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   IX

  The purpose of this series is to provide high - quality advanced reviews of topics of 
both fundamental and practical importance for the experienced reader. This volume 
focuses on photovoltaic materials for energy conversion processes with emphasis 
on electrochemical science aspects associated with phenomena, reactions, and 
materials; and engineering fundamentals associated with fabrication processes and 
functional capabilities. The chapters of this volume, along with more than 1100 
references therein, illustrate the considerable potential of electrochemistry as a tool 
that can be used for the preparation and characterization of materials for solar cells. 
Electrochemical processes may soon take a central position as an enabling technol-
ogy that will have an impact on the large - scale deployment of photovoltaic devices. 

 Lewerenz reviews the basic principles of the operation of photoelectrochemical 
devices, along with the physics of the underlying phenomena that occur. Experi-
mental methods for the investigation of fundamental phenomena are described, 
along with results for major classes of materials including silicon, indium phos-
phide, and copper indium dichalcogenides. The role of these fundamentals in the 
operation of photovoltaic photoelectrochemical devices is discussed with emphasis 
on ternary chalcopyrites, indium phosphide solar cells, and nanostructured silicon. 
In addition, the role of photocatalysis in tandem structures to capture the broad 
spectral range of photonic energy is discussed for p - Si nanoemitter confi gurations, 
as well as thin expitaxial p - InP fi lms. 

 Dale and Peter review material requirements for inorganic thin - fi lm solar cells, 
the development of new and sustainable materials, and prospects for fabrication 
technologies based on the direct synthesis of solar cells by electrochemical process-
ing routes. The electrodeposition of cadmium telluride is reported with special 
emphasis on reaction mechanisms as well as the resulting structural properties 
that are critically important for solar cell applications. Various methods for prepar-
ing of  copper – indium – gallium – selenium  ( CIGS ) compounds are described along 
with experience in achieving high - effi ciency performance. Extensive coverage is 
devoted to the preparation of copper – zinc – tin – sulfur compounds, which offer the 
attractive benefi t of sustainability owing to the widespread occurrence of these 
elements. Also discussed are the advantages offered by room - temperature ionic 
liquids. Issues associated with the semiconductor – electrolyte junction are pre-
sented in the context of characterizing solar cell device components. 
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 X  Preface

 Schlettwein, Yoshida, and Lincot provide a critical review of the research litera-
ture on porous zinc oxide sensitized by organic dyes, and the potential use of these 
materials for the development of large - scale photovoltaic solar cells. An introduc-
tion is provided to the electrodeposition of zinc oxide thin fi lms, their means of 
sensitization by a variety of organic molecules, and their preparation by one - step 
deposition from solutions containing water - soluble dyes to produce hybrid materi-
als suitable for solar cell. The advantages of various substrates for large - scale cells 
are discussed for plastic and textile materials. 

 Miyasaka reviews the photoelectrochemistry of dye - sensitized mesoporous sem-
iconductor electrodes with emphasis on application to the fabrication of thin, 
fl exible photovoltaic cells. The discussion focuses on low - temperature preparation 
methods for electrode materials and the use of these methods in rapid, printable 
processes that enable manufacture of low - cost, lightweight integrated modules on 
plastic substrates. A wide variety of novel procedures are described for achieving 
high levels of light - harvesting performance, as well as bifacial photovoltaic capabil-
ity. The complex interplay between various system components is discussed in the 
content of optimizing spectral sensitizers and developing printable materials for 
catalyzed electrochemical processes on the counterelectrode. 

 Savadogo presents the fundamental thermodynamic and kinetic considerations 
for fabricating inorganic thin - fi lm materials with special emphasis on chemical 
deposition from mixed solutions, electrodeposition, and sol – gel methods. The 
exceptional range of materials that have been prepared by these methods is note-
worthy, as is the low cost of the processing methods. Treated in detail are the 
syntheses of the component chemicals, as well as the mechanistic and synergistic 
role of the components including the important role played by additives. 

 The fi eld of semiconductor electrochemistry cannot be discussed without rec-
ognizing the central contributions of Prof. H. Gerischer  , who also served as co -
 editor of this monograph series from 1977 to 1994. Stimulated by work in the 
mid - 1950s on the germanium – electrolyte interface by Brattain and Garrett at the 
Bell Telephone Laboratories, Prof. Gerischer soon contributed a series of pioneer-
ing publications that clarifi ed many of the underlying principles on which the fi eld 
rests today. These include establishing criteria for the stability of semiconductor 
electrodes under illumination, developing experimental techniques for study of 
photosensitization, elucidating the principles behind electrochemical photo and 
solar cells, and photoassisted oxidation of organic molecules on semiconductor 
particles. He continued to publish on semiconductor electrochemistry for the 
remainder of his life. This body of literature has, in turn, served to inspire others 
throughout the world to contribute to the fi eld of semiconductor electrochemistry 
and engineering. 
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 Prof. H. Gerischer, 1919 – 1994 

     Richard Alkire   Urbana, Illinois, March 2010       
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Applications of Electrochemistry in the Fabrication and 
Characterization of Thin - Film Solar Cells  
  Phillip     Dale    and    Laurence     Peter        

    1.1 
Introduction 

 Tackling climate change has become a priority for the scientifi c as well as the 
political community. The European Union has set a target for  photovoltaic  ( PV ) -
 generated electricity to become competitive with conventional electricity genera-
tion by 2020 – 2030, and the Council of the European Union aims to reduce 
greenhouse gas emission by 60 – 80% by 2050. The UK ’ s Stern Review  [1] , which 
deals with the economic impact of global climate change, states that  “ the benefi ts 
of strong, early action on climate change outweigh the costs ”  and goes on to iden-
tify  “ development of a range of low - carbon and high - effi ciency technologies on an 
urgent timescale ”  as essential to any strategy that aims to address the problems 
of climate change. These targets have implications for the science and technology 
of PV. If PV is to make a major contribution to a low - carbon energy economy, 
issues of materials and manufacturing costs  [2]  as well as materials sustainability 
need to be considered. Current non - silicon PV technologies are based on cadmium 
telluride and the chalcopyrite materials  Cu(In,Ga)Se 2   ( CIGS ) and CuInS 2 . Both of 
these materials are unlikely to be sustainable in the long term for terawatt deploy-
ment  [3]  of terrestrial PV, so that a search for alternative materials has assumed 
considerable importance. 

 Figure  1.1  illustrates the nature of the problem by summarizing the natural 
abundance and raw elemental costs for materials that are used in thin - fi lm solar 
cells. It is important to note that a logarithmic scale has been used for both the 
abundance and the raw materials cost. The most expensive material by far is 
indium, and the availability and cost of indium have become geopolitical issues 
in recent months since it is used in the manufacture of liquid crystal displays and 
touch screens.   

 The rarest element shown in Figure  1.1  is tellurium, and it is reasonable 
to suppose that this has implications for the long - term sustainability of cadmium 
telluride solar cell technology. Sustainability issues of this kind provide the 
rationale for expansion of the range materials that deserve study for PV 
applications. A promising new candidate for sustainable PV is  Cu 2 ZnSnS 4   

  1 
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( CZTS ), a compound with electronic properties similar to those of CIGS that 
contains cheap and plentiful non - toxic elements. However, remarkably little 
work has been carried out to characterize the potential of this material for PV 
applications. 

 Sustainability and environmental issues are also associated with the fabrication 
processes used in PV. The authors of this chapter believe that electrochemical 
methods have the potential for large - scale low - cost preparation of PV materials  [4] , 
and, in addition, electrochemical methods are powerful tools for the characteriza-
tion of PV materials and device components  [5] . These two topics are explored in 
the present chapter.  

     Figure 1.1     Comparison of availability and costs of elements used for the fabrication of solar 
cells. Note the logarithmic scales.  



 1.2 Electrochemical Routes to Thin-Film Solar Cells  3

   1.2 
Electrochemical Routes to Thin - Film Solar Cells 

   1.2.1 
Basic Cell Confi gurations 

 Examples of thin - fi lm PV devices based on compound semiconductor absorber 
fi lms are shown in Figure  1.2 . The n - CdS|p - CdTe solar cell (Figure  1.2 a) is an 
example of a superstrate cell. The thin CdS layer is grown on glass coated with a 
transparent conducting layer (e.g.,  fl uorine - doped tin oxide ,  FTO ). CdTe is then 
deposited onto the CdS layer and, following thermal treatment, the device is com-
pleted by the addition of ohmic contacts to the CdTe. CIGS solar cells are mostly 
made in the substrate confi guration (Figure  1.2 b) where the CIGS is deposited 
onto a metallic back contact, for example Mo - coated glass (although effi cient CIGS 
superstrate cells have also been fabricated). The CIGS is coated with a thin CdS 
layer followed by a layer of intrinsic ZnO and a layer of Al - doped ZnO, which acts 
as a conducting transparent top contact. An Al grid is used to collect the current.   

 CdTe devices have achieved 16.7% effi ciency in the laboratory  [6] , whereas CIGS 
cells have reached 20.0%  [7] . The most effi cient CIGS devices contain around 
30% Ga distributed non - uniformly through the fi lm, with higher concentrations 
preferred at the front and back of the layer. Kesterites are emerging as suitable 
In - free materials for absorber layers, but current understanding of the factors that 

     Figure 1.2     Comparison of superstrate and substrate solar cell confi gurations. (a) Superstrate 
confi guration used for CdS|CdTe solar cells. (b) Substrate confi guration commonly used for 
CIGS solar cells.  
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determine the optoelectronic properties of these materials is limited. The best 
kesterite - based devices, like CIGS devices, have absorber layers that are Cu defi -
cient  [8, 9] . The best published effi ciency of 6.7% has been reported by Katagiri 
 et al .  [10]  for a device that is Zn rich and Sn defi cient. Our research has shown 
that CZTS device performance improves if the surface of the absorber layer is 
etched in KCN which is known to remove CuS phases  [11] . 

 The kesterite structure Cu 2 ZnSnS 4  is isoelectronic with chalcopyrite CuInS 2 . 
Half of the In(III) atoms are replaced with Zn(II) atoms, and the other half are 
replaced with Sn(IV) atoms. The crystal structures of the chalcopyrite and kesterite 
are shown in Figure  1.3 .   

 The methods available for preparation of the different layers in thin - fi lm solar 
cells include physical methods such as vacuum sputtering, vapor - phase deposi-
tion, and molecular beam epitaxy as well as chemical methods such as chemical 
vapor - phase deposition, metal organic vapor - phase epitaxy,  chemical bath deposi-
tion  ( CBD ), and  electrochemical deposition  ( ED ). This chapter explores the poten-
tial of electrodeposition as a route to the fabrication of absorber layers such as 
CdTe, CIGS, and CZTS for thin - fi lm solar cells. Electrochemistry may also be 
useful for the preparation of transparent layers such as ZnO; this topic has been 
reviewed by Pauporte and Lincot  [13] .  

   1.2.2 
Material Requirements for  PV  Applications 

 In this section we discuss fi rst the general materials requirements for an absorber 
layer. Specifi c issues for particular materials are then considered in subsequent 
sections. The specifi c optoelectronic properties of each absorber layer will not be 

     Figure 1.3     Crystal structures of (a) chalcopyrite and (b) kesterite  [12] .  
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discussed in detail here, but rather the structural, chemical, and morphological 
properties of the layer that are required to minimize electrical losses. For specifi cs, 
the interested reader is referred to reviews of each material: CdTe  [14, 15] , 
Cu(In,Ga)(S,Se) 2   [8, 15] , and kesterite  [16] . For the fundamentals of semiconductor 
physics, the reader is referred to standard textbooks, for example Sze  [17] . 

 The electron – hole pairs that are created in the absorber layer when light is 
absorbed are driven to the contacts by the Fermi level gradients in the device  [18] . 
Loss of these carriers is due either to recombination or to electrical shorting. In 
order to minimize recombination, the absorber layer should be crystalline with as 
few lateral grain boundaries and chemical impurities as possible. The material 
should be single phase without parasitic secondary phases, which in the worst case 
act as recombination centers and in the best case just reduce the photogeneration 
volume. If secondary phases extend through the absorber layer, they may give rise 
to electrical shorting. Similarly, if there are pinholes between the individual grains 
of the fi lm, subsequent deposition of the next layer may lead to shorting. 

 For use in PV devices, the absorber layer must be uniform laterally on both the 
micrometer and centimeter length scales with respect to its composition, and 
vertically on the micrometer length scale with respect to its thickness. Lateral 
uniformity on the centimeter scale is a prerequisite for fabrication of larger area 
PV devices, and the vertical thickness needs to be uniform in order to avoid stress 
in subsequent deposited layers and to avoid pinhole formation. A fi nal criterion 
to consider is that the absorber layer must adhere well to the substrate so that it 
can withstand subsequent thermal treatment. 

