be defined as standing 
for the fractional extent to which those molecules that fall on the surface and are 
reflected or re-emitted from it have their mean energy adjusted or ‘accommodated’ 
toward what it would be if the returning molecules were issuing as a stream out of a 
mass of gas at the temperature of the wall.” Accommodation coefficients have been 
measured or estimated for some systems [ 1611. For very rough surfaces, the accom- 
modation coefficient approaches unity. Some attempts have been made to calculate 
the accommodation coefficient based on molecular collision and scattering concepts. 
A simple expression is [ 1621 

where ml and m2 are the mass of gas specie and surface atoms, respectively. 
Fig. 3 1 shows the heat transfer coefficient for various wafer-electrode gap widths 

and He backside pressures, assuming an accommodation coefficient of ct,,.,. = 0.4 
[ 1631. As mentioned above, the heat transfer coefficient is independent of gap width 
and increases in proportion to pressure in the Knudsen regime. At high pressures, for 
which gas conduction predominates, the heat transfer coefficient is independent of 
pressure and varies inversely proportionately with the gap width. The dots on the 
curves in Fig. 31 signify the point at which the gap width is equal to the molecule 
mean free path at the corresponding pressure. 

Heat transfer from the topside of the wafer can be described by 

For stagnation point flow between a pair of parallel disk electrodes with the gas 
uniformly distributed through the area of one of the disks (see Fig. 3a), the hydro- 
dynamics is well defined to the point that an analytic solution is possible for low Re 
[ 1601. The corresponding heat transfer coefficient can be shown to be 

( 5 3 )  
1 

( 1 - e x p  ( -Pel, (f6 -+- 2:i;ORe)))  
L 

where Pet, = u,,.p,C,,LJK,, is the Peclet number for heat transfer and Re = U , ~ , L / ~ V ~ ,  
is the Reynolds number based on the gas velocity at  the showerhead electrode u , ~ .  
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Fig. 31. Heat transfer coefficient between the wafer backside and the electrode for different He gas pres- 
sures as a function of the gap width. The point on each isobaric curve gives the gap width which is equal to 
the corresponding gas mean free path. After [ 1631. 

When Pel, << 1 and Re - 1, the heat transfer coefficient can be approximated by 
K,/L, that is, for low gas flow rates, heat transfer from the top of the wafer is do- 
minated by conduction. 

Figure 32, top shows the space and time resolved etch rate of polysilicon moni- 
tored in real time using spatially resolved laser interferometry [ 1641. The atomic 
chlorine concentration (measured by OES as the ratio of the 808.7 nm C1 emission to 
the 8 1 1.5 nm Ar emission, Section 7.1.2) as a function of time is also shown. The etch 
rate increases monotonically with time despite the fact that the atomic chlorine con- 
centration initially decreases with time during etching (from start of etching to point 
A). The wafer edge etches faster than the wafer center. The edge starts clearing 220 
seconds after the plasma is turned on (point A). At this time the atomic chlorine 
concentration in the reactor starts rising. Points B, C and D indicate the times at 
which the film clears to radial positions of 28mm, 12mm and Omm (complete 
clearing), respectively. As the film edge starts clearing and the atomic chlorine con- 
centration rises, the etch rate increases even more rapidly. This increase in etch rate is 
partly due to an increase in C1 concentration in the reactor due to loading (Section 
6.4): the C1 reactivity on oxide is much lower than that on polysilicon. As the poly- 
silicon film clears and the underlying oxide is exposed the atomic chlorine concen- 
tration rises. However, the increase in etch rate before wafer edge clearing (from start 
of etching to point A) can't be attributed to loading. Since the C1 concentration is 
actually decreasing during that time, the increase in etch rate is due to an increase in 
wafer temperature. 
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Fig. 32. (top) Spatiotemporal profiles of 
etch rate of silicon in a chlorine plasma 
measured by laser interferometry. The 
measured CI atom concentration is also 
shown (bottom) Etch rate of silicon (at 
the wafer center) in a chlorine plasma as a 
function of time predicted by a mathe- 
matical model (solid lines) and measured 
under the same conditions (points). 
Curves a and b correspond to accommo- 

0 30 60 90 120 150 180 dation coefficient values of 0.50 and 0.75, 
Time (s) respectively. After [98]. 

Figure 32, bottom shows the comparison between the experimental (points) and 
theoretical (lines) etch rate at the wafer center as a function of time. Model pre- 
dictions are shown for two different thermal accommodation coefficients, tiucr, which 
was the only adjustable parameter in the model. In order to compare theory to ex- 
periment, the initiation period required to remove the oxide (as determined by laser 
interferometry) was subtracted from the real time. The etch rate is higher for the 
lower thermal accommodation coefficient because the wafer temperature is then 
higher. The model captures the initial transients as well as the magnitude of etch rate 
satisfactorily considering the uncertainty in the etch rate expression used. The in- 
crease in etch rate after 120 s is due to loading as the polysilicon film is clearing and 
progressively more of the underlying oxide is exposed to the plasma. Film clearing 
was not incorporated in the model but can be easily handled [79]. 

5.4.5 Dimensionless Numbers 

It is instructive to look at the set of dimensionless numbers that characterize the 
(neutral) gas flow in plasma systems. Using typical values for low-pressure high 
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Table 5. Important dimensionless numbers in neutral transport and reaction in plasma reactors. 

Symbol Name Expression Typical value 

k,n,L2 
D 

~ I L I O O  Da Damkohler number 

Pe 

Re 

Peclet number 

Reynolds number 

U L  

D 
- 

U L  - 
I' 

- 0.1LlO k , L  
D Q, Thiele Modulus 

density systems, and the physical and transport properties of chlorine, one obtains 
the results shown in Table 5. These results do not apply at very low pressures for 
which the usual transport properties (gas diffusivity) loose meaning. Also, the flow 
velocity is that prevailing at  the bulk of the reactor; velocities near entrance ports 
are normally much higher due to small size of the inlet ports. Finally, reactions are 
assumed to be first order in reactant concentration. 

The Reynolds number, which characterizes the importance of inertial forces 
compared to viscous forces is around unity. This implies that the non-linear terms in 
the Navier-Stokes equations are weak, easing the task of solving these equations. For 
some systems, the assumption of Stokes flow may be reasonable, i.e., the inertial 
terms are set equal to zero; this affords a significant simplification of the fluid flow 
problem [ 1601. The Reynolds number is independent of pressure, when everything 
else is held constant. 

The Peclet number shows the relative importance of mass (or heat) transport by 
convection as compared to molecular (gas-phase) diffusion. Again, typical values of 
Pe are around unity, implying that the flow is quite diffusive. The Peclet number is 
independent of pressure, when everything else is held constant. 

The Damkholer number shows the relative importance of species production (or 
loss) by gas-phase mechanisms relative to their ability to diffuse away from the source 
(or sink). When Da > 1, large concentration gradients may be expected. The Da 
number in these systems varies depending on the power level (which affects electron 
density and degree of dissociation) and pressure (which affects neutral density, diffu- 
sivity, and the rate coefficient for electron impact reactions). 

The Thiele Modulus shows the relative importance of surface reaction compared 
to gas-phase diffusion. The value of (D depends critically on the wall reaction rate 
coefficient, for example the wall recombination probability for C1 radicals (reaction 
R24 in Table 4). Large values of the Thiele Modulus imply a diffusion-controlled 
situation and strong density gradients. The Thiele Modulus decreases as pressure is 
decreased. However, even at pressures as low as 10 mtorr, the Thiele Modulus can be 
high enough for substantial concentration gradients to develop [41]. 

Ion flow is highly convective especially near the wall, and Pe, >> 1. In low pressure 
plasmas, ions accelerate from the point of their birth until they strike the wall. Away 
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from the central plane of the discharge (plane of symmetry), the ion drift velocity is 
much larger than their thermal velocity and both are larger than the gas velocity. 

5.5 Sheath Simulations 

Formation of the sheath was detailed in Section 2:l. Typical events that can occur in 
the sheath are shown in Fig. 33, top [163]. Fast electrons from the plasma (event a )  
can overcome the (decelerating) sheath potential and reach the wall. In fact, such 
electron current is necessary to neutralize the positive ion current to the wall. Slow 
electrons (event b) are reflected back into the plasma. Negative ions (event c) can’t 
penetrate as far as electrons (because of the much lower energy of the negative ions) 
and are also reflected. Positive ions (event d) are accelerated by the sheath field. In 
their transit through the sheath, positive ions can suffer elastic scattering collisions 
(event f ) ,  or charge exchange collisions (event e) or engage in chemical reactions with 
neutrals (not shown in Fig. 33). Collisions lower the energy of ions bombarding 
the electrode to below the sheath potential. Secondary electrons can be emitted as a 
result of ion bombardment (event g), and are accelerated back into the plasma, per- 
forming ionization of neutrals on the way (event h). 

One of the simplest sheath models is that of a DC high voltage ( I / s h  >> Ty)  sheath 
that contains no electrons and in which ion flow is collisionless (space-charge limited 
current). The resulting sheath equation is called the Child-Langmuir law [ 1651. 

Equation (54) was first used for diodes to calculate the current that can be drawn 
between two plates of given separation as a function of the potential between the 
plates. When applied to the plasma sheath, it provides important scaling between the 
sheath thickness, voltage, and ion current. It turns out that for a constant ion current, 
the sheath thickness scales as s cc A D p (  Vsh/Te)3/4 where the Debye length is calculated 
by using the electron density and temperature at the sheath edge [6]. For a collisional 
sheath, assuming a constant ion mean free path [6], 

For fixed sheath voltage and ion current, the sheath thickness scales as s cc A:”, i.e., a 
weak dependence on pressure. 