   1.2.2.1    Implications of Materials Requirements for the Direct Synthesis of 
Absorber Layers by Electrodeposition 
 Compound semiconductor absorber layers for PV applications are complex multi -
 element materials with stringent requirements regarding structure, composition, 
and morphology. Meeting these requirements presents formidable challenges for 
any electrodeposition process. Even in those cases where the desired material can 
be obtained directly by electrodeposition, additional treatments are required before 
electrodeposited layers can be used in working PV devices. In other cases, a two -
 step electrodeposition and annealing process is required to obtain PV - grade mate-
rial. For work prior to 1995, the reader is referred to Pandey  [19] . 

 The absorber layer in the thin - fi lm solar cells considered here is typically a 
polycrystalline p - type compound semiconductor with grain sizes of the order of a 
micrometer. In order to electrodeposit such a thin fi lm directly, a number of cri-
teria have to be fulfi lled. The nucleation density must not be too high so that large 
grains can be grown uniformly, and secondary nucleation should be avoided if 
possible. At the same time, overlap of the grains should not leave pinholes that 
lower the shunt resistance of the device. The layer should also be reasonably fl at 
to minimize recombination losses, and its composition should be as ideal as pos-
sible, with low impurity concentrations. 

 The requirement for strict control of stoichiometry has three consequences. 
Firstly, electrons need to be readily available for the reduction of ionic precursor 
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species. This can be a problem if the deposit is p - type. Secondly, deposited atoms 
must be incorporated into the correct positions in the growing semiconductor 
lattice. However, these may not be the lowest energy positions on the surface, and 
if atoms are deposited elsewhere, there may be insuffi cient thermal energy to move 
them to minimum energy positions. Thirdly, the deposition rates of the atomic 
constituents have to be controlled so that the correct atoms are deposited in the 
correct order. While it may be possible to satisfy some of the requirements regard-
ing morphology and stoichiometry in an ED process, it is virtually impossible to 
satisfy all of them at the same time. Possibly the closet approach to ideal deposi-
tion has been achieved in  electrochemical atomic layer epitaxy  ( ECALE )  [20 – 22] . 
This method involves layer - by - layer growth, where a solution of single component 
is fl owed over the substrate and one monolayer is deposited and then the solution 
is removed and replaced by another with the next species to be deposited. This 
process is repeated many times to form the semiconductor of interest. This 
approach works particularly well on single - crystal substrates  [21] , but it is not suit-
able for a large - area commercial fabrication process. 

 ED often produces compact pinhole - free compound semiconductor fi lms with 
the correct global stoichiometry, but with small grain sizes of between 50 and 
100   nm. Figures  1.4 a and  1.4 b compare an as - deposited CuInSe 2  precursor fi lm 
with an annealed fi lm. The crystalline quality of the fi lms can be improved 
by annealing them at high temperature. The optoelectronic properties also 
improve, and the fi lms have been used to fabricate devices of 6.7% effi ciency  [23] , 
in spite of the fact that only small grain growth is observed in the SEM image of 
Figure  1.4 b.   

 The XRD pattern for the as - deposited fi lm depicted in Figure  1.5 a shows the 
main characteristic refl exes of the chalcopyrite phase, but the peaks are broad, 
indicating poor crystallinity. The optoelectronic properties of the as - deposited 
fi lms are also poor (see Section  1.3 ). A narrowing of the refl exes in the XRD pattern 
is observed after annealing the fi lm (Figure  1.5 b), confi rming the improvement 
in crystallinity.   

     Figure 1.4     SEM images of co - deposited CuInSe 2 : (a) precursor; (b) annealed.  
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 It is clear from this discussion that electrodeposition alone does not give high -
 quality p - type compound semiconductor layers with optoelectronic properties that 
are suitable for PV applications. ED therefore generally forms part of a multistage 
fabrication process. In the fi rst step some or all of the elements of the semiconduc-
tor are deposited electrochemically to form a thin fi lm, and in the subsequent steps 
the fi lm is thermally annealed in an appropriate chemical environment to give it 
the desired properties.  

   1.2.2.2    Synthetic Routes Involving Deposition and Annealing ( EDA ) 
 The  electrodeposition and annealing  ( EDA ) route is based on recognition of the 
fact that ED alone has not so far proved suitable for preparing good - quality p - type 
compound semiconductors for PV. In the EDA process, the primary purpose of 
the ED step is to form a reactive precursor fi lm that can be converted to a com-
pound semiconductor with the desired optoelectronic properties by a process such 
as reactive annealing. The EDA approach increases the number of different syn-
thetic routes to form the semiconductor. The main ED routes are (i) deposition of 
metal elements only, (ii) deposition of all constituent elements simultaneously in 
one layer, (iii) deposition of all constituent elements in two or more layers, and 
(iv) other hybrid methods including an ED stage. The main requirement for the 
electrodeposition step is to ensure that the lateral distribution of the elements is 
uniform. Whichever route is taken, the as - deposited fi lms generally require anneal-
ing. The objective of the annealing step depends on the nature of the as - deposited 
fi lm. For example, in the case where the electrodeposition step is used to form an 
alloy layer or a stack of metal layers, reactive annealing is necessary to introduce 
the chalcogen so as to form the desired semiconductor compound. At the other 
extreme, in the case where a stoichiometric semiconductor fi lm such as CdTe has 
been formed by electrodeposition, annealing may be used to control the conductiv-
ity type (air anneal) or to improve crystallinity (CdCl 2  anneal). 

     Figure 1.5     X - ray diffractogram of co - deposited CuInSe 2 : (a) precursor; (b) annealed.  
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   1.2.2.2.1    Electrodeposition 
 The aim of the ED step is to provide a compact, adherent, laterally uniform precur-
sor fi lm with the desired stoichiometry: for commercial applications, lateral com-
positional uniformity needs to be guaranteed over large areas. The desired 
properties can only be obtained if the ED process is properly controlled. The nature 
of deposited layers depends on electrode material, precursor species in solution, 
applied potential program, hydrodynamic conditions, and temperature. For single 
metal systems, these factors are well understood. For deposition of multiple ele-
ments including a chalcogen, the ED process becomes substantially more complex. 

 The key challenges facing attempts to electrodeposit chalcogen - containing com-
pounds are summarized below. 

  (i)   Substrate electrode.     The substrate electrode must be clean, preferably free of 
passivating oxides, and able to sustain the annealing conditions. The sub-
strate also needs to be suffi ciently conducting to minimize the potential drop 
so that the thickness and composition of the electrodeposit do not vary from 
one area to another due to the potential difference between the two areas. 
This is a particular problem with  transparent conducting oxide  ( TCO ) layers.  

  (ii)   Precursor species in solution.     The chalcogenide compounds used for absor-
ber layers can contain from two to fi ve elements. Metal precursor ions may 
be available in one or more oxidation states, each of which has different solu-
bility and reduction potentials. The metal ion can be introduced as a salt or 
supplied  in situ  by anodic dissolution of a sacrifi cial anode. The metal ions 
can also be complexed with ligands to increase their solubility and prevent 
precipitation, particularly in alkaline solutions. Soluble chalcogen sources are 
more limited. H 2 SeO 3  and   HTeO2

+  [24]  are commonly used for selenium and 
tellurium and   S O2 3

2−  [25]  for sulfur. However   S O2 3
2− solutions tend to be rather 

unstable, slowly precipitating colloidal sulfur. In this case, an alternative 
strategy is to use organic solvents such as polyethylene glycol  [26]  or room 
temperature ionic liquids  [27] , which can dissolve elemental sulfur. Other 
components of the electroplating bath include inert supporting electrolytes, 
acids, bases, buffers, and organic additives. Supporting electrolytes are used 
to increase the conductivity of the solution to give a more uniform current 
distribution. An acid, base, or pH buffer is frequently added to the plating 
solution to control the solubility of the ionic species. Finally organic additives 
are used either to control reaction rates or to improve the morphology of the 
deposits.  

  (iii)   Applied potential.     Each species of ion in solution has a different reduction 
potential. At fi rst sight, the simplest way to incorporate all desired species 
into the deposit would be to apply a suffi ciently negative potential to reduce 
all the species. The deposits may contain the species in elemental form, but 
more likely in the form of binary or ternary compounds depending on the 
number of species in solution. The applied potential does not need to be 
constant: it has been shown that use of a voltage ramp can assist the incor-
poration of electronegative elements and reduce dendritic growth  [28] . What-
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ever the potential program used, the question arises    –    which compounds will 
be formed? This question is related to the mechanism of deposition, which 
in turn depends on the applied potential and the availability of ionic species 
for reduction. For the CdTe system, it is possible to electrodeposit the ther-
modynamically favored compound uniformly with the correct stoichiometry, 
but for the CuInSe 2  system, it is common to electrodeposit several different 
phases simultaneously, rather than the thermodynamically favored semicon-
ductor, from a bath containing copper, indium, and selenium ions. 

 One approach to the growth of the thermodynamically favored semiconduc-
tor is based on the work of Kroger  [29] , who showed for chalcogenides that 
the reduction potential of the more electronegative element in the compound 
could be moved positive by an amount equivalent to the free energy of forma-
tion of the compound. This mechanism    –    which is equivalent to underpoten-
tial deposition    –    is self - limiting because the more electronegative element 
cannot be reduced without the presence of the chalcogen ion or chalcogen -
 containing compound at the electrode surface. 

 A common problem encountered during electrodeposition of ternary chal-
cogen compounds is the excess of the most noble metal (generally copper) 
in the deposit. To solve this problem, the concentration of the metallic pre-
cursor is either lowered in order to reduce its fl ux to the surface, or an 
organic ligand is added to complex the metal ion in order to shift its reduc-
tion potential to more negative values. Figure  1.6  illustrates this for Cu(I) 
ions depositing on a carbon electrode with the reduction potential shifted 
more negative with increasing concentration of added SCN  −   ligand.  

  (iv)   Mass transport conditions.     The rate of electrodeposition of ions from solu-
tion is limited either by kinetics or mass transport. Kinetically limited depo-
sition occurs when the electron transfer process from the electrode to the 
adsorbed ion is the rate - determining step, and mass transport - limited depo-
sition occurs when the fl ux of ions to the surface is the rate - determining 
step. In order to obtain a uniform deposit under mass transport - limited 
conditions, the fl ux of ions to the surface must also be uniform over all parts 
of the electrode surface. This can be achieved in the laboratory for small 
areas using a  rotating disk electrode  ( RDE ), but larger areas require engi-
neering solutions to the problem. To illustrate the problem of non - uniformity 
we carried out a simple copper deposition onto two molybdenum electrodes: 
one a stationary vertically held electrode, and the other an electrode rotated 
at 100 rpm.  Energy dispersive x - ray  ( EDX ) analysis at 20   keV was used to 
measure an approximate composition of the deposit. If the deposit has a 
constant thickness then the EDX measurement should return a constant 
compositional value for copper. Figure  1.7  illustrates the locations at which 
the copper composition was measured, with points 0 to 12 going horizontally 
and points 13 to 25 going vertically. The stationary vertical electrode has 
thicker layers of copper at the edges and at the bottom, consistent with an 
uncontrolled convection at the surface  [19] . By contrast, the copper fi lm 
formed on the rotated electrode shows little variation in thickness.  
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     Figure 1.6     Effect of SCN  −   ligand on the Cu deposition potential on carbon surface at pH 2. 
Solid line, 1   M KSCN; dashed line, 2   M KSCN; short - dashed line, 4   M KSCN.  

  (v)   Temperature.     Changes in temperature infl uence all of the kinetic and ther-
modynamic factors involved in electrodeposition. The deposition of CdTe, 
for example, is carried out at 85 – 90    ° C. The higher temperature is necessary 
to obtain stoichiometric CdTe fi lms; deposition at room temperature gener-
ally gives fi lms that are poorly crystallized and contain excess Te. It seems 
probable that elevated temperatures enhance surface diffusion of adatoms 
so that the crystalline phase can grow properly. Metal plating is often carried 
out at elevated temperatures too. Generally, the optimum temperature is 
found empirically since the plating systems are complex with many 
temperature - dependent variables.       

   1.2.2.2.2    Annealing 
 The annealing step in the EDA process can take different forms with different 
purposes: (i) increasing crystallinity of the as - deposited fi lm by allowing atoms to 
relax to their equilibrium positions, (ii) increasing grain size, (iii) driving solid -
 state reactions between two or more phases, (iv) adding or exchanging the chalco-
gen component, and (v) type conversion. A number of technical and safety issues 
have to be considered for annealing. In particular, annealing should be carried out 
in a closed environment to prevent release of toxic materials (Cd, Te, Se) to the 
environment. The heating rate, maximum temperature, and cooling rate all need 
to be controlled and optimized. A fast heating rate may be desirable in order to 
prevent formation of unwanted intermediate phases. The temperature must be 
suffi ciently high to achieve its purpose, but it may be limited by (i) degradation of 
the underlying substrate and (ii) loss of volatile elements or compounds from the 
semiconductor fi lm. An example of the second of these limitations is selenium 
loss during thermal annealing of CIGS precursor fi lms  [30] . To prevent this, 
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annealing is carried out in the presence of excess selenium. More generally for 
chalcopyrite and kesterite absorber layers, a source of chalcogen is present during 
the annealing process. The chalcogen can be added as an elemental solid (S, Se) 
which sublimes at elevated temperatures or added as the hydrogen chalcogenide 
(H 2 S, H 2 Se) in the gas phase. The atmosphere in the annealing chamber may also 
contain an inert gas such as argon or nitrogen, or a reducing atmosphere such as 
forming gas. The hydrogen in the forming gas has two roles: fi rstly to remove 
oxides, and secondly it can form the hydrogen chalcogenides from the elements 
 in situ . For example Verma  et al . showed that the formation reaction of hydrogen 
and selenium must be considered at 450    ° C to explain the concentrations of H 2 Se 
observed during experiments to observe its decomposition  [31] . For CdTe fi lms, a 
CdCl 2  fl ux can be used during annealing to induce recrystallization.   

   1.2.2.3    Summary of  EDA  Routes 
 Four distinct types of precursors that can be used for the EDA process are illus-
trated in Figure  1.8 : (i) a stack of metal layers, (ii) an alloy of the metals, (iii) a stack 
of binary chalcogenides, and (iv) a layer containing all of the constituent elements 

(a)
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(b)

Top

Electrical
Contact (Mo)
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25

     Figure 1.7     (a) Comparison of normalized copper EDX signal for electrodes with deposited 
copper layer. Electrodes were stationary vertical (squares) or rotated (triangles). (b) Sketch of 
mapped points on electrode surface for EDX measurements.  
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including the chalcogen. Approaches (i) and (ii) have been used for fabricating 
CIGS  [32 – 34]  and CZTS  [11, 35 – 37, 39] . Both approaches allow for high deposition 
rates; for example Voss et al.  [34]  electroplated a Cu – In precursor in 3.5 minutes 
compared to a Cu – In – Se precursor that takes 60 minutes  [23] . The stacked metal 
layer approach is the easiest in terms of plating bath chemistry but adds multiple 
steps and requires that each layer deposits satisfactorily on the preceding one. 
Some of the problems encountered in fabrication of multilayer metal stacks for 
kesterite synthesis are discussed in Section  1.2.3.3 . The alloy approach (ii) is gener-
ally diffi cult since the composition is determined not only by electron transfer 
kinetics and mass transport but also the nature of the stable alloy phases.   

 The chalcogen reacts with the metal precursors during the annealing step, and 
the resulting semiconductors usually have large grains  [34] . The disadvantages of 
this method are that adhesion of the semiconductor layer may be poor and that 
the fi lm may contain cracks, blisters, and pinholes resulting from the substantial 
volume increase during the solid - state reaction. 

 Type (iii) precursors consist of two or more layered stacks containing binary 
chalcogenides. As far as we are aware, this approach has only been used for 
CuInSe 2   [28, 41, 42] , although there is no reason to suppose that it would not work 
for other systems. The deposition of both Cu – Se and In – Se compounds is mass 
transport limited, and the process is complicated by the fact that several phases 
with different stoichiometries can be formed within a narrow range of experimen-
tal conditions (see Section  1.2.3.2.2 ). The binary stacks react together during 
annealing, inducing a phase transformation that gives rise to large grains of the 
ternary semiconductor compound. One advantage of this method is that there are 
no large changes in volume during the formation of the ternary semiconductor, 
but the chalcogenide deposition steps generally take longer, and the thermody-
namic driving force for the reaction is not so high as in cases (i) and (ii). 

 Type (iv) precursors consist of a single layer containing all the necessary metals 
and the chalcogen(s) electrodeposited simultaneously from a single bath. CdTe 
 [24, 43] , CIS  [23, 30] , and CIGS  [44]  have all been deposited by this method. Typi-
cally the deposition of the layer is much slower than for the metal depositions due 
to the lower concentrations in solution. An extreme case is the deposition of CdTe, 
where the concentration of   HTeO2

+ is sub - millimolar. The deposition process is 
diffi cult to control in the case of ternary or quaternary chalcogenides, but the 
subsequent annealing step in the presence of excess chalcogen is used to react 
secondary phases and to create larger crystals of the desired absorber material.   

     Figure 1.8     Common electrodeposited precursor types for annealing. M n     =    metal and 
X    =    chalcogen.  
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   1.2.3 
 EDA  route to p - Type Semiconductors for Thin - Film Photovoltaics 

   1.2.3.1    Electrodeposition of  CdTe  for  CdS | CdTe  Solar Cells 

   1.2.3.1.1    Overview 
 II – VI (or more correctly 12,16) compound semiconductors can be synthesized 
electrochemically in a number of ways. In the case of sulfi des, one of the simplest 
methods is to anodize the parent metal in an alkaline sulfi de solution. This method 
has been used to grow fi lms of CdS on cadmium as well as Bi 2 S 3  on bismuth 
 [45 – 47]  for application in photoelectrochemical solar cells  [46, 48 – 50] . Generally, 
however, this method is not useful for solid - state PV devices, where CdS layers 
are commonly deposited from a chemical bath. By contrast, cathodic synthesis of 
II – VI semiconductors from aqueous solutions has been developed extensively. 
The metal precursor is generally the M 2 +   ion, whereas the chalcogenide precursor 
can be thiosulfate (  S O2 3

2−)  [25] , selenosulfate (  SSeO3
2−)  [51] , or   HTeO2

+  [24]  for 
sulfi des, selenides, and tellurides, respectively. In the case of oxides such as ZnO, 
the chalcogen precursor can be molecular oxygen or hydrogen peroxide  [13] . II – VI 
compounds have also been synthesized electrochemically from non - aqueous 
organic solvents  [52, 53]  and from ionic liquids  [54] . II – VI compounds have also 
been synthesized by ECALE  [22, 55] , but this process is not suited for large - scale 
fabrication.  

   1.2.3.1.2    Historical Development 
 From the point of view of II – VI PV devices, by far the most important electro-
chemical process is the electrodeposition of cadmium telluride for CdS|CdTe 
heterojunction solar cells. This was the fi rst electrodeposition process to be used 
in large - scale manufacture of PV devices. BP Solar ’ s Apollo ®  modules, which 
were fabricated via an electrodeposition route, reached an advanced stage of manu-
facture, with a module plant coming on line in 1998. However, manufacture of 
Apollo modules was discontinued later, possibly as a consequence of environmen-
tal concerns. Since then, First Solar ’ s cadmium telluride modules, which are 
fabricated by close space sublimation rather than electrodeposition, have achieved 
effi ciencies of over 12%, with costs poised to fall below $1 per watt peak. 

 Interest in electrodeposition of CdTe goes back 30 years to the work of Panicker 
 et al .  [24]  who established the feasibility of a process based on using an aqueous 
solution containing large excess of Cd 2 +   ions and Te in the form of TeO 2  dissolved 
in acidic solution as   HTeO2

+. These authors deposited CdTe on nickel and on glass 
coated with antimony - doped tin oxide and found that the material was n - type if 
pure solutions were used, whereas the presence of low - level copper impurities 
gave p - type layers. By 1984, Basol  et al .  [56]  had reported a 9.35% effi cient CdS|CdTe 
heterojunction cell fabricated by electrodeposition of a 60   nm CdS fi lm onto 
indium tin oxide - coated glass followed by electrodeposition of the CdTe layer 
(1.2 – 1.5    µ m thick). The structure was then annealed at 400    ° C to convert the 
as - deposited n - CdTe to p - CdTe, forming the required heterojunction. 



 14  1 Applications of Electrochemistry in the Fabrication and Characterization of Thin-Film Solar Cells

 The experimental conditions used by Basol  et al . for CdTe deposition have been 
followed closely in subsequent studies. The cadmium precursor consisted of 0.5   M 
CdSO 4  and the Te precursor was TeO 2  dissolved in a pH 2 electrolyte as   HTeO2

+ 
at a concentration in the range 24 – 40   ppm. CdTe deposition on conducting 
glass substrates was also studied at around the same time by Rajeshwar and co -
 workers  [57 – 60] . The subsequent large - scale implementation of the electrodeposi-
tion route to CdS|CdTe solar cells was carried out by researchers at BP Solar  [61, 
62] , culminating in the production of large - area monolithic Apollo modules with 
effi ciencies over 10%. At this point, the development was halted, and, as a conse-
quence, interest in electrochemical routes to CdTe solar cells has declined sharply 
in spite of the advantages of electrodeposition as a low - cost, low - temperature 
processing route. Since the electrodeposition of CdTe serves as a well - documented 
illustration of transferring an electrochemical process from the laboratory to 
a large - scale manufacturing operation, it will be examined in the following 
sections.  

   1.2.3.1.3    Mechanism of  CdTe  Electrodeposition 
 Thermodynamic aspects of cathodic electrodeposition have been discussed by 
Kroger  [29] . The potentials for the deposition of elemental Te and Cd can be 
obtained from the equilibrium potentials  

   HTeO H e Te H O HTeO  pH2 2 23 4 0 559 0 0148 0 0443+ + − ++ + = + = + −E . . log[ ] .
    (1.1)  

   Cd e Cd Cd2 22 0 4025 0 0295+ − ++ = = − +E . . log[ ]     (1.2)   

 Te can be reduced at more cathodic potentials to form H 2 Te, and the correspond-
ing equilibrium potential for this process is

   Te H e H Te H Te  pH2+ + = = − − −+ −2 2 0 740 0 0295 0 0592 E . . log[ ] .     (1.3)   

 The molar Gibbs energy of formation of CdTe is  − 92   kJ   mol  − 1 , so that CdTe 
can be deposited at less cathodic potentials than Cd. The relevant equilibrium 
potential is

   Te Cd e CdTe log Cd+ + = = ++ − +2 22 0 074 0 0295E . . [ ]     (1.4)   

 At more cathodic potentials, CdTe can be reduced to Cd and H 2 Te. The equilib-
rium potential for this process is

   CdTe H e Cd H Te H Te  pH+ + = + = − − −+ −2 2 1 217 0 0295 0 0592 2E . . log[ ] .
    (1.5)   

 These potentials effectively defi ne the regions in which CdTe is stable to both 
anodic and cathodic decomposition. It can be seen that the CdTe deposition 
window is limited by the anodic limit of CdTe stability and by the cathodic deposi-
tion potential of bulk Cd. 

 The regions of stability derived from the thermodynamic analysis are shown 
in Figure  1.9  below a cyclic voltammogram obtained using a vitreous carbon 
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electrode in an unstirred solution containing 0.5   M CdSO 4  and 10  − 4    M   HTeO2
+ at 

pH 2  [63] . In this case, the Cd 2 +  /Cd equilibrium potential has been chosen as a 
convenient zero point on the potential scale.   

 It can be seen from the forward sweep of the voltammogram that deposition 
begins around 400   mV positive of the reversible Cd 2 +  /Cd potential. This corre-
sponds to a region where CdTe is expected to be the stable product. The beginning 
of Cd deposition is just evident at the cathodic limit of the voltammogram before 
the sweep is reversed and a well - defi ned anodic peak due to oxidation of the CdTe 
deposit is seen. 