A variety of models of the DC sheath have been published that make different 
assumptions regarding ion flow (collisional vs. collisionless), presence or absence of 
electrons (including secondary electrons), and the form of the boundary conditions. 
Both fluid [78, 166, 1671 and kinetic models [168, 1691 have been developed. Some of 
these are used to describe the high frequency R F  sheath, when ions respond to the 
time-average (a DC) voltage [78]. Figure 33, bottom shows typical results of a fluid 
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Fig. 33. (top) Representation of phenomena occurring in the sheath: (a) fast electrons can overcome the 
potential barrier of the sheath thus escaping to the electrode, (b) slow electrons are reflected by the poten- 
tial barrier, (c) negative ions are also reflected by the potential barrier, (d) positive ions are continuously 
injected into the sheath, (e) positive ions can suffer charge exchange with neutrals, or ( f )  elastic scattering 
by neutrals; (g) ion bombardment of the electrode can release secondary electrons, which (h) can induce 
ionization in the sheath. After 11631. (bottom) Calculated DC sheath behavior versus pressure for the con- 
ditions given in the text. Here f is the sheath thickness,j is the ion flux striking the wall, and e is the average 
energy of ions bombarding the wall. After [ 1661. 
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model of a DC sheath [ 1661. The sheath thickness, ion current density, and mean ion 
bombardment energy, are shown as a function of pressure. These results were calcu- 
lated for a sheath voltage of 200V, an ion current injected at the sheath boundary 
(assumed constant) of 1 mA/cm2, and a secondary electron emission coefficient of 0.2 
(also assumed constant). This means that for every 10 ions striking the electrode there 
are 2 electrons ejected. The ion bombardment energy approaches asymptotically the 
sheath potential at low pressures for which there are few, if any, collisions in the 
sheath. At low pressures the sheath thickness decreases slowly with pressure 
(s cc 2;’’) as predicted by Eq. ( 5 5 )  assuming that the ion mean free path is indepen- 
dent of the ion velocity. As pressure increases, the secondary electrons cause ioniza- 
tion in the sheath resulting in a rapid increase of the ion flux to the electrode. The 
larger ion current and associated space charge cause the sheath to contract as pre- 
dicted again by the collisional version of the Child law Eq. (55). At high pressures, 
the sheath thickness is inversely proportional to pressure. Since the ion mean free 
path is also inversely proportional to pressure, the mean number of collisions ions 
experience in the sheath remains constant. Hence the mean ion bombardment energy 
levels out at  high pressures. 

As explained in Section 3.2, the ion energy distribution at the wafer is an impor- 
tant factor in determining the rate of surface reactions in plasma processing. Ions 
falling through a DC sheath without collisions will acquire the full sheath potential. 
For a sheath potential much larger than the electron temperature (the latter expressed 
in volts) the ions bombarding the wall will be almost monoenergetic. Ion-neutral 
collisions will lower the ion impact energy and result in an ion energy distribution 
(IED) function. 

Plasma processing reactors normally operate with the wafer biased at  radio fre- 
quencies, typically in the range 0.1 to 13.56 MHz. Even if the ions injected at the 
sheath edge were monoenergetic, an IED would result in an R F  (time-dependent) 
sheath, even in the absence of collisions. The literature on R F  sheaths is voluminous. 
Both fluid [ 170- 1751 and kinetic (e.g., Monte Carlo) [ 176- 1 SO] simulations have been 
reported. One of the most important results of such simulations is the IED. The ion 
angular distribution (IAD) [74, 751 and sheath impedance (for use in equivalent cir- 
cuit models) [32] are also of importance. 

The critical parameter that controls ion modulation in collisionless R F  sheaths is 
cot+, where w is the frequency of the applied field, and T+ is the ion transit time 
through the sheath. The ion transit time can be estimated by assuming a collisionless 
Child-Langmuir sheath (Eq. 54), and neglecting the velocity of ions entering at the 
sheath edge (Bohm velocity). The result is [ lSl]  

T+ = 3 s J m  

When or+ << 1 ions traverse the sheath in a short time compared to the field 
oscillations. Under this condition, an ion traversing the sheath experiences the sheath 
voltage prevailing at  the time the ion entered the sheath. In the absence of collisions, 
the IED function will reflect precisely the variation of the sheath voltage with time. 
This quasi steady-state condition of OT+ << 1 is satisfied for low R F  frequencies or 
short ion transit times, i.e., thin sheaths (low sheath voltage or small Debye length), 
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Fig. 34. Measured ion energy distributions 
(IED) at the wall for ions of different masses 
crossing a RF sheath over that wall. The 
energy spread is reduced as the ion mass 
increases. After [28]. 

or ions of small mass. At the other extreme of or+ >> 1, ions experience many field 
oscillations while in transit through the sheath. Ions will then respond to the time- 
average sheath potential, and the IED function will have a smaller spread over 
energy. 

Fig. 34 shows the energy distribution of several ions impinging on the grounded 
electrode of a 13.56 MHz R F  discharge 1281. In this case the sheath potential is 
identical to the plasma potential. Heavy ions (Eu') have a long transit time corre- 
sponding to ot+ > 1. Their IED is narrow and corresponds to the time-average 
plasma potential (lOOV in this case). As the ion mass and transit time decrease 
(or+ < l ) ,  the IED becomes wider and reflects more and more the time-dependence 
of the plasma potential. Theory predicts that the energy spread A E  should scale as 
m+" [182]. The measurements are in reasonable agreement with this expectation. 

The two extreme conditions discussed above are more amenable to analysis since, 
in both cases, the sheath can be described as a DC sheath; actually a series of DC 
sheaths at the different moments in time during the R F  cycle when or+ << 1, and 
a DC sheath at the time-average voltage when or+ >> 1. The most difficult situation 
to analyze is when or+ - 1. Monte Carlo simulations have been performed in this 
intermediate regime [ 179, 1801 but the boundary conditions for ion injection are not 
well understood, and comparison with experimental data is lacking. A fluid model 
developed by Miller and Riley [32] attempts the bridge the gap between the low and 
high frequency sheaths. 

In general the sheath current can be decomposed into conduction current (due 
to charged particle flow through the sheath) and displacement current (due to the 
oscillations of the electron cloud near the wall, Fig. 7). A generalized sheath diagram 
is shown in Fig. 35 [183]. Different regimes of operation are shown. In general, under 
the condition oz+ << 1, the sheath is resistive, meaning that the ion conduction current 
dominates over the displacement current. In this case, the capacitor can be dropped 
but the resistor (or current source) has to be retained in the equivalent circuit of the 
sheath (Fig. 10). At the other extreme or+ >> 1 the sheath is capacitive, meaning that 
the displacement current dominates over the ion conduction current. In this case, the 
resistor (or current source) can be dropped, but the capacitor has to be retained in the 
equivalent circuit of the sheath. 

In capacitively coupled systems ( Fig. 7) the ion bombardment energy increases 
with decreasing frequency (Fig. 36). This is because the sheath voltage increases at 
lower frequency [184]. Hence a larger fraction of the applied power is dissipated for 
accelerating ions in the sheath rather than for producing radicals in the bulk plasma. 
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Fig. 35. Classification of sheath behavior based on the applied frequency (o), ion transit time through the 
sheath ( 5 )  and ion-neutral collision frequency ( v ) .  After [ 1831. 

Higher ion energy generally implies better anisotropy, but selectivity and radiation 
damage worsen. 

5.6 Microfeature Simulations 

5.6.1 Profile Evolution 

The ultimate goal of plasma etching is to obtain controlled wall profiles of micro- 
scopic features etched into a film. The minimum feature width is rapidly falling below 
0.25 vm in modern microelectronic devices, and the typical aspect ratio of features 
will soon become greater than of 10 : 1. Etching narrow, high aspect ratio features in 
a reproducible manner in a manufacturing environment is a very challenging task. 
The problem is complicated by the fact that, frequently, features of different aspect 
ratios have to be etched on the same wafer in the same plasma. If the etch rate de- 
pends on aspect ratio (Fig. 40, below), overetching of some regions of the wafer will 
be required which can lead to profile distortion and device damage. 

The shape of an etched feature depends on a plethora of geometric, material, and 
plasma parameters. The shape evolution problem is coupled to the plasma reactor 
through the sheath (Fig. 23,  top). Feedback from the feature to the reactor occurs 
through the flux of product species coming out of the feature and the varying surface 
area available for reaction as the feature shape evolves. The former affects the plasma 
gas composition and in turn the flux and energy distribution of species incident on 
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Fig. 36. Dependence of the maximum ion bombardment energy on the excitation frequency in a capaci- 
tively coupled chlorine discharge at a pressure of 0.3 torr. At low frequencies ions traverse the sheath in a 
short time compared to the period of the field. The maximum ion energy is then equal to the peak of the 
sheath voltage. At high frequencies, the ion transit time is many R F  cycles; ions respond only to the time- 
average sheath voltage. The transition happens at the ion plasma frequency which for the conditions of this 
Figure is about I MHz. After [184]. 

the feature. The latter can be important, for example, when loading is present (see 
Section 6.4). 

Another issue which is becoming more important as the feature aspect ratio in- 
creases is that of charging damage resulting from ion and electron bombardment of 
the wafer. One form of damage is the so-called notching [185-1871 observed in etch- 
ing of polysilicon lines over oxide (Fig. 37). Because ions coming out of a plasma are 
much more directional than electrons, the sidewalls of a microfeature charge nega- 
tively while its bottom charges positively. Further ions coming into the feature are 
deflected by the charge deposited on the surface, and their trajectories are bent to the 
point that these ions induce etching of the polysilicon sidewall. This distortion of the 
sidewall profile (notching) is highly undesirable. Charging and ion deflection are also 
suspected to be responsible for the so-called RIE-lag or ARDE in which narrow, 
high-aspect-ratio features etch slower than wide, low-aspect-ratio ones (see Section 
5.6.2). Another form of serious charging damage is gate oxide breakdown because of 
large currents flowing through the oxide in a non-uniform plasma. In order to simu- 
late charging damage and profile evolution of microfeatures, the multidimensional 
electric field profiles near the trench must be calculated. 

It is instructive to first consider the forward problem from the reactor to the fea- 
ture, ignoring the coupling back into the reactor. Because of the disparity of the 
length scales involved, it helps to break down the problem into several pieces. An 
approach proposed by Economou and Alkire [89] is shown in Fig. 38. The near wafer 
space is separated into two regions, Region I and Region 11. Region I contains the 
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doing feature charging calculations 
After [89] 

sheath except for the immediate vicinity to the features which is designated as Region 
11. Since the sheath is much thicker than the feature size and, at the same time, much 
thinner than the wafer size, a one-dimensional sheath model suffices for Region I. 
Region I contains a net space charge, hence the Poisson equation has to be solved for 
that Region. The “flow” of the calculation is shown in Fig. 39 [187]. The boundary 
conditions at the sheath/plasma interface are the electron and ion densities, electron 
temperature (or the velocity distribution functions of these species), and the plasma 
potential relative to the macroscopic surface potential. A one-dimensional sheath 
simulation yields the density, energy, and angular distribution of the charged species 
leaving Region 1 and entering Region 11. Region 11, in the immediate vicinity of the 
feature, has to be described by at  least a two-dimensional electric field model. The 
species trajectories, as influenced by this field, are followed in Region I1 until species 
strike the wall and deposit their charge. Owing to the very low charge density near 
the feature, the Poisson equation can be replaced by Laplace’s equation in that region. 
As charges accumulate on the wall, the wall potential is modified and Laplace’s 
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equation has to be solved iteratively in Region I1 until a steady state is reached. The 
time constant to approach the steady state is a few ms, much faster that the time scale 
of shape evolution [188]. Knowing the flux and energy of ions striking the walls, 
the local etch rate can be calculated (assuming a reaction yield), the wall profile 
advanced, and the charging calculation repeated until the feature is etched to the 
desired depth [lSS-190]. 

In general, in order to perform a shape evolution calculation one needs to have 
information on the following: 

(a) the flux, energy distribution, and angular distribution of ions and neutrals along 
the wall as a function of the instantaneous shape of the feature. As explained 
above, charged species trajectories can be deflected by local charging of the walls. 
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Neutral species flux variations can also exist along the walls. For example, if the 
neutrals react with high probability, the neutral flux will be determined by the 
line of sight flux reaching the surface (neutral shadowing); or Knudsen diffusion 
will lower the concentration of neutrals deep inside high aspect ratio trenches. 

(b) etch rate of the materials involved (film to be etched, mask) for given neutral-to- 
ion flux ratio and angle of incidence of the ions. 

(c) the energy and angular distribution of energetic ions (and possibly energetic 
neutrals) reflected off of the walls. These species may have substantial energy 
(especially when they strike the wall at glancing angles) and they can do further 
chemistry when striking the wall again. 

(d) the reaction or sticking probability of products evolving from the feature walls. 
(e) the surface diffusivity of adsorbed species and surface conduction of charge. 

The shape evolution of microfeatures is followed using a number of techniques. 
The string model was popular at first [191], but profile advancement based on the 
method of characteristics [ 192, 1931 is more robust. In another method [ 194, 1951 the 
solid is divided into a large number of elements (digitized). The volume “digits” are 
removed (etching) based on the local etch rate and a local mass balance. If deposition 
takes place a volume element is added locally. Unfortunately, items (b)-(e) above are 
largely unknown for almost all material systems. Surface chemistry in particular is 
one of the major limitations of current models of profile evolution. One is then forced 
to use a number of adjustable parameters that limit the predictive value of the model. 

5.6.2 Aspect Ratio Dependent Etching (ARDE) 

ARDE refers to a situation commonly observed in etching of high aspect ratio 
(depth:width) trenches [196]. It has been found that the etch rate decreases as the 
trench aspect ratio increases (also known as RIE lag). Fig. 40 shows a typical situa- 
tion [ 1971. ARDE can occur due to a combination of effects. As the trench becomes 
deeper, for example, ions may impact the sidewall instead of the trench bottom. This 
can be due to the angular distribution of the incoming ion flux, or the decollimation 
of ions due to electric fields developed by non-uniform charging of the mask or the 
trench sidewalls. As the flux of ions impinging on the trench bottom decreases, the 
etch rate follows suit. Also, transport limitations may reduce the flux of neutrals 
reaching the bottom of the trench for high aspect ratio trenches. Finally, in a less 
common situation, the etch rate increases as the trench deepens (inverse RIE lag). 

5.7 Atomistic Simulations 

Atomistic simulations provide information at the molecular level. Such information 
is useful for understanding the progress of an event occurring in the gas phase or on 
the surface, for delineating reaction mechanisms and pathways, for calculating rate 
coefficients of difficult to measure reactions, and for enhancing one’s understanding 
of the process by visualizing the atomic scale events. Molecular modeling techniques 
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Fig. 40. Aspect ratio dependent etching of silicon in a CC12Fl/02 gas mixture. The etch rate is a function of 
the aspect ratio of the feature (depthlwidth). After [197]. 

include Ab initio methods (e.g., density functional theory, DFT) of electronic struc- 
ture and total-energy calculations [ 1981, and semi-empirical and empirical atomic- 
scale simulations (e.g., Molecular Dynamics, MD [199], and Monte Carlo, MC 

M D  simulations are suitable for studying the interaction of energetic ions with 
solids. M D  follows the trajectory of each atom in the simulation cell as a function 
of time for several ps of the ion-solid interaction by solving Newton’s equation of 
motion for each atom. Physical quantities of interest may be calculated by time or 
ensemble averaging. The most critical input is the interatomic potential that is used 
to calculate the force on each atom. Reliable empirical potentials exist for common 
systems (e.g., silicon), but such potentials are, in general, not readily available. The 
MD simulation cell can contain millions of atoms, i.e., length scales > 100 A can be 
addressed. The current practical limit of time scales is - 100 ps. M D  simulations 
have been used to study physical sputtering [20 11, physical vapor deposition [202], 
and the reaction of energetic neutrals with a surface in the absence of ion bombard- 
ment [203]. M D  simulations have also been used to study the interaction of ions with 
Si under simultaneous exposure to chlorine [204], and fluorine [205], as would be the 
case in plasma etching. Finally, M D  was employed to understand atomic scale events 
and surface reaction mechanisms during atomic layer etching of silicon [206, 2071. 

[2001). 
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Kinetic Monte Carlo (MC) methods are also useful [208], but one needs to have a 
fairly complete idea of the physics and chemistry of the problem to apply them. For 
example, the types of possible events and the probability of occurrence of each event 
must be known, before the time evolution of the process can be simulated. MC can 
address much longer time scales compared to MD (e.g., diffusional or adsorption 
time scales). Combinations of MD and MC may be useful in simulating the range of 
time scales from atomic vibrations to surface chemical reactions. 

6 Plasma Etching and Deposition Systems 

Table 2 provides a list of materials, and gases used for etching these materials. Sili- 
con, oxide and metal are among the most important materials in microelectronics. 
Salient features of etching these materials are discussed below. Etching of other 
materials such as compound semiconductors [209], polymers 12101 and other metals 
121 I ]  is also of importance. 

6.1 Etching of Silicon 

Etching of any material in a reactive gas plasma results in the formation of a modi- 
fied near surface layer where reactions occur. A visualization [212] of such layer 
formed during crystalline silicon (c-Si) etching in a chlorine plasma is shown in Fig. 
41, top. This layer can be detected by spectroscopic ellipsometry, XPS, or laser- 
desorption/laser-induced-fluorescence ( LD-LIF) measurements [2 131. The surface 
layer is modeled by a top layer containing amorphous silicon (a-Si) and SiCl, species, 
and an interfacial layer containing a&, c-Si and SiCl,. The c-Si substrate that was 
not affected by ion bombardment is shown underneath. Under a set of typical oper- 
ating conditions (100 sccm chlorine gas flow, 2 mtorr pressure, - 200 eV ion bom- 
bardment energy) a steady-state surface layer forms within a few seconds after 
plasma exposure. The thickness of the surface layer, as determined by spectroscopic 
ellipsometry, is a linearly increasing function of ion (C1+ and Clz+) bombardment 
energy as shown in Fig. 41, bottom. The ion energy is approximately equal to the 
sum of the plasma potential ( -20-30 V )  and the absolute value of the dc bias. As ion 
energy increases, ions are able to penetrate deeper inside the silicon lattice, thereby 
creating a thicker near surface (damaged) layer. The surface layer is in the range of 
10-35 A under these conditions. The “equivalent’ thickness of the top and interfacial 
layers as a function of ion bombardment energy are also shown in Fig. 41, bottom. 
The results of XPS measurements agree fairly well with the ellipsometric data. Sur- 
face films are all too common in electrochemical engineering, especially in corrosion. 