 Several different mechanisms have been proposed for the electrodeposition of 
CdTe. Many authors have assumed that the fi rst step is the four - electron reduction 
of   HTeO2

+  to Te followed by the reaction  [64] 

   Te Cd e CdTe+ + =+ −2 2     (1.6)   

 Danaher and Lyons  [65] , on the other hand, assumed that the fi rst step in CdTe 
deposition involves the six - electron reduction of   HTeO2

+  to H 2 Te, which then reacts 
with Cd 2 +   to form CdTe, whereas Engelken and Vandoren    [66]  proposed that CdTe 
is formed as a consequence of a solid - state reaction between Cd and Te. A more 
detailed model involving free and occupied adsorption sites on the growing CdTe 
deposit was developed by Sella  et al .  [67] . The model is based on the competition 
for active sites between   HTeO2

+, Cd 2 +  , Cd, and Te. The importance of substrate –
 adsorbate interactions was also recognized by Saraby - Reintjes  et al .  [63] , who 
identifi ed slow relaxation processes during deposition of CdTe on a RDE that 
refl ect the dynamics of adsorption processes. These relaxation processes give rise 

     Figure 1.9     Cyclic voltammogram for deposition and stripping of CdTe at a vitreous carbon 
electrode in unstirred solution (pH 2, 0.2   M CdSO 4 , 10  − 4    M   HTeO2

+, sweep rate 10   mV   s  − 1 ). The 
fi gure also shows the regions of stability of various phases.  Data taken from reference  [63] .   
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to transient behavior when the system is perturbed by applying small potential 
steps or steps in the rotation rate. The relaxation effects are also evident in the 
cyclic voltammogram for CdTe deposition at a RDE shown in Figure  1.10 . The 
most striking feature of the voltammogram is the crossover of the cathodic and 
anodic sweeps which clearly has nothing to do with nucleation phenomena. 
Saraby - Reintjes  et al . were able to show that this crossover is characteristic of a 
system in which deposition is controlled by the surface coverage of active sites. 
The model developed by these authors is discussed in some detail below.   

 A good starting point for the discussion of the mechanisms giving rise to the 
crossover in the voltammogram is the work of Stickney  et al ., who developed the 
method known as ECALE  [20 – 22, 68, 69] . The ECALE method relies on the fact 
that underpotential deposition of Cd occurs at Te surface sites, whereas Te is 
deposited preferentially on Cd sites. Saraby - Reintjes  et al . assumed that stoichio-
metric CdTe is deposited so that, under steady - state conditions, the rate of two -
 electron reduction of Cd 2 +   ions at Te sites is equal to the rate of four - electron 
reduction of   HTeO2

+ at Cd sites. According to this mechanism, the Cd and Te 
surface coverage values self - adjust so as to maintain the 1   :   1 stoichiometric balance. 
The detailed model developed by Saraby - Reintjes  et al . on the basis of these con-
cepts predicts not only the steady - state behavior of the system but also the response 
of the system to perturbations in potential or mass transport (i.e., rotation rate of 
the RDE). The interested reader is referred to the original paper for full details. 
The key expression that predicts the stationary and dynamic current response 
relates the time dependence of the Cd coverage (  θ   Cd ) to the rates of deposition and 

     Figure 1.10     Cyclic voltammogram for 
deposition of CdTe at a stainless steel 
rotating disc electrode. Rotation rate 16   Hz, 
sweep rate 1   mV   s  − 1 . Solution 10  − 4    M   HTeO2

+, 
0.1   M CdSO 4  and 0.1   M K 2 SO 4 . Note the 

crossover between the forward and reverse 
sweeps that is attributed to relaxation of the 
surface coverages with Cd and Te species. 
 Data taken from reference  [63] .   
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removal (  
�
υCd and   

�
υCd, respectively) of Cd at Te sites and the rate of deposition of 

Te (  υ   Te ) on Cd sites (it is assumed that   θ   Cd     +      θ    Te     =    1):

   M
t

d

d
Cd

Cd Cd Cd Cd Te Cd
θ υ θ υ θ υ θ= − − −

� �
( )1     (1.7)  

where  M  is a proportionality factor (mol   cm  − 2 ) corresponding to monolayer cover-
age. Solution of this differential equation shows that any step perturbation of the 
system will give rise to transient currents associated with readjustment of the 
surface coverages to their new steady - state values. The corresponding current 
transient takes the form

   ∆j F t= − − − ∞2 2[ ( )]( ) /υ υ υ θ θ τ
Te Cd Cd Cd

0
Cd e

� �
    (1.8)  

where the time constant   τ   that characterizes the relaxation process is given by

   τ
υ υ υ

=
+ +

M
� �

Cd Cd Te

    (1.9)   

 Although this model is clearly simplifi ed, it correctly predicts the signs of the 
current transients observed when the potential is stepped towards or away from 
the reversible Cd potential, mainly changing   υ   Cd . The model also correctly predicts 
the sign of the transient current response to changes in the rotation rate of the 
RDE, which mainly perturbs   υ   Te . Most convincingly of all, it predicts that there 
will be a crossover in the cyclic voltammogram when the term in square brackets 
is equal to zero. The main limitation of the model is that it does not take into 
account changes in surface area of the CdTe fi lm during deposition.  

   1.2.3.1.4    Structural Properties of Electrodeposited  CdTe  Layers 
 A number of factors control the structural properties of electrodeposited CdTe. 
Good - quality near - stoichiometric crystalline material is obtained by deposition at 
85    ° C onto CBD CdS fi lms on FTO - coated glass (CdTe fi lms can also be grown on 
FTO - coated glass that has been  “ sensitized ”  by previous cathodic reduction  [70] , 
but generally they are of lower quality). The deposits exhibit preferential orienta-
tion along the  < 111 >  axis, with the strongest texturing observed for fi lms deposited 
close to the reversible Cd 2 +  |Cd potential  [70] . The strong preferential orientation 
and the quality of the deposit can be seen in Figure  1.11  which shows a high -
 resolution transmission micrograph of a CdTe deposit on a CdS substrate. The 
stacking faults that are evident as dark/light bands are also seen in high - quality 
epitaxial layers of CdTe grown from the vapor phase.   

 The very high quality that can be achieved for the cathodic deposition of CdTe 
is illustrated by the work of Lincot  et al .  [71] , who showed that epitaxial layers of 
CdTe can be grown electrochemically on the (  111) surface of single - crystal InP. 
Perfectly oriented fi lms could be produced by pre - depositing a thin (20 – 30   nm) 
buffer layer of epitaxial CdS on the InP. Figure  1.12  illustrates the RHEED pattern 
observed for a 0.12    µ m CdTe fi lm on InP, demonstrating a high degree of epitaxy, 
with the CdTe growing with no rotation of the crystallographic directions in the 
basal (111) plane.     
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     Figure 1.11     High - resolution TEM image of electrodeposited CdTe fi lm showing columnar 
structure and stacking faults.  Daniel Lincot.      

     Figure 1.12     RHEED of electrodeposited CdTe on InP/CdS. The substrate is oriented in the 
[112] azimuth.  Daniel Lincot.   
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   1.2.3.2    Electrodeposition of  CIGS  for  CIGS | CdS | ZnO  Solar Cells 

   1.2.3.2.1    Historical Perspective 
 The fi rst report of a CuInSe 2 /CdS heterojunction solar cell    –    based on single - crystal 
CuInSe 2     –    appeared in 1974  [72] . The cell achieved an effi ciency of 5%. In 1983 the 
fi rst electrochemical approach to produce a polycrystalline thin fi lm of CuInSe 2  
was reported by Bhattacharya  [73]  in which Cu, In, and Se were deposited simul-
taneously from an acidic solution. Other approaches to the synthesis of polycrystal-
line CuIn(S,Se) 2  thin fi lms appeared quickly after the fi rst report: for example, 
Hodes  et al . annealed an electrodeposited Cu – In alloy  [74] , Kapur  et al . annealed 
stacked Cu – In layers  [75] , and Bhattacharya  et al . annealed In – Se Cu – Se stacks 
 [28] . The EDA routes which currently produce the most effi cient CuIn(S,Se) 2  solar 
cells involve co - deposition of all of the constituent elements  [76]  followed by 
annealing in a sulfur atmosphere, and the electrodeposition of a Cu – In alloy with 
a small amount of Se, again followed by annealing in sulfur  [34] . Both routes 
produce devices with around 11% power conversion effi ciency. 

 Over a series of many articles stretching from 1994 (Guillemoles, Lincot and 
Vedel    [77] ) through to the present day (Chassaing  et al .  [78] ), the ENSCP group in 
Paris have studied the mechanisms for the simultaneous three - element elec-
trodeposition of CuInSe 2 . These detailed investigations have shown that the depo-
sition mechanism is complicated and time dependent, but current understanding 
is suffi ciently good to be able to control the process so as to yield solar cells with 
11.5% effi ciency via the EDA route  [76] . 

 In order to compete with the high effi ciencies of cells fabricated using physical 
vapor deposition  [7] , it is necessary to optimize the bandgap of the materials by 
incorporating Ga with a controlled concentration profi le. Ga incorporation in ED 
fi lms was fi rst achieved by Calixto  et al . in a co - deposition of all elements  [79] . The 
best electrochemically incorporated Ga - containing devices have been reported by 
Kampmann  et al .  [33]  who achieved a device effi ciency of over 10% by using a 
stacked layered approach.  

   1.2.3.2.2     Cu(In,Ga)Se 2   via Stacked Metal Layers 
 As described in Section  1.2.3 , CIGS can be formed by annealing thin fi lms of the 
metal elements in a chalcogen atmosphere: the Showa – Shell – Siemens industrial 
process is based on this route  [80, 81] . Whether a stack of metals or an alloy layer 
is used depends in part on the annealing process. Single - element depositions are 
easier to control, but an alloy deposition reduces the number of deposition steps. 

 Copper salts are available in the  + 1 or  + 2 oxidation state, while the stable In and 
Ga oxidation states are  + 3. The relevant standard reduction potentials are given 
below.

   Cu e Cu / aCu2 22 0 34 2+ − ++ = = −E RT F. ln[ ]     (1.10)  

   In e In / aIn3 33 0 34 3+ − ++ = = − −E RT F. ln[ ]     (1.11)  

   Ga e Ga / aGa3 33 0 53 3+ − ++ = = − −E RT F. ln[ ]     (1.12)   
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 Copper salts are reasonably soluble over a wide pH range, but In and Ga salts only 
exhibit solubilities above 1   mM at pH    <    3 for In 3 +   and at pH    <    1.5 for Ga 3 +    [82] . 
Rotating disk electrode experiments show that Cu deposits under mass transfer -
 controlled conditions on Mo, whereas In deposits under kinetic control at room 
temperature. There are a few reports on electrodeposition of Cu/In or In/Cu stacks 
for the realization of CIS semiconductor compounds  [83, 84] . One technologically 
interesting report from Penndorf  et al .  [83]  describes the use of copper tape as both 
the substrate and source of Cu for the formation of CuInS 2 . Indium was electrode-
posited on the copper tape in a roll - to - roll process with remarkably high current 
densities of 150 – 200   mA   cm  − 2  with the help of thiourea. Cell effi ciencies of up to 
6% were reported with this approach. 

 One recent route taken in our laboratories is the electrodeposition of stacked 
Cu/In/Ga layers on Mo followed by annealing in a Se/forming gas atmosphere. 
Each layer is deposited from a separate plating bath: details of the baths and depo-
sition conditions are given in Table  1.1 . The basic Cu plating bath was adapted 
from Barbosa  et al .  [84]  with the addition of a zwitterionic surfactant that reduces 
grain size and surface roughness  [11] . A basic Cu bath is used because the Mo 
substrate is passivated by a surface oxide in acidic conditions, leading to poorly 
adherent fi lms. The indium plating bath is adapted from the review paper of Walsh 
and Gabe  [85] . Different Ga plating baths have been tried with different organic 
ligands to enhance the solubility of Ga(III) at reasonable pH values. The ligands 
glycine, KSCN, and ethylenediaminetetraacetic acid have been tested in both basic 
and acidic media. The Ga plating bath with glycine at pH 13 is found to give 
reasonable deposits of Ga on Cu surfaces with 57% plating effi ciency (measured 
by integrating the charge of a forward and reverse cyclic voltammogram), but on 
an In surface the plating effi ciency is found to be less than 10%, as measured by 
inductive coupled plasma mass spectrometry.   

  Table 1.1    Typical plating recipes for Cu/In/Ga stacked layer deposition. 

   Element     Solution      E  dep  vs. 
Ag|AgCl (V)  

   Rotation 
speed (rpm)  

  Cu    0.1   M CuCl 2  
 3   M NaOH 
 0.2   M sorbitol 
 0.25    µ g   l  − 1  Empigen BB  

   − 1.20    150  

  In    0.261   M InCl 3  
 2.3   M H 3 NO 3 S 
 2.0   M NaOH 
 8.0   g   l  − 1  dextrose, 2.29   g   l  − 1  triethanolamine  

   − 0.95    0  

  Ga    0.1   M Ga 2 (SO 4 ) 3  
 3   M NaOH 
 0.5   M glycine  

   − 1.70    100  
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 The substrates used for the deposition were 1 inch square Mo - coated glass 
pieces held in a RDE with contacts at the corners. Rotation was used to ensure 
lateral thickness uniformity across the entire sample. The separate layers of a 
deposited Cu/In/Ga stack are not visible in the SEM image of Figure  1.13 a, pos-
sibly due to alloying. The stack was annealed in a mixture of forming gas and 
selenium vapor, and the resulting crystalline semiconductor layer is shown in 
Figure  1.13 b. The annealing process has formed large crystals of CIGSe, and some 
voids can be observed at the interface.   