The silicon etching yield (silicon atoms removed per incident ion) was found to 
depend on the ratio of neutral to ion fluxes. A set of beam experiments under high 
vacuum conditions (no plasma) is shown [70] in Fig. 42. An undoped polysilicon 
sample was bombarded simultaneously by separate beams of C1 radicals and C1+ ions 
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DC BIAS (V) 

Fig. 41. (top) Model of surface layer formed during plasma etching of silicon with chlorine. (bottom) Sur- 
face layer thickness as a function of the DC bias voltage (ion energy). After (2121. 

Fig. 42. Etching yield of silicon bombarded by a CI atom beam simultaneously with a Clt ion beam 
of controlled energy. At low values of the flux ratio, etching is limited by C1 atom supply. At the 
other extreme, etching is limited by the ion flux. Dashed lines are the result of a Langmuir-Hinshelwood 
model of the surface reaction. After [70]. 
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of controlled flux and energy, similar to the experiments shown in Fig. 17. Exposure 
of the sample to the radical beam alone did not produce any appreciable etching 
under these low temperature conditions. The etching yield increases with ion energy; 
it turns out that the ion energy dependence is given by Eq. 17. For a given ion energy 
the yield is linear with flux ratio (FR)  for low values of FR, and saturates for high 
FR. For low FR, etching is limited by the neutra1,flux; there is simply not enough 
reactant (chlorine) to form product, and the C1 surface coverage is expected to be 
low. At high FR, the surface is expected to be fully covered with chlorine, and etch- 
ing is limited by the ion flux. Actually, since ion bombardment forms a damaged 
layer on top of silicon (Fig. 41), the chlorine coverage is more than a monolayer. The 
beam experiment shown in Fig. 42 is most relevant to polysilicon etching in high 
density plasma sources where the molecular chlorine dissociation is high. Hence, 
most of the reactant is C1 and the corresponding ion in the plasma is C P .  However, 
similar effects are observed [70, 214, 2151 when silicon is bombarded by a molecular 
chlorine beam (instead of C1) and an argon or C12+ beam (instead of C P ) ,  except 
that in these cases the etch yield is lower. 

For given ion energy and neutral to ion flux ratio, the polysilicon etching yield 
decreases monotonically with angle of incidence of the C1+ ion beam measured from 
the surface normal [70]. This behavior is to be contrasted with the angular dependence 
of the sputtering yield [15], when the sample is bombarded by an inert gas ion beam 
(e.g., Ar+) alone. The angular dependence of the yield is needed to calculate the 
evolution of the profile of microfeatures during etching. 

Silicon can be etched by chlorine atoms without any ion bombardment. Oxide is 
not etched by C1 and, therefore, a very high selectivity can be obtained. The chemical 
etch rate of n-type single crystal Si or polysilicon is given by [216] 

where NO is the dopant density. The activation energy EA and the exponent y depend 
on the type of the substrate (polysilicon or single crystal silicon, see Ref. 216). Wall 
passivation is necessary to achieve anisotropy in this system (Fig. 16d). Eq. (57) 
predicts a doping efect.  In fact, heavily n-type doped silicon etches faster than un- 
doped silicon which in turn etches faster than heavily p-type doped silicon. The effect 
is much stronger in C1 etching (orders of magnitude) compared to F etching of silicon 
(several times). The doping effect has been attributed to the variation in charge den- 
sity at  the surface as doping is varied. It is believed that C1- or F- are ultimately 
involved in etching, hence the dependence on charge density [217]. 

Silicon can also be etched by F atoms via a chemical mechanism (without ion 
bombardment). The etch rate of single crystal Si (100) has been measured to be [218] 

Rsi = 2.86 x 10-'2n~J?;exp(-1250/T) (58) 

Finally silicon can be etched in fluorocarbon plasmas (e.g., CF4). The addition of 
oxidation (oxygen) or reducing (hydrogen) agents to these plasmas has been used to 
control polymer formation and thereby affect the etch rate and selectivity. Fig. 43 
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Fig. 43. Silicon relative etch rate and relative intensity of the 703.7 nm F-atom emission as a function of 
oxygen additions to a CFd discharge. After [219]. 

shows the effect of oxygen addition [219]. At low YO oxygen, the formation of extra F 
is favored via reactions of the form 

(59) O/O2 + CF,y + COF2, CO, C02 + F/F2 

This enhances the etch rate of both silicon and oxide. However, at high % oxygen, 
two factors play a role: (a) the etchant is diluted, and (b) the Si surface is oxidized, 
and oxide etches much slower than Si. Hence the Si etch rate drops at high oxygen 
additions. The optimum oxygen addition is - 10% for silicon. Oxide already has 
some oxygen, so the optimum is shifted to higher values - 20 %. Similar results have 
been obtained by oxygen addition in other F-containing gases such as SF6 and NF3. 
Hydrogen addition to CF4 [220] can have a more dramatic effect (Fig. 44). Hydrogen 
ties up F atoms in reactions such as 

thereby increasing the concentration of unsaturates. Hence the Si etch rate drops as 
hydrogen is added. At higher hydrogen additions, polymer formation blocks etch- 
ing of silicon. However, oxygen from silicon dioxide can compensate the effect of 
hydrogen and prevent polymer formation, allowing etching of the oxide to proceed, 
provided there is energetic ion bombardment of the surface. Thus very high selec- 
tivity of etching oxide over silicon can be achieved. Coburn and Winters used the 
concept of F/C ratio to describe etching in fluorocarbon plasmas [221]. 
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Fig. 44. Etch rate of polysilicon, 
oxide, and photoresist as a function 
of hydrogen addition to a CF4 dis- 
charge. Etch rate stops on non-oxide 
materials due to polymer build up 
at high % H2. Oxide continues to 
etch due to polymer removal by the 
available oxygen. This yields high 
selectivity of etching oxide over sili- 
con. After [220]. 

6.2 Etching of Silicon Dioxide (Oxide) 

Oxide etching is performed in fluorocarbon plasmas, e.g., CF4, CHF3, CZF6, C4F8, 
or their mixtures. Selectivity with respect to silicon and silicon nitride (called simply 
nitride) is important. Selectivity is obtained by choosing the chemistry and operating 
conditions that favor etching of oxide but deposition of a fluorocarbon film that 
blocks etching when the silicon or nitride interface is reached. The chemistry of oxide 
etching is very complicated. Feedstock gases are dissociated in the plasma to produce 
fluorocarbon radicals (CF,) and ions (CF,+). Radicals tend to deposit a fluoro- 
carbon polymer layer on non-oxide surfaces (e.g., silicon), or on oxide surfaces not 
exposed to energetic ion bombardment (e.g., the sidewalls of a trench). The polymer 
does not form at the bottom of the trench on the oxide because ion bombardment 
induces reaction of the polymer-forming radicals volatilizing carbon as CO/CO2 and 
also forming silicon fluoride product, thus etching oxide. In contrast, there is no effi- 
cient mechanism for carbon removal from silicon or nitride since they do not contain 
oxygen. 

Oxide etching is ion driven. The etch rate of a flat (no features) bare oxide (no 
photoresist) surface as a function of ion energy in a CHF3 inductively coupled 
plasma (Fig. 20a) is shown in Fig. 45 [222]. The ion energy was varied independently 
by applying a bias to the substrate electrode. All other conditions (including coil 
power generating the plasma) were kept fixed. At low ion bombardment energies 
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Fig. 45. Etch rate of oxide in fluorocarbon plasma vs. ion bombardment energy. Points are experimental 
data from [222]. 

(polymer deposition regime) there is actually polymer depositing on the oxide. Inter- 
estingly, initially there is an increase in the polymer deposition rate as the ion energy 
is increased. This corresponds to ion-enhanced deposition [223]. Apparently low 
energy ions create more dangling bonds (surface sites) on the polymer surface that 
enhance the deposition rate. As the ion energy is increased further (polymer sup- 
pression regime), polymer deposition competes with polymer (chemically-enhanced) 
sputtering; eventually sputtering wins and beyond an ion energy of - 60 eV there is 
net oxide etching. In the etching regime, the oxide etch rate increases with ion energy 
following approximately the square root law ( Eq. 17). A visualization of the surface 
as the ion energy is increased is shown in Fig. 46 12241. At low ion energies the whole 
surface is covered by a polymer layer. Active sites on the polymer induced by ion 
bombardment are shown as crosses. As ion energy is increased, the polymer layer 
breaks apart into patches that eventually disappear. The surface is now covered by F 
and CF,y type adsorbates. The surface coverage is reduced as the ion energy is 
increased since more of the adsorbates are used up to form reaction products (the 
etch rate increases with ion energy, see Fig. 45). In reality, reaction does not happe? 
strictly on the surface but in an ion-induced mixing layer that can be 10s of A 
thick (compare to Fig. 41). This layer contains C,F, species and oxide etching 
byproducts mixed into the layer. Ion bombardment promotes the formation of 
species that are sputtered more easily and/or desorb spontaneously into the gas 
phase resulting in net etching of oxide. 
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Fig. 46. Visualization of the surface of oxide during etching in Auorocarbon plasma as a function of energy 
of the impinging ions. After [224]. 

Fluorine atoms F also etch SiOz in the absence of ion bombardment with a rate 
[ 2  181 

6.3 Etching of Aluminum 

Aluminum is used as a metallization material in current microelectronic devices. It 
can be etched by chlorine containing plasmas, provided that the native aluminum 
oxide is removed. This is accomplished with oxide scavengers such as BCI3 added to 
the plasma. Aluminum etching is isotropic; in fact a clean aluminum surface reacts 
with atomic and molecular chlorine even in the absence of a plasma [225]. Aniso- 
tropy is achieved by the wall passivation mechanism (Fig. 16d). 