 The annealed CuInSe 2  fi lms are p - type and give reasonable photocurrent 
responses when tested in an electrolyte (see Section  1.3 ). However, to date device 
performance has been poor, about 4%, which we attribute to large pinholes in the 
fi lms, and some blistering. Investigations are under way to determine if this is a 
function of the annealing or of the electrodeposition. 

 Kampmann  et al .  [86]  have successfully deposited layers in this manner, albeit 
with a thermally evaporated Se capping layer on the Cu/In/Ga stack. In their case 
no details are given due to the industrial nature of the work, but device effi ciencies 
of 10.4% are reported  [86] . 

 To successfully deposit elemental Ga with high rates the hydrogen evolution 
reaction must be suppressed by using organic additives. Some suitable additives 
and conditions for suppressing hydrogen evolution are discussed in the following 
sections.  

   1.2.3.2.3     Cu(In,Ga)Se 2   via Metal Alloys 
 Hodes  et al .  [74]  plated Cu – In alloys on titanium substrates at pH 2 using aqueous 
CuSO 4 , In 2 (SO 4 ) 3  (or InCl 3 ), and H 2 SO 4  at a potential of  − 1.0   V vs.  standard calomel 
electrode  ( SCE ). These alloy fi lms were annealed in a 1   :   1 H 2 S   :   argon mix for 30 
minutes. Annealing at 400    ° C produced only sphalerite (cubic) phases while at 
500 – 550    ° C the chalcopyrite (tetragonal) phase dominated and grain size increased. 

     Figure 1.13     SEM images of (a) Cu/In/Ga stacked precursor and (b) annealed precursor.  
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Hodes  et al . suggested that this was due to quasi - rheotaxy type of crystalline 
growth. The fi lms annealed at the higher temperatures also showed higher 
photoactivity. 

 The most signifi cant work on the alloy route has been published by the Attotech –
 Erlangen collaboration in a series of papers  [34, 87 – 90] . Attotech    –    a company 
specializing in electroplating    –    developed a Cu – In alloy plating bath that allowed 
deposition of precursor layers in 3.5 minutes  [34] . Unfortunately no details of the 
chemical composition of the plating bath are available, but it evidently contains 
complexants and brightening and wetting agents. Additionally the plating bath 
contained a very small amount of Se, equivalent to less than 5% of the necessary 
chalcogen    –    presumably to promote adhesion to the Mo substrate. Voss  et al .  [34]  
demonstrated that the Cu/In ratio was constant when the hydrodynamic condi-
tions were varied from 3 to 10   rad   s  − 1  and the applied potential was varied by 
300   mV. This relative insensitivity to experimental conditions is important, since 
there can be a substantial lateral variation of potential across large - area substrates 
due to the iR drop. Furthermore Voss  et al . found that the Cu/In ratio could be 
varied from 0.8 to 1.6 by adjusting the pH from 2.8 to 3.5. Uniform electrodeposits 
on areas of 30    ×    30   cm were achieved using a spray nozzle array to control the 
hydrodynamic conditions. XRD analysis of the deposited precursors showed the 
expected Cu 11 In 9  and CuIn 2  phases, but no selenide phases were observable due 
to the very small amount of Se in the precursor. When annealed in a mixed S and 
Se atmosphere, the precursor converted into the semiconductor CuIn(S,Se) 2 ; no 
additional phases were observed by XRD. The best fi nal cells fabricated by Voss 
 et al . had a power conversion effi ciency of 11.4% equaling the effi ciencies achieved 
by vacuum deposition techniques for CuIn(S,Se) 2   [91] . 

 Friedfeld  et al . deposited a CuGa 2  alloy phase consisting of 0.5    µ m isolated grains 
from a 5   M NaOH metal sulfate bath using a RDE  [92] . A layer of CuInSe 2  was 
then added in a one - step electrodeposition, and the combined layer was annealed 
to form CIGS. The In/Ga ratio could be varied by varying the relative thicknesses 
of the two layers, as evidenced by the shifting cell lattice parameters obtained 
by XRD. 

 Zank  et al . co - deposited In and Ga potentiostatically onto 10   cm 2  Cu - coated Mo 
using a 2.1   M KCN bath in 0.5   M KOH with 62   mM dextrose  [32] . Cyanide is a very 
strong complexing agent for cations in solution, but also appears to bind to the 
electrode surface to suppress the hydrogen reaction and reduce the electron trans-
fer rate. As a consequence, the deposition is kinetically limited, which eliminates 
the need to control the mass transport. Films containing approximately 60% Ga 
could be deposited at very negative potentials, and the Ga content increased with 
increasing negative potential up to the limit of solvent breakdown. Interestingly 
the morphology of the deposit was found to depend on the Ga content. When a 
Ga content of 35.7% was deposited, the layer was in a liquid phase, as the alloy is 
a liquid below at the deposition temperature. The Ga reacts with the Cu phase 
underneath and forms the CuGa 2  phase. 

 Kois  et al . took this approach one step further and co - deposited Cu – In – Ga 
simultaneously from a 0.4   M acetate bath (pH 5) containing 50   mM metal ions and 
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2   M KSCN  [93] . With these conditions, the bath was stable and the reduction of 
the SCN ligand was not observed. Cu and In deposition were found to be hydro-
dynamically controlled, while Ga deposition was found to be unaffected by stirring. 
Metal precursors containing variable amounts (from 2 to 30 at%) of Ga could be 
made by altering the stirring in the bath. Precursors annealed in Se vapor exhibited 
a broadened (112) peak demonstrating mixed CuInSe 2  and CuGaSe 2  phases rather 
than just one phase.  

   1.2.3.2.4     Cu(In,Ga)Se 2   via Stacked Binary Layers 
 The deposition of the binary selenide phases is discussed in this section in the 
order Cu – Se, In – Se, and Ga – Se followed by a summary of some recent results 
from our laboratory on the stacking and annealing of Cu – Se/In – Se stacks. 

 Massaccesi  et al .  [94]  studied in detail the room temperature deposition of copper 
selenide fi lms onto rotating disk tin oxide electrodes from deoxygenated solutions 
at pH 2.45 containing 1   mM CuSO 4 , 0.1   M K 2 SO 4 , and between 0 and 10   mM 
H 2 SeO 3 . Two Se(IV) species are present at this pH, and their reduction potentials 
are given below.

   H SeO H e Se H O pH H SeO2 3 2 2 34 4 3 0 741 0 0391 0 0148+ + = + = − ++ − E . . . log( )
    (1.13)  

   HSeO H e Se H O pH H SeO3 2 2 35 4 3 0 778 0 0739 0 0148− + − −+ + = + = − +E . . . log( )
    (1.14)   

 Massaccesi  et al . studied the deposition of copper and selenium separately and 
then co - deposition of the two elements. Copper deposition on tin oxide was found 
to be facile, but selenium appeared to passivate the electrode surface, and no limit-
ing current was observed in a linear voltammogram. However, limiting currents 
for selenium could be observed when the tin oxide electrode was replaced with a 
copper electrode. Co - deposition on tin oxide was studied using voltammetry in 
solutions containing 1   mM Cu and variable amounts of H 2 SeO 3 . It was observed 
that copper deposits at less negative potentials than selenium, which is the reverse 
of what their standard potentials suggest (see Equations  1.10 ,  1.13 , and  1.14 ). 
Furthermore the addition of selenium to the copper solution did not move the 
copper reduction potential more positive, as would be expected for the Kroger 
underpotential deposition mechanism  [29] . To explain the observed voltammo-
grams and the compositional stoichiometry of the deposits, Massaccesi  et al . 
defi ned the ratio of Cu to Se fl uxes ( r J  ) at the surface of the electrode as
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where  J  [X]  is the limiting current, [X] sol  is the concentration of ions in the bulk, and 
 n  is the exponent of the diffusion coeffi cient which is equal to 2/3. For fi lms 
deposited between potentials of  − 0.5 and  − 0.8   V vs. a mercury sulfate electrode 
(MSE,  + 0.64   V vs. SHE), it was found that the composition of the deposit was 
directly proportional to the fl ux ratio  r J  , suggesting that the copper and selenium 
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reduce independently of voltage and one another. At potentials more negative than 
 − 0.8   V vs. MSE, only Cu 2 Se was formed. Massaccesi  et al . found that if the fl ux of 
Se(IV) ions is higher than that needed for the formation of Cu 2 Se, Se(I) and Se(II) 
species were formed which diffuse back into solution and reduce the H 2 SeO 3  to 
form red colloidal Se(0):

   H SeO H Se Se H O2 3 2 22 3 3+ → +     (1.16)   

 Massaccesi  et al . calculated phase maps showing the species present as a function 
of  r J   and applied voltage. The complexity of the deposition process is illustrated by 
the calculations for  r J      =    0.8, when the following species are formed at the electrode 
surface going from positive to negative potentials: Cu, Cu 2 Se, Cu 3 Se 2 , CuSe, Se(0), 
  Se2

2−, Se 2 −  . 
 Lippkow and Strehblow  [95]  studied the effect of temperature on copper selenide 

deposition from an electrolyte similar to that used by Vedel  et al . and found that 
the Cu 2 Se phase was preferred when deposition was carried out at 80    ° C, whereas 
a mixed phase of Cu 2 Se and CuSe 2  was formed at lower temperatures. 

 The fi rst detailed study of the electrodeposition of In 2 Se 3 , onto tin oxide RDE, 
was reported by Massaccesi  et al .  [96] , who used a bath containing 2   mM In 2 (SO 4 ) 3 , 
1   mM H 2 SeO 3 ,with 100   mM K 2 SO 4  as background electrolyte adjusted to pH 3.5 
with 10   mM H 2 SO 4 . Again, as for the Cu – Se case, the authors examined the deposi-
tion of the elements individually fi rst and the co - deposition second. At room 
temperature H 2 SeO 3  was reduced to Se(0), passivating the surface of the electrode 
producing a red deposit, while at 82    ° C a gray deposit was formed that was consist-
ent with the gray conducting allotrope of selenium. On the cathodic sweep, indium 
deposition could not be readily distinguished from the reduction of the tin oxide 
electrode. Co - deposition of both elements at room temperature yielded a passi-
vated electrode at potentials equal to or more positive than  − 1.05   V vs. MSE and a 
gray conducting In – Se phase at more negative potentials. At potentials more nega-
tive than  − 1.05   V vs. MSE, H 2 SeO 3  is reduced to H 2 Se when no indium is present 
in the solution. Therefore it appears at room temperature that In(III) only deposits 
in the presence of H 2 Se. When insuffi cient In(III) is available at the surface, the 
H 2 Se reacts with H 2 SeO 3  to form Se(0) (1.16). However, at 82    ° C, strongly adherent 
gray fi lms containing a Se/In ratio similar to that of In 2 Se 3  were successfully 
deposited at  − 1.05   V vs. MSE. Annealing the fi lms in vacuum at 390    ° C crystallized 
the fi lms into photoactive n - type  β  - In 2 Se 3 . 

 Bhattacharya  et al .  [28]  successfully deposited In 2 Se 3  at room temperature using 
much higher concentration baths than Massaccesi  et al .: the baths contained 25   mM 
In 2 (SO 4 ) 3  and 25   mM H 2 SeO 3  at pH 1.5. These authors recommended plating a 
50   nm thin Cu fi lm on the Mo substrate to improve adhesion and observed that an 
In - rich fi lm can be obtained by replacing In 2 (SO 4 ) 3  by InCl 3  in the deposition bath. 

 Aksu  et al .  [97]  have deposited In – Se compounds from basic solutions contain-
ing complexing agents such as tartrate and citrate. The deposition solutions 
consisted of InCl 3 , H 2 SeO 3 , and 0.7   M complexing agent, and the pH was adjusted 
with NaOH. For basic solutions, the predominant Se(IV) ion in solution is   SeO3

2−, 
with the reduction potential given below:
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   SeO H e Se H O pH SeO3
2

2 3
26 4 3 0 875 0 0886 0 0148− + − −+ + = + = − +E . . . log[ ]

    (1.17)   

 Thus, the   SeO3
2− reduction potential is more negative in basic solutions and there-

fore closer to the reduction potential of In(III) (1.11). Aksu  et al . showed that they 
could control the In/Se ratio from 4/7 to 9/1. Furthermore using this approach of 
complexing agents, and exchanging InCl 3  for GaCl 3 , they also managed to deposit 
Ga – Se compounds, but only in a narrow range of pH between 7 and 8.5. 