Aluminum is often used as an alloy with a few atomic '% Si and/or Cu to reduce 
electromigration (Fig. 1 ) .  This alloy is difficult to etch because copper does not form 
readily volatile compounds 1731. Heating of the wafer to some 200 "C and intense ion 
bombardment to sputter off involatile products are then necessary to effect etching. 
Residual chlorine remaining on the wafer after aluminum etching can be deleterious 
because it can promote corrosion, especially in Al-Cu alloys. Hence wafer rinsing 
with DI water is common. Dry passivation by exposure to a fluorocarbon plasma has 
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also been reported to protect aluminum by converting aluminum chloride to fluoride, 
which can then be removed by a nitric acid wet clean. Corrosion engineering is of 
critical importance for this material system. 

Lately, copper metallization has become a viable alternative to aluminum [2, 
2261. Copper is preferred over aluminum because of the higher conductivity and 
greater electromigration resistance of copper. Copper films can be grown by electro- 
deposition or by electroless deposition. The advantage of electrochemical methods 
over dry processes is the conformal coverage and complete filling of high aspect ratio 
sub-quarter-micron features. These are very difficult to fill with physical vapor depo- 
sition (PVD) [227] although ionized PVD has shown better results (2281. One draw- 
back of copper is that a reliable etch process is not yet available. However, this is not 
a serious problem as chemical mechanical polishing used in the so-called dual dama- 
scene process can produce sub-quarter-micron patterns without the need for etching. 

6.4 Loading 

Loading refers to a situation whereby the etch rate varies inversely with the area of 
etchable material exposed to the plasma, Fig. 47 [229, 2301. The reason is that, for 
given plasma conditions, the etchant generation rate is substantially independent of 
the area. As the etchable area increases, the consumption rate of the etchant also in- 
creases, thereby depressing the etchant concentration and in turn the etch rate. One 
can distinguish between global loading (averaged over the whole reactor) and local 

5000r 
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0 Fig. 47. The loading effect. The etch rate of alurni- 
nurn decreases as the area available for etching 
increases. After [229]. 
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Fig. 48. Atomic oxygen concentration, measured by optical emission actinometry, as a function of radius in 
a 13.56 MHz oxygen discharge sustained in a diode reactor. The electrode is covered with a reactive film up 
to a radius of 3.75cm. This film acts as a sink for atomic oxygen (loading) resulting in significant radial 
concentration gradients. Such gradients are responsible for etch non-uniformity. Solid lines show the result 
of mathematical model predictions. After [231]. Pressure 2 torr, gas flow 100 sccm. 

loading such as can be observed near the interface between etchable and non-etchable 
surfaces; for example at the wafer edge or at the perimeter of an individual die on the 
wafer. In the latter case, loading is due to a difference in reactivity between the two 
surfaces [231, 2321. At endpoint, the etchable film surface area will decrease, which 
can lead to an increase in etch rate and perhaps rapid mask undercut. In addition, 
changes in surface area can affect the rate of recombination of radicals, again affect- 
ing the plasma gas composition. 

Fig. 48 shows the atomic oxygen concentration profiles along the electrode radius 
in an oxygen plasma [23 11. These profiles were measured by optical emission actino- 
metry (see Section 7.1.2). The electrode has a reactive central region of 3.75 cm 
radius. The rest of the electrode is relatively inert. Oxygen atoms are consumed over 
the reactive region, but build up over the inert region. A gradient in the radical den- 
sity is thus established, which is most important around the periphery of the active 
region. This gradient would lead to a so-called bullseye clearing pattern of a film, 
whereby the etch rate decreases from the periphery to the center of the wafer. This 
“local” loading can be enhanced at higher power input to the plasma. 

Loading can also occur at the microscopic feature scale (microloading). It has 
been observed, for example, that isolated features etch faster than dense patterns. 
This is due to local reactant depletion over the dense pattern caused by greater con- 
sumption of the reactant (greater etchable surface area exposed by the dense pattern). 
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Fig. 49. Schematic of sputter deposition reactor. After [lS]. 

If reactant transport is not adequately fast to alleviate concentration gradients over 
the length scale of the feature cluster (few mm), then loading can manifest itself. 
Similar pattern dependent effects are observed in CVD [90, 911. 

6.5 Sputter Deposition 

Sputter deposition [15] is used for growing elemental films (e.g., aluminum) and 
also compounds (e.g., TIN, oxides, etc.). In physical sputtering, an inert gas (usually 
argon) is used to sputter the material of interest from a target. Sputtered material 
then deposits on all surfaces it can encounter, including the substrate. A typical re- 
actor configuration is shown in Fig. 49 [15]. The gas pressure is selected low enough 
( 5  10 mtorr) to minimize scattering collisions of the sputtered material with the gas. 
Growth rates are low in the range of 100-1000 A/min. The morphology of sputtered 
films is a strong function of gas pressure and substrate temperature relative to the 
melting point of the film [233]. Since plain RF or DC discharges are not efficient at 
these low pressures, magnetic fields are used to confine the electrons. Film growth 
uniformity and target erosion uniformity are important issues, particularly in the 
presence of a magnetic field [ 5 ] .  

In reactive sputtering, a reactive gas is mixed in with the inert gas. For example, 
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TIN is grown using a titanium target and a mixture of argon with nitrogen as 
the plasma gas. Titanium landing on the substrate reacts with N atoms formed in the 
plasma to yield TIN. Interesting hysteresis effects can occur in these systems as 
the partial pressure of nitrogen is varied, because atomic nitrogen can also convert 
the target to TIN which has a smaller sputtering rate compared to pure titanium 
[234]. 

6.6 Plasma Enhanced Chemical Vapor Deposition (PECVD) 

Plasma enhanced chemical vapor deposition (PECVD) [ 141 is a process where feed- 
stock gases are decomposed in a plasma to from radicals. These radicals may 
undergo further reactions in the gas phase before adsorbing and reacting on the wafer 
surface to deposit a thin solid film. Since plasma electrons (rather than heat) are used 
to initiate chemistry, PECVD is performed at much lower temperatures than (ther- 
mal) CVD [20]. Typical substrate temperatures range from ambient to 400°C. In 
general, the substrate temperature only weakly affects the deposition rate; in contrast 
it greatly affects the film properties including composition and morphology. Exam- 
ples of PECVD are hydrogenated amorphous silicon (a-Si : H), silicon dioxide and 
silicon nitride films. a-Si : H films are used for solar cells and thin film transistors 
for flat panel displays [235]. Both applications require deposition over large areas. 
a-Si:H films are deposited from silane containing plasmas, often diluted with hy- 
drogen or an inert gas such as Ar [236]. Silane is dissociated in the plasma to form 
deposition precursors such as SiH2 and SiH3. The former radical has a high sticking 
coefficient on the growing film and is thought to result in deposits of poor quality. 
SiH3 has a lower sticking coefficient allowing the radical to diffuse on the surface 
thereby filling in voids in the growing film, resulting in better film quality. Hence, the 
deposition system must be designed carefully to maximize the SiH3/SiH2 ratio. Ion- 
driven surface reactions are also contributing to film growth and properties and 
hence a uniform ion flux to the substrate is necessary to achieve high quality films. 
Furthermore, design of the gas flow distribution in the reactor is important to achieve 
uniform deposition over large areas. 

Silicon dioxide (oxide) is used as interlevel dielectric, for device isolation, and as 
a masking layer for etching and ion implantation. PECVD oxide is deposited from 
SiH4/Ar/N20 plasmas or tetraethoxysilane (TEOS) Si(OC2H5)4/02 or 0 3  plasmas 
[237]. The silicon containing feedstock gases are decomposed in the plasma to form 
radicals that adsorb on the film surface. Atomic oxygen, also generated in the plasma 
by molecular oxygen dissociation, oxidizes the adsorbed species leading to oxide 
formation. In the case of TEOS, oxygen dilution is very high (e.g., 99”/.), in part to 
ensure that carbon and hydrogen in TEOS are converted to volatile carbon oxides 
and water, and are not incorporated to any significant extend in the growing film. 
Also, in the case of TEOS, ion bombardment has been shown to significantly en- 
hance the deposition rate [223]. 

Silicon nitride is deposited by PECVD using typically SiH4/NH3 mixtures [238]. 
As with any PECVD process, the film composition and properties are a strong func- 
tion of the feedstock gas composition and the plasma parameters (pressure, gas flow, 
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power, excitation frequency, etc.). The hydrogen content depends on substrate tem- 
perature with less hydrogen at higher temperatures. Film stress can be varied by vary- 
ing the ion bombardment energy, e.g., by lowering the plasma excitation frequency. 

All of the above films have typically been deposited using R F  capacitively- 
coupled parallel plate (diode) systems. Lately, high density plasmas with gas injection 
downstream of the main plasma are being introduced. To deposit oxide in such a 
system, for example, one would feed oxygen through the plasma and SiH4 down- 
stream (see Fig. 20) some distance above the substrate. Many other kinds of films 
have been deposited by PECVD. An example is diamond films [239]. 

6.7 Step Coverage 

An issue with any film deposition over topography is the conformality of the deposit 
along the surface contour. Ideally, the film thickness should be uniform along the 
surface (Fig. 50a [ 13). Since the mean free path of species is much larger than typical 
microfeature sizes, the species flux striking a surface element will depend on the cosine 
of the angle subtended by that element. If the reaction probability of the deposition 
precursor is high, as in the case of SiH2, non-uniform deposits are expected (Fig. 
Sob). For low reaction probabilities, the deposition precursor has a better chance to 
diffuse along the surface or desorb and strike the surface a number of times before 

-W- 

Fig. 50. The step coverage problem. Good step coverage 
(a), poor step coverage under long mean free path (low 
pressure) conditions (b), and poor step coverage under 
short mean free path (high pressure) conditions (c). After 
[ll. 