 In our laboratory we have recently prepared In 2 Se 3  fi lms at 82    ° C for use in 
In 2 Se 3 /Cu – Se precursor stacks for converting into CuInSe 2 . Initially the recipe of 
Massaccesi  et al .  [96]  was employed, but later the deposition bath was modifi ed by 
inclusion of a pH 2 buffer, and deposition was carried out under controlled hydro-
dynamic conditions. The buffer was introduced to control pH better at the elec-
trode surface, and also a thin underlayer of copper was deposited onto the 
molybdenum substrate to reduce the initial hydrogen evolution. The cyclic voltam-
mograms for a stationary and a rotated electrode are shown in Figure  1.14 . For 
the stationary working electrode, a H 2 SeO 3  to Se(0) reduction peak is observed 
on the forward scan at  − 0.4   V vs. Ag/AgCl followed by a poorly defi ned peak due 
to the deposition of an indium selenide phase. Hydrogen evolution is observed at 
potentials more negative than  − 0.6   V vs. Ag/AgCl. On the return sweep a small 
anodic stripping peak is observed at  − 0.6   V vs. Ag/AgCl. For the RDE at 250 rpm, 
the initial current density is more than double the stationary current density, and 
again the H 2 SeO 3  to Se(0) reduction peak is observed at  − 0.4   V vs. Ag/AgCl. In 
this case no distinct In – Se reduction peak is evident. On the reverse sweep, the 
current remains similar to the forward sweep, decreasing at about  − 0.5   V vs. 

     Figure 1.14     Cyclic voltammogramms for 1   mM H 2 SeO 3  and 2   mM In 2 (SO 4 ) 3  buffered at pH 2 
at 82    ° C. Scan rate 10   mV   s  − 1 . RDE with a 100   nm Cu layer plated on Mo substrate. (a) 0 rpm, 
(b) 250 rpm.  
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Ag/AgCl, to indicate where In – Se deposition ceases to be possible. It was found 
that stoichiometric In 2 Se 3  could be deposited at fi xed potentials more negative than 
 − 0.6   V vs. Ag/AgCl and selenium - rich layers at potentials more positive than this.   

 Deposition on 1 inch square substrates without hydrodynamic control was 
found to give non - homogeneous fi lms with visible variation in the color and light -
 scattering properties. EDX measurements confi rmed differences in composition 
and layer thickness across the fi lm. By contrast, smooth and uniform refl ective 
gray fi lms were obtained when the deposition was performed under controlled 
hydrodynamic conditions, and EDX measurements confi rmed uniform thickness 
and stoichiometry. SEM images comparing the deposits formed on the vertical 
stationary deposit and on the rotated electrode are shown in Figure  1.15 . The 
rotated substrates produce very compact uniform layers of indium selenide, while 
the non - rotated substrates produce a nodular type of growth.   

 It is known that CuInSe 2  can be formed by reacting Cu – Se and In – Se phases 
 [98, 99] . The Gibbs free energy change for this reaction is  − 49 to  − 120   kJ   mol  − 1  
depending on the stoichiometry of the two binary compounds  [100] . The potential 
benefi ts of this reaction as a route to the fi nal product include recrystallization of 
the layers in the absence of large lattice changes since the chalcogen is already 
present. Guillen and Herrero    [41]  electrodeposited Cu/In 2 Se 3  stacks and observed 
better recrystallization during the annealing of the stacks (compared to co - deposited 
elements) as shown by the narrowing of the main CuInSe 2  XRD peaks. 

 In 2 Se 3 /Cu  x  Se  y   stacks have been electrodeposited and annealed by Hermann 
 et al .  [101] . Additionally this group has managed to incorporate gallium into an 
indium gallium selenide layer by using solutions saturated in chloride ions to 
stabilize the gallium  [102] . 

 In our own laboratory, we have prepared laterally uniform In 2 Se 3 /Cu – Se stacks 
and annealed them in a forming gas/elemental selenium atmosphere. Firstly 
In 2 Se 3  layers were deposited at 400 rpm on 10   nm thick copper underlayers (see 
above). The copper selenide phase was then deposited on top of the In 2 Se 3  at 
room temperature from an electrolyte containing 5.5   mM H 2 SeO 3 , 2.6   mM CuCl 2 , 
236   mM LiCl, and a pH 3 buffer comprising sulfamic acid and potassium 

     Figure 1.15     SEM images of In 2 Se 3  deposits on thin Cu - coated Mo substrates rotated at 
(a) 250 and (b) 0 rpm.  
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biphthalate. The deposition was carried out at  − 0.30   V vs. Ag/AgCl on a RDE at 
100   rpm. The resulting Cu/Se ratio of the layer was 0.75 as measured by ICPMS, 
indicating a mixture of CuSe and Se(0) phases were present, in agreement with 
Thouin  et al .  [103] . Figure  1.16 a shows an SEM image of the precursor and Figure 
 1.16 b of the annealed sample. The two distinct metal selenide phases are observable 
in the precursor, and the recrystallization of both the layers is clearly evident in the 
annealed layer: large grains extending from molybdenum surface to the top of the 
layer can be seen in the SEM image. XRD clearly shows that only the CuInSe 2  phase 
is present. Using the photoelectrochemical tests described in Section  1.3 , it was 
found that the layer is p - type doped with only a small photoresponse.    

   1.2.3.2.5     Cu(In,Ga)Se 2   via Simultaneous Deposition of All Elements 
 Simultaneous co - deposition of all elements is the widely reported route for the 
formation of CIGS semiconductor layers or their precursors. Simultaneous elec-
trodeposition of three or four elements is more complicated than deposition of 
the binary selenides. The main problems are (i) the large differences in standard 
reduction potentials and (ii) the fact that copper deposition is diffusion controlled. 
Three main approaches have been taken to tackle these problems, namely use of 
controlled hydrodynamic conditions, the use of organic additives to change reduc-
tion potentials, and pulse plating. All three approaches are discussed in this 
section, starting with CuInSe 2  for simplicity and then considering CIGS. 

 One of the fi rst detailed investigations into the mechanism for co - depositing 
CuInSe 2  was conducted by Mishra and Rajeshwar, who used cyclic photovoltam-
metry and a RRDE as investigative tools  [104] . They used a simple metal sulfate 
bath containing SeO 2 , with the pH adjusted to 1.0 using sulfuric acid. Comparing 
Cu – Se and In – Se systems at room temperature, they observed that the In – Se 
system was kinetically much slower than the Cu – Se system, even though the 
concentration of In(III) was an order of magnitude larger than that of Cu(II). They 
found that indium incorporates into the copper selenide phase at potentials lower 
than the In – Se deposition potential. Cyclic photovoltammetry was carried out 
using chopped white light. On the forward scan in the three - element solution, the 

     Figure 1.16     SEM images of binary selenide stack: (a) precursor; (b) annealed.  
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fi rst two peaks were attributed to the formation of Cu 2 −    x  Se, and no photoresponse 
was observed. Between the third and fourth reduction peaks, a cathodic p - type 
photoresponse, attributed to the formation of CuInSe 2 , was observed. Mishra and 
Rajeshwar proposed the following mechanism for the incorporation of indium 
into the deposit:

   Cu Se.H Se In CuInSe H Cuadsorbed2 2
3

2 2 1−
+ + ++ = + + −x x( ) ( )     (1.18)   

 The key point in this proposed mechanism is that Cu 2 −    x  Se needs to be present on 
the surface together with the adsorbed H 2 Se. 

 The Vedel group studied the co - deposition under three different conditions  [105, 
106] . They used solutions similar to those employed for their study of the Cu – Se 
binary system  [94, 103]  with the addition of 1   mM In(III). Again the key parameter 
of importance is the ratio of the fl uxes of copper and selenium in solution. Vedel 
 et al . defi ne   α   which is just the reciprocal of  r J   (Section  1.2.3.2.4 ) or the fl ux ratio 
of Se(IV) ions to Cu(II) ions incident on the surface  [105] . They found that when 
  α   was less than two, it was possible to deposit mixtures of CuInSe 2     +    Cu 2 Se or of 
CuInSe 2     +    Cu. When   α   was greater than two, CuInSe 2     +    In 2 Se 3  was obtained. It 
was proposed that in the presence of In(III), Se(IV) could be more easily reduced 
to Se(II). In further work, the same authors found that having an excess of 
In(III) in solution allowed them to control the compounds deposited on the 
electrode surface. Furthermore they developed a phase map which is shown in 
Figure  1.17   [106] .   

 The latest work from the Paris laboratory is that of Chassaing and co - workers 
 [78, 107 – 109] , who investigated the deposition of CuInSe 2  onto a Mo RDE from a 

     Figure 1.17     Electrochemical phase diagram 
showing the composition of co - deposited 
fi lms. Parameter   α   is the fl ux ratio of Se(IV) 
and CU(II) ionic species to the surface. MSE 

is a mercury sulfate electrode (MSE,  + 0.64   V 
vs. NHE)  [106] . Reproduced by permission of 
The Electrochemical Society.    



 1.2 Electrochemical Routes to Thin-Film Solar Cells  29

sulfate solution containing 1   mM Cu, 1.7   mM selenous acid, and 6   mM In(III) 
adjusted to pH 2. They investigated the deposition process  in situ  as a function of 
time by polarization and impedance spectroscopy, and  ex situ  by chemical, XPS, 
and XRF analysis. Using these values of concentration and the diffusion coeffi -
cients from  [94]  a value for   α   of around 2 or slightly higher was obtained depending 
on the value of  n  used, and single phase CuInSe 2  could be obtained with the correct 
applied potential. Depositions were carried out at various potentials for fi xed 
amounts of time. At  − 0.9   V vs. MSE after 3 seconds of deposition there were 
10 11    cm  − 2  nuclei approximately 10   nm in diameter formed on the molybdenum 
surface, consisting mainly of copper and selenium. After the fi rst 10 seconds, the 
Se/Cu surface ratio tended to a value of 2, while at longer times the ratio tended 
to 3. At deposition times longer than 10 seconds the In/Cu ratio at the surface 
was just 0.5 while in the bulk it was 1.0. XPS data showed that the selenium on 
the surface of the fi lms was a mixture of Se(0) and Se(II) oxidation states. Further-
more when depositing below potentials of  − 0.6   V vs. MSE Chassaing  et al .  [78]  
observed deposits of binary Cu – Se phases as well as elemental Se(0). For deposi-
tion at potentials more negative than  − 0.6   V vs. MSE, no elemental Se(0) was seen 
in the deposits, but incorporation of indium into the Cu – Se phases occurred    –    a 
process that became more pronounced at more negative potentials. Impedance 
data showed that at potentials just positive of  − 0.6   V vs. MSE, the deposited layer 
was highly capacitive due to the presence of Se(0) on the surface, whereas the 
capacitance fell at more negative potentials due to the formation of the semicon-
ducting CuInSe 2  phase. Chassaing  et al .  [107]  proposed the following reaction 
scheme based on their results:

   2 8 4 32
2 3 2 2Cu H SeO e H Cu Se H O+ − ++ + + = +     (1.19)  

   H SeO e H Se H Oadsorbed2 3 24 4 0 3+ + = +− + ( )( )     (1.20)  

   Cu Se Se CuSeadsorbed surface2 23 0 2+ =( )( ) ( )     (1.21)  

   CuSe In e CuInSesurface2
3

23( ) + + =+ −     (1.22)   

 Equation  1.20  requires that Se(0) is absorbed onto a deposition surface containing 
Cu 2 Se. When suffi cient Se(0) is available it is then consumed to form CuSe 2  at the 
surface which has been shown to be the site where In reacts to form the CuInSe 2  
chalcopyrite compound  [109] . This proposed mechanism requires, of course, that 
the electrode surface should be continually refreshed in Cu 2 Se and Se. 

 One of the more successful co - depositions of CIGS was reported by Calixto 
 et al .  [110] , who used a ratio of selenium and copper ions in the deposition bath 
similar to that employed by Chassaing  et al ., but chose a chloride - based supporting 
electrolyte to stabilize the Ga(III) ions. These authors achieved a Ga/(Ga    +    In) 
ratio of 0.2 in the precursor fi lm as indicated in the XRD analysis of the annealed 
semiconductor by the shift of the (112) peak from  d     =    3.348 to 3.314    Å . The best 
device had an effi ciency of 6.2%. Bhattacharya  et al . also used similar routes 
to co - deposit CIGS and incorporated additional Ga into the deposit by non -
 electrochemical means  [111] . 
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 Ligands or complexing agents have been used to try and reduce the dependence 
of the electrodeposited precursor stoichiometry on applied potential and solution 
composition. Kemell  et al .  [112, 113]  showed that a constant composition close to 
the required 1   :   1   :   2 for CuInSe 2  was achieved over a 300   mV potential range using 
a SCN ligand. The deposition bath contained 0.01   M CuCl and InCl 3 , 1   mM SeO 2 , 
and 2   M KSCN. Higher concentrations of KSCN resulted in the deposited fi lms 
containing traces of the SCN ligand. Using this approach, photoactive p - type 
CuInSe 2  was obtained after annealing. Other popular ligands include citric acid, 
chloride ions, triethanolamine, and ethylenediaminetetraacetic acid    –    see Lincot 
 et al .  [30]  and references therein. 

 Pulse plating, the application of a cyclic potential program to the work electrode, 
has been used to deposit CuInSe 2  precursor fi lms from a pH 2 chloride bath with 
a ratio of Cu to Se ions of 1   :   2 in an unstirred solution  [114] . Nomura  et al . found 
that smooth stoichiometric precursors could be obtained by the application of two 
potentials of  − 0.7 and 0   V vs. SCE with a duty cycle of 33%.   

   1.2.3.3     CZTS  
 The ternary compound CZTS is currently being investigated as an indium - free 
alternative to CIGS in thin - fi lm solar cells. Bandgaps between 1.36 and 1.62   eV 
have been reported for CZTS, making the material suitable for a single - junction 
solar cell  [10, 115] . CZTS fi lms show p - type behavior with doping levels that are 
suitable for thin - fi lm devices  [35, 116, 117] . Photovoltaic devices are generally 
fabricated by the same methods used for CIGS cells, except that the CIGS layer is 
replaced by CZTS. The current record device, with a reported AM 1.5 effi ciency 
of 6.7%, was prepared by a two - stage process involving preparation of a co -
 sputtered precursor using Cu, ZnS, and SnS targets followed by annealing in H 2 S 
 [10] . Single - stage co - evaporation methods, which produce the best devices for 
CIGS, have yielded effi ciencies up to 4.2%  [118] . 

 There are currently two basic approaches to fabricate CZTS layers by elec-
trodeposition. In the  stacked elemental  ( SEL ) approach, the parent metals are 
electrodeposited sequentially to form a stack  [35, 119]  which is then annealed in 
a sulfur atmosphere to from CZTS. In an alternative approach, the parent metals 
are co - deposited to form a mixed metallic or alloy layer which is then annealed in 
the presence of sulfur  [120, 121] . Both approaches have yielded cells with AM 1.5 
effi ciencies of over 3%. 

   1.2.3.3.1    Fabrication of Thin - Film Solar Cells via the  SEL  Method 
 The SEL approach has some advantages over co - deposition, because it allows 
simpler coulometric control of the precursor stoichiometry. The SEL method may 
also be more suitable for large - scale fabrication since there is no requirement to 
balance the deposition rates of several different metals, so higher current densities 
can be used. If an alloyed precursor is preferred for the sulfur annealing step, a 
short ( < 5   min) heat treatment at 200 – 350    ° C is suffi cient to completely alloy the 
stacked precursor. In this section, we highlight some of our recent work on the 
fabrication of CZTS solar cells by the SEL route  [11] . 
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 Earlier work in our laboratory encountered problems with non - uniform thick-
ness and incomplete coverage  [35 – 37] . The morphology of the Sn layers in particu-
lar was poor with large islands as shown in Figure  1.18   [36, 122] .   

 Figure  1.19 a illustrates the problem of poor microscopic morphology in the case 
of a CZTS fi lm prepared from a Cu/Sn/Zn precursor with the island structure 
shown in Figure  1.18 . The sulfurized CZTS fi lm contains small grains, and the 
morphology is uneven. Figures  1.19 b and  1.19 c show elemental distribution maps 
for Sn and Zn over the same area. The contrast variations in the two elemental 
maps are not coincident, suggesting that the fi lm contains other phases besides 
CZTS. These variations probably arise from the island morphology of the Sn layer 
in the precursor seen in Figure  1.18 , which was not laterally homogenized during 
sulfurization.   

 In later work in our laboratory, thickness variations in the precursor layers were 
eliminated by carrying out electrodeposition under hydrodynamic control using a 
RDE  [122] . In addition the electrodeposition processes and stacking order were 
modifi ed to improve the precursor morphology. The improved Cu/Sn/Cu/Zn 
stacks were sulfurized and converted into devices, the best of which showed an 
effi ciency similar to that reported by Araki  et al .  [120]  and Ennaoui  et al .  [121]  for 
CZTS devices fabricated using metal co - deposition routes. Electrodeposition was 
carried out potentiostatically in three - electrode mode onto square 25    ×    25   mm 
Mo - coated soda - lime glass substrates mounted in the face of a cylindrical poly-
propylene RDE which was placed face - down in the electrodeposition solution 
and rotated during deposition. The deposition conditions used for growth of the 
sequential metal layers are given in Table  1.2 . Deposition effi ciencies were obtained 
from ICP - MS measurements of dissolved fi lms. The precursors were placed with 
100   mg of sulfur inside a graphite container in a tube furnace fi lled to 500   mbar 
with 10% H 2  in N 2  and heated to 575    ° C for 2 hours. Prior to device fabrication 
and materials characterization, the sulfurized fi lms were etched in aqueous KCN 

     Figure 1.18     SEM image of Sn deposited on Cu using sorbitol bath  [123] . Reproduced from  [11] .  
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     Figure 1.19     (a) SEM image of a sulfurized Cu/Sn/Zn precursor stack and EDX element 
distribution maps of (b) Sn and (c) Zn from the same area as (a). Reproduced from  [11] .  

  Table 1.2    Chemical composition and electrodeposition parameters for each layer of the Cu/
Sn/Cu/Zn precursor. Potentials are given with respect to the Ag|AgCl reference electrode. 

   Layer     Composition of electrolyte      E  (V)     Rotation (rpm)  

  Cu    3   M NaOH, 0.1   M CuSO 4 , 0.2   M Sorbitol, 0.9   mM 
Empigen BB (surfactant)  

   − 1.20    150  

  Sn    50   mM Sn(SO 3 CH 3 ) 2 , 1   M CH 3 SO 3 H, 3.6   mM 
Empigen BB  

   − 0.72    100  

  Zn    0.1   M ZnSO 4 .7H 2 O, pH3 hydrion buffer, 0.5   M K 2 SO 4      − 1.20    150  

to remove copper sulfi de phases. Devices were fabricated by deposition of a CdS 
layer by CBD followed by deposition of i - ZnO and Al   :   ZnO layers by sputtering. 
Contact to the cells was made by a nickel grid. Following fabrication, devices were 
heated in air at 200    ° C for up to 5 minutes.   
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  Growth of Copper Layers     Nucleation and growth of metal layers on the Mo - coated 
soda - lime glass substrates is not without problems. In acidic conditions, the 
untreated Mo surface is passivated by an oxide layer  [82]  that prevents effective 
nucleation of Cu, resulting in non - adherent, powdery deposits. Adhesion can be 
improved by sensitizing the substrate with Pd prior to electrodeposition  [119] . 
Since the oxide layer on Mo is soluble in alkaline media, surface passivation can 
be avoided, and excellent Cu layer deposits can be obtained using an RDE in an 
alkaline Cu electrolyte adapted from the work of Barbosa  et al.   [84] . Introduction 
of a quaternary ammonium surfactant (Empigen BB) to the electrolyte improves 
the morphology of the Cu deposit.  

  Growth of Tin Layers     Tin layers deposited in our previous work  [122]  from the 
alkaline sorbitol electrolyte consisted of large crystals with low nucleation density, 
giving incomplete coverage. Much improved fl at layers showing specular refl ectiv-
ity were obtained using a methanesulfonic acid electrolyte containing Empigen 
BB. The fi lm morphology of the tin layer produced in this electrolyte is shown in 
Figure  1.20 , where it is the underlying layer.    

  Growth of Zinc Layers     The morphology of the Zn layer is strongly infl uenced by 
the structure of the underlying Sn layer. Although excellent Zn fi lms could be 
grown on Cu layers, nucleation of Zn on Sn layers was found to be very uneven. 
A comparison of the voltammetric behavior of Zn 2 + /0  at Sn and Cu electrodes 
(Figure  1.21 ) shows that  underpotential deposition  ( UPD ) of Zn on Cu occurs due 

     Figure 1.20     SEM image of Zn deposit on Sn layer deposited from a methanesulfonic acid 
electrolyte. Reproduced from reference  [11] .  
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to the energetically favorable formation of a Cu – Zn alloy. This UPD layer com-
pletely covers the Cu surface in a thin layer of Zn, strongly inhibiting hydrogen 
evolution. By contrast, no UPD of Zn on Sn was observed and hydrogen evolution 
interferes with Zn deposition and nucleation is non - uniform.   

 This problem was solved by depositing a second Cu layer on top of the Sn fi lm, 
using a negative potential to inhibit displacement of Sn 2 +   from the fi lm. It was 
found that good Zn fi lms could grown on top of this intermediate Cu layer to give 
a Cu/Sn/Cu/Zn stack. Figure  1.22  shows the morphology of the second Cu layer 
and the fi nal Zn layer. This arrangement of the layers may be advantageous since 
Araki  et al . reported that a precursor stack in which Cu and Sn were neighbors 
gave the best devices after sulfurization  [124] . This observation is consistent 
with the reaction scheme proposed by Hergert and Hock  [125] , which describes 

     Figure 1.21     Cyclic voltammogram for Zn 2 + /0  at Sn (solid line) and Cu (dashed line) surfaces. 
Reproduced from reference  [11] .  
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     Figure 1.22     SEM images of (a) Cu layer deposited onto Sn and (b) Zn deposited onto Cu. 
Reproduced from reference  [11] .  
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the growth of CZTS as proceeding via intermediate formation of Cu 2 SnS 3  and 
ZnS  [126] .    

  Characteristics of Stacked Precursor Films     The new Cu/Sn/Cu/Zn precursors have 
good lateral uniformity, and the layers consist of small compact grains. The EDX 
maps in Figure  1.23  show the macroscopic uniformity of the precursor stacks over 
a 1.4   cm 2  area, in terms of the compositional ratios Cu/(Zn    +    Sn) and Zn/Sn. Both 
show only small variations, signifi cantly better than those achieved previously 
 [122] . In the example shown, the Cu/(Zn    +    Sn) ratio was 0.80    ±    0.02 and the Zn/
Sn ratio was 1.37    ±    0.05.   

 The XRD diffractogram (Figure  1.24 ) measured 14 days after preparation of the 
stacked layer precursor indicates that the metal layers have alloyed partly at room 
temperature, even though there are no visible changes in color or texture. The only 
elemental phase observed is Cu, with binary Cu – Sn and Cu – Zn phases accounting 
for the remaining peaks. No ternary phase is observed, in agreement with the 
fi ndings of Chou and Chen  [127] , whose study of the Cu – Sn – Zn system at 250    ° C 
showed only binary phases.   

 SIMS measurements on the precursor confi rm intermixing of the layers occurs 
at room temperature (Figure  1.25 ). In particular, the Cu signal is clearly seen in 
both the Sn and the Zn phases. The majority of the Zn is still confi ned to the top 
of the precursor, while the Sn is distributed towards the bottom, suggesting it is 
mainly diffusion of Cu that is responsible for alloy formation.    

  Characterization of Annealed  CZTS  Films     Sulfurization of the Cu/Sn/Cu/Zn pre-
cursor stacks gave better microscopic uniformity than the previous Cu/Sn/Zn 
stacks. An SEM image and EDX maps of the Sn and Zn distributions in a fi lm 
produced from the Cu/Sn/Cu/Zn precursor stack is shown in Figure  1.26 . A 
comparison with Figure  1.23  shows a much more uniform distribution of the 
elements for the fi lm formed from the four - layer stack precursor. The high degree 

     Figure 1.23     Large - area EDX maps of a Cu/Sn/Cu/Zn precursor stack in terms of the ratios 
(a) Cu/(Zn    +    Sn) and (b) Zn/Sn. Reproduced from reference  [11] .  
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     Figure 1.25     SIMS depth profi le of Cu/Sn/Cu/Zn precursor layer after four weeks at room 
temperature. Each element has been normalized to its highest value. Reproduced from 
reference  [11] .  
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     Figure 1.24     XRD spectra of a stoichiometric Cu/Sn/Cu/Zn precursor stack deposited on Mo. 
Reproduced from reference  [11] .  
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of correlation between the two elements suggests that the fi lms are single phase. 
It appears that the only published study of the phase diagram of the Cu 2 S – ZnS –
 SnS 2  system is by Olekseyuk  et al .  [128] , who have reported that Cu 2 ZnSnS 4  only 
exists as a single phase over a very small range of composition varying by less than 
 ± 1.5% absolute from the stoichiometric values for each element. The CZTS fi lm 
in Figure  1.26  has a Cu/(Zn    +    Sn) ratio of 0.70    ±    0.07 and a Zn/Sn ratio of 
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1.06    ±    0.12. Both values lie outside the single - phase region suggested by Olek-
seyuk  et al ., but no signifi cant secondary phases could be distinguished within the 
layer with the resolution of mapping used here.   