(c) 
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eventually depositing. Such a scenario will lead to better conformality of the deposit. 
One of the reasons the TEOS-based chemistry is preferred over silane-based chemis- 
try for oxide deposition is that the former yields deposition precursors with much 
lower reaction probability (e.g., 0.05 vs. 0.5). Fig. 50c shows the resulting film thick- 
ness when the species mean free path is smaller than the feature opening (e.g., atmo- 
spheric pressure CVD). Non-conformal step coverage is unacceptable since, if the 
deposit were metal in a via for example, the contact will be prone to electromigration 
failure [l] .  

7 Plasma and Surface Diagnostics 

Diagnostics are of critical importance in plasma processing. They serve as probes 
of the plasma or wafer state, helping to understand the process and test theories, 
mathematical models, and numerical simulations. They also serve as sensors useful 
for designing, controlling, and optimizing the process. Plasma diagnostics probe the 
gas-phase, whereas surface diagnostics probe the solid surface. Real time diagnostics 
are most useful as they provide information while etching or deposition is taking 
place. Other desirable characteristics are: high spatial and temporal resolution, high 
accuracy and sensitivity, capability for quantitative analysis, simplicity and low cost. 
Reviews of plasma and surface diagnostics are available [240]. 

7.1 Plasma Diagnostics 

Important plasma diagnostics include: Langmuir probes, optical emission spectros- 
copy, laser induced fluorescence, absorption spectroscopy, mass spectrometry, ion 
flux and energy analysis, and plasma impedance analysis. A plasma reactor equipped 
with several of these diagnostics is shown in Fig. 51 [35, 1601. A capacitively coupled 
plasma is sustained between the parallel plates of the upper (etching) chamber. The 
lower (analysis) chamber is differentially pumped and communicates with the etching 
chamber through a pinhole on the lower electrode. 

7.1.1 Langmuir Probe 

This is a thin metallic wire immersed in the plasma and biased with respect to a ref- 
erence potential (normally ground). The current drawn by the probe I is recorded as a 
function of bias potential, V. An ideal I-V characteristic of a single Langmuir probe 
is shown in Fig. 52 [ 151. The floating potential (corresponding to no net current to 
the probe) and the plasma potential V, are shown. The ion and electron saturation 
currents are obtained at  large negative and positive potentials, respectively. These 
correspond to the mass transfer limiting current of an electrochemical system. The 
electron saturation current is much larger (in absolute value) than the ion saturation 
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Fig. 51. A RF capacitively-coupled diode with a variety of plasma diagnostics, including Langmuir probe, 
optical emission spectroscopy, molecular beam mass spectrometry, and ion fluxlenergy analysis systems. 
After [35]. 
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Fig. 52. I-V characteristic of a single Langmuir 
probe. The limiting currents due to electrons 
(lower right) and ions (upper left) are shown. ------ 

4 After [ 151. 

current because of the much higher electron mobility. From the ion saturation current 
(the electron saturation current is often difficult to obtain experimentally), one can 
estimate the positive ion density. The plasma potential is found as the potential at  the 
knee of the I-V curve. The electron energy distribution function can also be obtained 
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from the Langmuir probe [157]. Using the EEDF, the electron mean energy (or 
electron temperature for a Maxwellian distribution), and absolute electron density 
can be found. Several reviews of the Langmuir probe method have been published 

Because of its simplicity, Langmuir probes have found widespread use for diag- 
nosing plasmas. However, care must be exercised when doing the measurements, es- 
pecially in R F  plasmas, as the time-varying plasma potential can corrupt the probe 
characteristic. Also, a theory is needed to analyze the characteristic and extract 
the plasma parameters. Such theory is not always available, depending on plasma 
parameters and probe design. Finally, the probe must introduce as small as possible a 
disturbance to the plasma, and this is not easy to achieve. Currently, rather sophisti- 
cated Langmuir probe setups exist that can record I-V characteristics and extract the 
plasma parameters with substantial spatial and especially time (ps) resolution. 

Instead of being immersed in the plasma, the probe can cover part of the elec- 
trode surface (with the appropriate electrical isolation). In this case the probe can be 
used to measure the ion current striking the surface. A sectioned electrode can also be 
used to measure the current distribution much like in electrochemical engineering. 
The ion current as a function of radius [244] provides important information about 
the plasma uniformity and in turn the etch uniformity. 

[157, 241-2431. 

7.1.2 Optical Emission Spectroscopy (OES) 

OES is used extensively in plasma processing because it is a simple and non-intrusive 
technique [245]. It is based on the light emitted by plasma species after these species 
have been excited by electron impact (reaction R15 in Table 4). Plasma emission is 
collected and dispersed into its wavelengths by a monochromator. The light intensity 
as a function of wavelength is measured with a photomultiplier tube. Photodiode 
array detectors and charge coupled device (CCD) cameras are also used to provide 
rapid acquisition of spatially and spectrally resolved emission. The OES spectrum 
is used to identify plasma species which emit in the wavelength range monitored. 
Common species monitored by OES and their corresponding wavelength are given in 
[246]. OES is most often used for qualitative characterization of the plasma. Semi- 
quantitative results can be obtained by applying a technique known as actinometry 
[246, 2471. OES is also used widely for end-point detection [248]. This is based on 
monitoring the signal from a reactant or product the concentration of which changes 
substantially at end-point. For example, the concentration of F-atoms in a fluoro- 
carbon plasma etching silicon may increase as the silicon film is etched away to ex- 
pose oxide underneath. In fact the slope of the F-atom OES signal vs. time can be 
used to infer the etch uniformity as well. The slope of the trace becomes steeper as 
uniformity improves. 

7.1.3 Absorption Spectroscopy 

In this technique, the attenuation of light intensity as the probe beam passes through 
the plasma is related to the density of the absorbing species (Beer’s law). Quantita- 
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tive analysis is possible. Multiple passes are usually required to obtain an acceptable 
signal-to-noise ratio, and this limits the spatial resolution of the technique. Tunable 
diode laser absorption [249] has gained popularity as the probe beam wavelength can 
be controlled with high spectral resolution. This means more selective measurements. 

7. I .4 Laser Induced Fluorescence (LIF) 

LIF uses a tunable laser to perform selective excitation of plasma species to a higher 
energy level [250, 2511. Upon de-excitation the species emits fluorescence which is 
a measure of the species density. LIF is more powerful than OES because it can 
monitor directly the ground state species, which are the most abundant and often the 
most important etchant species. In contrast, OES monitors the excited state species 
density and indirectly (when a set of rather restrictive conditions are satisfied) the 
ground state density. LIF can offer high selectivity, spatial (< 1 mm) and temporal 
(< 10 ns) resolution, and can be made quantitative. However, LIF can be applied 
only to a limited number of species (having fluorescing excited states that can be 
reached by an optically allowed transition), and it is more complex and expensive 
compared to OES. LIF has been used to monitor metastable atoms in noble gas dis- 
charges, light atoms (0, C1, H, etc.) which are thought to be very important in a 
number of plasma systems, metals (e.g., Al), and a variety of radicals (BCl, SiF2, 
CF2, etc.). 

7.1.5 Mass Spectrometry 

Generally speaking, mass spectrometry has been used in two configurations [252]: 
effluent gas analysis and molecular beam. In the former case, the mass spectrometer 
is attached to the exhaust port of the plasma reactor. In this configuration only stable 
gaseous species can be detected. Radicals and ions normally have ample chance 
to recombine on the walls of the apparatus before reaching the mass spectrometer. 
Effluent gas analysis can provide valuable information about the process. 

In molecular beam mass spectrometry, a sample is drawn directly from the 
plasma into the instrument as a molecular beam. The goal is to minimize or totally 
eliminate collisions which can alter the sample composition. Most often the spectro- 
meter is housed in a separate chamber which has a line of sight communication with 
the plasma through a pinhole (Fig. 51). Neutrals effusing from the plasma can be 
detected before suffering collisions provided a beam chopper and phase sensitive 
detection are employed to differentiate against the background gas. By turning the 
ionizer of the mass spectrometer off, ions exiting the plasma (which would otherwise 
strike a wafer resting on the lower electrode) can also be detected to obtain a quali- 
tative picture of the ion flux on the electrode. Quantitative measurements can be 
made if careful corrections of the sensitivity factors of the mass spectrometer vs. ion 
energy are made. In another application of this configuration called appearance mass 
spectrometry (AMS) [253], the energy of the electron beam of the mass spectrometer 
is varied to achieve selective ionization of neutrals exiting the plasma. This way, one 
can determine the concentration of radicals that are difficult to detect otherwise. The 
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technique has been applied extensively in chemically complex systems such as fluoro- 
carbon plasmas. Quadrupole mass spectromety (QMS) can also be used for real time 
process monitoring and is a candidate sensor for process control [254]. 

7.1.6 Retarding Grid Energy Analysis 

A retarding grid energy analyzer/Faraday cup assembly placed under a pinhole on the 
substrate electrode (Fig. 51) can be used to measure the ion bombardment flux and 
energy distribution function. A typical analyzer consists of three high-transmission 
metal grids above a metal plate which serves as a Faraday cup. The top grid is kept at  
the potential of the substrate electrode to form a field-free drift region between the 
electrode and the grid. The energy distribution of ions bombarding the electrode is 
determined by applying a variable positive potential V,, to the middle grid (energy 
selector), and measuring the current I+ at the Faraday cup. The bottom grid is kept 
at a negative potential to suppress secondary electron emission from the Faraday 
cup plate. The ion energy distribution function is calculated from the Faraday cup 
current-voltage characteristics using 

where E+ = eV,. The total ion current I+, through the pinhole is measured using a 
picoammeter by biasing all grids and the cup at a large negative potential (say -100 
volts). The total ion current is the sum of the currents collected by the grids and the 
Faraday cup. 

7.1.7 Impedance Analysis 

Impedance analysis is used to estimate important plasma properties such as electron 
density, time-averaged sheath capacitance, thickness, and voltage as well as the bulk 
plasma resistance [32-35, 2551. The technique is illustrated here for a case when the 
bulk plasma can be represented as a resistor and each sheath can be represented by a 
capacitor (a  simplification of Fig. 10). This is a fairly typical case for parallel plate 
capacitively coupled reactors operated at  frequencies above the ion plasma frequency 
12551. The current and voltage waveforms are measured at  the R F  feedthrough and 
corrected for stray capacitance and line inductance [32-351. The current is measured 
using a wide band current transformer, and the voltage is sampled through a high 
voltage probe. Both current and voltage waveforms can be recorded using a digitiz- 
ing oscilloscope. The actual power dissipated in the plasma is calculated from the 
product of the corrected current and voltage waveforms, accounting for the phase 
shift. The plasma resistance and sheath capacitance can be calculated from the 
measured current and voltage waveforms and the phase shift 4 between the two using 

10 

m,, VO sin 4 c,< = - 
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Here VO and l o  are the amplitudes of the measured voltage and current waveforms, 
assumed sinusoidal. 

7.2 Surface diagnostics 

Surface diagnostics are of particular importance because the ultimate goal of plasma 
processing is to modify the surface of the wafer. Non-real-time diagnostics either in- 
situ or ex-situ can provide a wealth of information. Such surface diagnostics include 
many of the standard techniques that have been used in surface science [256]. Real 
time, in-situ diagnostics are most useful since they provide information while the 
wafer is being processed. Such diagnostics can therefore be used for real time process 
control, whereby faults are corrected hopefully before they have an impact on the 
wafer. Such diagnostics include: (a) ellipsometry [257] to monitor film thickness and 
surface conditions with nanometer scale resolution, (b) laser interferometry to moni- 
tor etch or deposition rate and uniformity in real time [ 164, 2581, (c) attenuated total 
internal reflection infrared spectroscopy to monitor IR active adsorbates on the sur- 
face [259, 2601, (d) quartz crystal microbalance to monitor film thickness changes 
with submonolayer accuracy [261], and (d) scatterometry to measure sub-micron 
linewidths [262]. 

8 Plasma vs. Electrochemical Engineering 

Determining the current distribution in the reactor is a central problem in electro- 
chemical engineering [263, 2641. The problem is to find the reaction rate distribution 
along a macroscopic surface (electrode) or along the walls of a microscopic feature 
[88]. In general, this is a coupled problem of potential field with transport and reac- 
tion of charged and neutral species, much like the plasma reaction engineering 
problem. However, simplifications can be applied in a variety of practical situations 
by decoupling the equations. Some of these parallel the approximations discussed 
in Section 5.4.2. Assuming Newtonian incompressible fluid and dilute solutions, the 
governing equations may be written as (neglecting natural convection) 

au 1 
- + u . vu = --VP + V , P U  
at PI 
v U = a  

J ;  = -D;VC; + z;F,u,c;E + UC; 

Eq. (65) is the Navier-Stokes equation for the fluid velocity field. Eq. (66) is the 
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continuity equation for the incompressible fluid, and Eq. (67) is the mass balance for 
species i. Here u is the fluid velocity vector, P is pressure, v/ is kinematic viscosity, p I  
is solution density, and ci and z;  are the concentration and charge number of species 
i, respectively. In Eq. (67) Rii accounts for volume reactions (solution chemistry, e.g., 
complexation reactions). The total flux of species i (J;) in Eq. (68) is the sum of 
component fluxes due to diffusion, migration and convection. In regions of uniform 
concentration (well-mixed reactor, primary or secondary current distribution), the 
solution potential satisfies Laplace’s equation 

v 2 v = o  (69) 

When excess supporting electrolyte is present, Laplace’s equation can still be used 
to solve for the tertiary current distribution (mass transport of ions plays a role). In 
such case the potential field is coupled to the concentration field at the electrode 
surface [264]. In the more general case of concentration gradients, the solution elec- 
troneutrality condition is imposed instead of Laplace’s equation (assuming spatially 
invariant dielectric constant) 

C z ; c ;  = 0 

In this case the concentration and potential fields are coupled throughout the 
solution volume. The boundary conditions can be complex in the case of electro- 
deposition in the presence of additives or when a salt film precipitates on the surface 
during electrochemical dissolution. 

The above set of equations must be augmented by an energy balance for the 
solution and/or the solid phase if temperature effects are important. An example is 
high rate etching or deposition effected by a laser beam [265]. Also, potential de- 
pended transport of charge carries (electrons and holes) in the semiconductor must be 
accounted for in photochemical and photoelectrochemical etching [266, 2671. 

At this point it is instructive to compare the equations governing the flow, con- 
centration, and potential fields in plasma and electrochemical reactors. The equations 
are (of course) identical except that an equation equivalent to the electron energy 
balance (Eq. 31) is not needed for electrochemical systems. The electroneutrality as- 
sumption is often made in plasmas (see Section 5.4.2) as is done in electrochemical 
engineering. 

Plasma and electrochemical systems share many common characteristics includ- 
ing: 

1.  Potential distribution coupled with charged and neutral species transport and re- 
action, both at the microscopic feature scale ( -0.1-10s of p) and at  the reactor 
scale ( -  10s of cm). Similar sets of equations (compare Eqs. (65)-(70) to Eqs. 
(22)-(34)) describe both systems, and the same approximations can be often 
applied (electroneutrality, ambipolar diffusion, etc.). 

2. Complex homogeneous and heterogeneous chemistry leading to surface modifica- 
tion of materials. 
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Complex boundary conditions especially when the surface is covered by thin films 
(sidewall passivation or damaged layers in plasma (Fig. 41), salt films in electro- 
chemical engineering). 
A space charge region near electrodes and other walls. This region corresponds to 
the sheath (dark space) in plasmas, and to the double layer in wet electrochemical 
systems. Due to the large disparity in the Debye length, the size of these regions 
differs by many orders of magnitude between the two systems (0.01-1 cm in 
plasmas, 10- 100 A in electrochemical systems). 
The surface chemistry is not temperature driven. It is driven by ion bombardment 
in plasmas and by the surface potential in electrochemical systems. 

Plasma reactors differ from electrochemical reactors in the following: 

At low pressures (or more precisely at high values of the Knudsen number 
Kn > 0.2) the continuum approximation can no longer be used, and rarefied gas 
dynamics has to be invoked for plasma flow. For practical plasma reactors, this 
becomes necessary at  pressures below - 10 mtorr. 

L. Plasmas are strongly non-equilibrium systems with “hot” light particles (electrons) 
and “cold” heavy particles (neutrals and ions in the bulk plasma). Charged par- 
ticles can achieve kinetic energies of 100s of eV in the sheath (Fig. 11). In this re- 
spect, electrochemical systems are closer to thermal plasmas [268] for which local 
thermodynamic equilibrium (LTE) may be assumed (i.e., all particles are at the 
same “temperature”), and the pressure ( - 1 atm) is well above the limit of appli- 
cability of the continuum approximation. 

9 Summary and Future Outlook 

Plasma processing will continue to be of critical importance for fabricating ULSI 
devices [269]. More complex patterns with finer dimensions down to a few hundred 
A, as well as films with properties tailored to more specific applications are expected 
in the future. These stringent requirements will necessitate integrated processing and 
process automation with sophisticated smart sensors for real-time process control. In 
particular, real-time surface sensors will be indispensable. 

Multidimensional simulations of plasma reactors can serve as powerful tools for 
improving our understanding of reactive plasmas, and for helping in the design of 
new and improved plasma processes. Despite their young age, such simulations are 
already quite advanced. Further understanding of plasma physics and chemistry as 
well as developments in numerical methods and in parallel computing will have a 
profound impact on multidimensional simulations of glow discharges coupled with 
neutral transport and reaction, culminating in a virtual plasma reactor. This virtual 
reactor will be based on an integrated system approach in which the reactor design, 
control, and optimization problems are not solved separately but simultaneously. In 
general, a combination of well-characterized experiments with mathematical model- 
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ing and simulation will continue to be the best approach in unraveling the intricacies 
of plasmas and the plasma-surface interactions. 

Understanding at the molecular level will become increasingly important. The 
push for lower pressure to improve uniformity and ion directionality will necessitate 
the further use of “particle” simulations. An example is direct simulation by Monte 
Carlo (DSMC), and Particle in Cell (PIC) methods. Surface processes including 
ion-assisted (or beam assisted in general) reaction kinetics, deposit nucleation and 
growth, and adhesion must be better understood to engineer materials and micro- 
structures with tailored properties (e.g., superlattices). Hybrid Molecular Dynamics- 
Monte Carlo simulations (to cover both the ps time scale of events upon ion impact 
and the relaxation of the lattice after impact) coupled with well defined beam experi- 
ments, will provide much insight into the ion-assisted chemistry happening on sur- 
faces exposed to plasmas. Atomic resolution techniques with capability of real time, 
in-situ monitoring [270, 2711 such as Scanning Tunneling Microscopy (STM) and 
Atomic Force Microscopy (AFM) will find increasingly more applications. Atomic 
layer processing [272, 2731, with the capability to control film deposition and etching 
with monolayer accuracy, will be further developed. Understanding the relation be- 
tween processing-microstructure-properties of deposited films will result in much im- 
proved tailored materials (2741. 

Efficient treatment of the disparate length and time scales will be the key to the 
further development of predictive computational models for both plasma and elec- 
trochemical engineering. This is not limited to the plasma or liquid-phase processes. 
It includes the solid materials produced or modified by these technologies; from the 
atomic level, to the microstructure to the bulk material properties. Finally, integra- 
tion of modeling/simulation with design, sensors, control, optimization, safety and 
reliability will result in an ultimate integrated system which is based on molecular 
principles and which extends all the way to the factory scale! 
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chemical bath deposition (CBD) 167 
chemical models 12 
chemical solution deposition (CSD) 167 
chemical vapor deposition (CVD) 167 
complexation 179 
computer simulations 4 
corrugated surfaces 10, 16, 50 
corrugation 14-15,27, 36 
cross section 219,259-260 
CuInxGa1.xSySe2.y 22 1 
CuxS 171 

Debye-Huckel screening length 44,47, 

defects 15,205 
demarcation energy 98, 140 
density function 19 
density profiles 18-22,24-25,41-43,46-47 

247,250 

depletion region 89, 13 1 
detrapping 143, 149, 156-157 
diagnostics, plasma- 324 
diagnostics, surface- 329 
diffusion 52 
- coefficient 50,52, 78, 9 1,  135-136, 

- length 78,91-93, 119, 133, 143, 155 
dimensionless numbers 300 
dipole density 32 
double layer 2, 1 1, 18- 19,40,43,47, 50, 57 
drift velocity 94 
dye sensitised electrode 105, 140, 146 
- solar cell 79-80, 84,93, 131-132, 143, 

- TiO, 

electric field 6, 10- 1 1 ,  15- 16, 23-25, 29,3 1, 

electrochemical engineering 329 
electrochemical impedance spectroscopy 

electroless deposition (ELD) 167 
electron, density 288, 292 
- energy distribution function 260-264 
- energy distribution function, 
Maxwellian 263 

-injection 65, 89,93, 105, 126-131, 133, 
140, 143, 150 

- temperature 263, 286, 292 
- transfer 54-57 
electrostatic polarization 30 
electrostatic potential 2, 1 1, 15- 16, 18- 19, 

epitaxy 212 
equivalent circuit 254 
etching, A1 3 18-3 19 
- anisotropy 242,245 
- aspect ratio dependent (ARDE) 310 
-oxide 316-317 
- rate 245 
- selectivity 245 

141-142, 144, 146, 152, 156 

154-155, 157 
85,89, 136, 142-143, 151-155 

52,55,58,60-61 

(EIS) 80 

29,34,44,57 
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-Si 312-315 
- uniformity 245 
-plasma 243 
Ewald summation method 5,  18,25,42,45 

fast multipole method 5 ,  18,43 
Fermi level, pinning 108, 115 
- quasi 91, 134 
- redox 89 
formic acid 117, 125-126, 131 

GaAs 86,99, 104 
GalnP 86 
GaP 88,93, 99, 106, 125-126, 131-132, 

Gartner equation 78,92-93, 107, 1 1  I ,  123 
grain size 202, 204 
growth kinetics 186 

148-151, 155 

heat transport 296 
hydrogen bonds 4,9, 19,29-30, 3 1, 34-35 
hydrolysis 181 

image, charge model 7, 10-1 I ,  17,41, 59 
- charge potential 47 
- interactions 15- 16,40,42 
impedance 189 
- analysis 328 
- spectroscopy, electrochemical (EIS) 80 
- spectroscopy, photoelectrochemical 

induction charge model 15 
InP 86, 105, 114-1 15, 120, 130 
insulator electrodes 105 
intensity modulated photocurrent 

(PEIS) 78-79,8 1 ,  107, 1 17, 120, 123 

spectroscopy (IMPS) 79, 81, 103-104, 
106-107, 111-117, 120-131, 138-139, 144,  
146-157 

intensity modulated photovoltage 

iodide 17,40-41,48,58,61 
ion energy 305 
ion transfer 53.57, 60-61 
isomerization 65 
jellium model 3, 10-12, 14, 17, 23 
Langmuir probe 324 
laser induced fluorescence 327 
lateral correlation 25, 27 
lateral structure 19 
lattice mismatch 2 12-2 13 

spectroscopy 8 I 

Lennard Jones potential 9, 16,20, 37,41, 

ligands 178-179 
liquidliquid interface 21 -22 
loading 319 
long-range forces 5 
long-range multiple image interactions 7, 25 
low energy electron diffraction 38 

43,47 

Marcus theory 96, 16 1 
mass spectrometry 327 
mercury 8, 10-12, 14, 17,20-23,26-28, 

microfeature charging 307-309 
microfeature evolution 306, 3 10 
microwave 79,81-82, 100, 107, 121-125, 

mismatch 213 
mobility 79, 91,94, 105, 136 
molecular dynamics (MD) 5,8,41, 3 1 1 
Monte Carlo (MC) 4, 11,311 

3 1-32, 35-36, 42,48, 50 

146 

Mott-Schottky 90, 92 

notching 307-308 
nucleation 197,200 
nucleation, heterogeneous 176 
- homogeneous 174 
- instantaneous 198 

ohmic contacts 226 
optical transition 78, 87 
opto-electrical, admittance 82 
- impedance 82 
- transfer function 82 
optoelectronic devices 224 
organic adsorbates 66 
orientational anisotropy 31 
orientational distribution 30-3 1 
outer sphere reaction 86 

partial charge 57-58 
partial charge transfer 17,63 
passivation 224 
passivation, sidewall- 270-27 1 

PbSe 168, 171,203 
periodic boundary conditions 5-6 
phase transition 20,3 1 
photocurrent, efficiency 82,92-93,99 
- multiplication 78, 99, 106, 126, 130 
- quadrupling 129 

PbS 170-171,203 
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-transients 136, 138, 144-145 
photodetectors 224-225 
photodiode 83 
photoelectrochemical cell 226 
photoelectrochemical impedance 

spectroscopy (PEIS) 78-79, 81, 107, 117, 
120, 123 

photovoltage 79,88-89, 103-104, 113-1 14, 

plasma, chemistry 256 
- enhanced chemical vapor deposition 
-etching 243 
- heating 251 
- high density 273-274 
- low density 270 
-physics 247 
- reactors 270 
platinum 6, 12, 17,26-32, 35-36, 38, 

polarization 3 1,42 
potential, floating 249 
- of mean force (PMF) 41-42, 58-59 
- plasma 253-254,288 
- self-bias 252 
-sheath 252 
precipitation 177, 184- 185 
precursors 168, 170 
presheath 249 
proton transfer 64 

116, 155 

322 

41 -42,47-48,52,55, 58,62 

quantum chemical modelskalculations 

quantum size effects 224 
quartz crystal microbalance (QCM) 

12-13, 15, 17, 23,34, 39 

186- 187 

radiation damage 246 
radio frequency (RF) 247,25 I 
RC time constant 79, 83, 85, 87, 94, 101, 

reaction coordinate 54,57 
reactive ion etching (RIE) 27 1-272 
reactive ion etching (R1E)-lag 307, 3 10 
recombination 265 
recombination lifetime 86, 94, 153- 155 
recrystallization 209 
reflection high electron diffraction 

(RHEED) 202 
reorientation 36, 64 
residence times 36 

103, 112-1 14, 126, 144 

scale, length- 276-277 
scaIe, time- 276 
scanning tunneling microscopy (STM) 201 
screening 16, 23, 31,40,47, 60 
sheath 248,302 
S ic  132 
silicon 86, 100, 106, 117, 121, 124-126, 130 
silicon, amorphous hydrogenated- 106 
silver 23, 38,43 
simulation, atomistic- 3 10 
- Direct Simulation Monte Carlo 

-fluid 281 
- microfeature 306 
- molecular dynamics (MD) 5 ,  8,41, 31 1 
- Monte Carlo (MC) 4, I1,31 I 
- Particle-In-Cell 28 1 
- reactor 274,277,280 
-sheath 302 
-computer 4 
solar cell 221 
- dye sensitised 79-80, 84.93, 13 1 - 132, 

- Gratzel 80, 83, 85, 132 
solubility 177, 183, 185 
solution chemistry 177, 178, 186 
solvent coordinate 54-55 
space charge region 78-79,83,89,94, 107, 

specific adsorption 17,40 
sputtering 267,268,269, 32 1 
step coverage 323 
sub-band gap 88 
supersaturation 174 
supersensitiser 133, 152 
surface, charge 1 1 ,  15,23-24,31, 34,40, 

43-45,47,55 
- reaction 196 
- recombination 86, 93, 127 
- states 108 

(DSMC) 281 

143, 154, 155, 157 

115 

ternary compounds 172 
tetraethoxysilane (TEOS) 322 
time-of-flight measurement 105 
Ti02 86,93,99, 105, 117, 119, 125, 

157 
130-132, 135-138, 143-144, 149-150, 155, 

transfer function 78, 81-83, 87, 103, 117 
transfer function, opto-electrical- 82 
transients 196 
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transit time 79,94, 101, 105, 147-148, 149, - SPC/E model 9 

transmission electron microscopy 

trapping 78,85,96-97, 107, 135, 140, X-ray reflectivity measurements 22 

tunneling 65 ZnO 93,99, 117, 120, 130, 144 

water model 8-1 1 ZnSe 203 
- BJH model 9,31 

154, 155, 157 - TIP4P model 9,35,37 

(TEM) 202 X-ray diffraction 201-202 

143-144, 146-147, 149, 152, 155, 154, 157 

ZnS '170, 171,203 
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