 A grazing incidence XRD spectrum of a sulfurized fi lm is shown in Figure  1.27 . 
All refl exes can be assigned to the kesterite structure using ICSD card 01 - 075 - 4122 
(inorganic crystal structure database) except for two peaks (labeled with asterisks) 
that are assigned to a copper sulfi de phase. This assignment is supported by the 
fact that the two peaks disappear when the fi lm is etched in aqueous KCN. The 
fi gure also shows the largest refl exes for the most probable secondary phases, ZnS 
and Cu 2 SnS 3 . It is important to note that these phases have very similar unit cells 
to CZTS, and are essentially indistinguishable from it using XRD.     

   1.2.3.3.2     CZTS  Solar Cells 
 Several cells were fabricated using the CZTS layers. Figure  1.28  shows a cross -
 sectional image of the best cell showing that the CZTS layer near the Mo substrate 
consists of small grains with some voids, whereas the upper part is formed of large 
close - packed grains of around a micron in size. This kind of structure is also 
observed for CuInSe 2  fi lms prepared by a similar electrodeposition – annealing 
approach  [87] .   

 SIMS measurements were made on the best cell, after removal of the ZnO and 
CdS layers: the results are shown in Figure  1.29 . The concentration of all three 

     Figure 1.26     (a) SEM image of a sulfurized Cu/Sn/Cu/Zn precursor stack. (b) Sn and (c) Zn 
elemental EDX maps corresponding to (a). Reproduced from reference  [11] .    
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metallic elements is constant throughout the bulk of the fi lm. The CZTS fi lm 
appears to be slightly Cu and Zn defi cient at the front interface. The S concentra-
tion is also uniform throughout the depth of the fi lm, increasing slightly at the 
front of the fi lm, possibly due to the presence of residual CdS.   

 The best device gave an open circuit voltage ( V  oc ) of 480   mV, a short circuit 
current density (  J  sc ) of 15.3   mA   cm  − 2 , and a fi ll factor of 45%. The corresponding 
power conversion effi ciency was 3.2%, which is similar to the values reported by 
Araki  et al . (3.16%  [120] ) and Ennaoui  et al . (3.4%  [121] ). 

     Figure 1.27     Grazing incidence XRD pattern of sulfurized Cu/Sn/Cu/Zn precursor layer. The 
asterisks indicate a secondary phase assigned to copper sulfi de. Cu/(Zn    +    Sn)    =    0.70    ±    0.07, 
Zn/Sn    =    1.06    ±    0.12. Reproduced from reference  [11] .  
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     Figure 1.28     SEM image of a cross section through the best performing cell. Reproduced from 
reference  [11] .  
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 This section has shown that improvements in the microscopic and macroscopic 
uniformity of electrodeposited stacked elemental layer precursors and the use of 
a four - layer stack    –    Cu/Sn/Cu/Zn    –    result in better solar cells. Clearly CZTS has 
some way to go before it can compete with CIGS, but these early results are cer-
tainly encouraging.    

   1.2.4 
Future 

 Electrodeposition of CIS and CIGS absorber fi lms has been realized from aqueous 
solution, but all of the precursor fi lms suffer from a number of problems. The 
incorporation of In and more especially Ga is not trivial. Due to their limited solu-
bility and large negative reduction potentials close to the hydrogen evolution reac-
tion of water, it is necessary to use strong complexation chemistry, involving toxic 
ligands such as cyanide and to work under highly alkaline conditions to avoid 
hydrogen evolution which causes uncontrolled stirring and poor morphology of 
the deposits. Moreover, In and Ga are often deposited together with their oxide or 
hydroxide forms under these conditions. Nevertheless, the electrodeposited pre-
cursor layers are transformed into device - quality CIGS during the highly energy 
consuming post - annealing step under Se atmosphere at high temperature. 

 A possible solution to these problems could be to replace the aqueous deposition 
media by  room temperature ionic liquid s ( RTIL s). These are defi ned as liquids 
consisting of molecular cations and anions that have a melting point below 100    ° C. 
Due to the size of the molecular ions and the fact that the charge is delocalized 
through the molecule, these liquids have large electrochemical windows. Another 
potential benefi t is that RTILs have high degradation temperatures and low vapor 

     Figure 1.29     SIMS profi le of the best performing cell after chemical removal of the ZnO and 
CdS layers. Each element has been normalized to its highest value. Reproduced from 
reference  [11] .  
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pressures, allowing them to be used at temperatures up to 250    ° C. These wide 
electrochemical and thermal windows allow processes which are impossible in 
aqueous or organic solvents. 

 The electrochemical window of water varies between 1 and 2   V, while those 
of most common pyrrolidinium - based ionic liquids are between 5 and 6   V 
 [129] . Shivagan  et al .  [130]  have shown that In and Ga can be reversibly elec-
trodeposited from a eutectic - based ionic liquid composed of a 1   :   2 choline 
chloride:urea mixture. El Abedin  et al .  [131]  have investigated the electrochemistry 
of Cu, In, and Se individually in the ionic liquid 1 - butyl - 1 - methylpyrrolidinium -
 bis(trifl uoromethylsulfonyl)amide. More recently, the same group showed that Ga 
can be deposited electrochemically and electroless on Au(111) electrodes  [132] . The 
very low vapor pressure of ionic liquids allows them to be used as electrodeposition 
media at elevated temperatures, thus being potentially interesting to improve the 
crystallinity of the deposited thin fi lms. Two reports from the literature mention 
the effect of temperature on the deposition of compound semiconductors from 
ionic liquids. Yang  et al .  [133]  showed that for the electrodeposition of InSb 
from 1 - ethyl - 3 - methylimidazolium chloride/tetrafl uoroborate, at temperatures up 
to 120    ° C, the crystallinity of the deposit increased with the deposition temperature. 
The as - deposited fi lms were p - type and photoactive. Hsiu  et al .  [134]  deposited 
CdTe thin fi lms at constant potential at temperatures up to 140    ° C onto glassy 
carbon, titanium, and tungsten substrates from 1 - ethyl - 3 - methylimidazolium 
chloride/tetrafl uoroborate. 

 From the very limited literature describing ED of compound semiconductors 
from ionic liquids it can be seen that more research is needed to understand the 
fundamental aspects of ED from these liquids. However it is reasonable to con-
clude that due to their unique electrochemical and thermal properties, ionic 
liquids are likely to play an important role in the fi eld of compound semiconductor 
electrodeposition. Ongoing work in our laboratories is investigating controlled 
gallium incorporation and high - temperature electrodeposition of CIGS thin fi lms 
from ionic liquids.   

   1.3 
Characterization of Solar Cell Materials using Electrolyte Contacts 

   1.3.1 
Overview 

 The electrochemical and photoelectrochemical properties of semiconductors in 
contact with electrolytes have been widely studied using single - crystal samples as 
well as polycrystalline thin fi lms, and several excellent general books are available 
in the literature  [135 – 138] . By contrast, the scope of this section is relatively narrow 
since it focuses specifi cally on practical applications of electrolyte contacts for the 
purpose of characterizing thin - fi lm solar cell layers and partially completed PV 
devices of various kinds. 
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 The main advantage of using electrolyte contacts to characterize the semicon-
ducting layers that are used in PV devices is that liquid contacts are transparent 
and easily removed without damaging the material. Furthermore, provided that 
the semiconductor is stable in the electrolyte used, liquid contacts tend to be rather 
ideal since they avoid the lattice mismatch problems and chemical interactions 
that are often encountered with metal contacts. Formation of a Schottky barrier at 
the semiconductor – electrolyte junction allows convenient variation of the band 
bending in the space charge region by controlling the electrode potential with 
respect to a reference electrode potential. For measurements under illumination, 
where minority carriers are driven to the interface, the electrolyte generally con-
tains a suitable scavenger species to prevent anodic or cathodic photodecomposi-
tion of the semiconductor. This section describes the main semiconductor 
characterization techniques that employ electrolyte junctions. A recent compre-
hensive survey of experimental techniques in semiconductor electrochemistry by 
Peter and Tributsch  [5]  contains useful background information about the tech-
niques described here.  

   1.3.2 
The Semiconductor – Electrolyte Junction 

 Basic aspects of the semiconductor – electrolyte junction are discussed in the refer-
ences given in the previous section. Here we summarize the main points, placing 
particular emphasis on their relevance to the characterization of thin - fi lm PV 
materials. For further details on semiconductor characterization in general, the 
reader is referred to the excellent book by Schroder  [139] . 

 If an inert electrolyte (i.e., one not containing a redox system) is used to form 
a semiconductor – electrolyte contact, the potential distribution at the interface is 
determined by the applied electrode potential. When the semiconductor is held at 
the  fl atband potential , there is no space charge in the semiconductor, and therefore 
the conduction and valence bands are fl at. For characterization purposes, the junc-
tion is usually polarized so as to create depletion conditions where a space charge 
region is formed in the semiconductor as majority carriers are withdrawn from 
the junction. This corresponds to reverse biasing a conventional Schottky junction. 
For n - type materials, polarization to more positive electrode potentials corresponds 
to reverse bias, whereas the polarization direction is the opposite for p - type materi-
als. Provided that the material is not highly doped, the current fl owing under 
depletion conditions in the dark is small, although in practice pinholes and defects 
in polycrystalline layers give rise to higher currents than those observed with single 
crystals. Polarization of the semiconductor – electrolyte junction into accumulation 
is best avoided since this is likely to lead to decomposition reactions involving 
majority carriers: n - type materials will be reduced and p - type materials will be 
oxidized. These decomposition reactions can modify the semiconductor surface 
substantially, complicating characterization measurements. 

 When a semiconductor is illuminated under depletion conditions with light of 
suffi cient energy ( h ν      >     E g  , where  E g   is the bandgap), electron – hole pairs are created 
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and minority carriers (electrons for p - type and holes for n - type material) move to 
the interface where they can take part in electron transfer reactions, generating a 
photocurrent. In the case of n - type materials, the photocurrent is anodic, whereas 
for p - type materials it is cathodic. 

 If a redox electrolyte is used, equilibration of the electron free energies in the 
semiconductor and electrolyte phases at open circuit results in the alignment of 
the electron Fermi levels,  E  F , so that  E F   (semiconductor)    =     E F   (redox). If, for 
example, the redox Fermi level before contact is lower than the Fermi level of an 
n - type semiconductor, a depletion layer will be formed as electrons are extracted 
by the redox system until equilibration of the Fermi levels is achieved, and the 
bands will be bent upwards at the interface. For a p - type semiconductor sample, 
a depletion layer is formed when it is brought into contact with a redox system 
that has a higher Fermi energy. In this case the bands are bent downwards at the 
interface. The formation of semiconductor – electrolyte junctions by choosing suit-
able redox couples is analogous to the formation of metal – semiconductor Schottky 
junctions by choosing metals with appropriate work functions. This principle is 
the basis for the design of regenerative photoelectrochemical solar cells, which 
were widely investigated in the 1980s and achieved remarkably high effi ciencies 
 [140] . In practice, adequate stabilization of semiconductor layers for characteriza-
tion purposes can only be achieved if decomposition reactions are suppressed by 
choosing electrolytes which capture carriers before they can react with the semi-
conductor lattice. Usually it is best to choose redox electrolytes that form Schottky 
barriers since this ensures that minority carriers will be scavenged. Examples 
include the use of Eu 3 +  /Eu 2 +   couple for p - type materials such as CIS. However, in 
some cases it may be preferable to use an electrolyte in which the electron transfer 
process is not only fast but also irreversible. For example Na 2 SO 3  is often used 
with n - type materials like CdS since the   SO3

2− ion is an excellent hole scavenger, 
reacting rapidly and irreversibly to form sulfate.  

   1.3.3 
Photovoltammetry 

 A rapid assessment of photoactivity and majority carrier type is often required for 
screening semiconductor layers that have been synthesized for PV applications. 
This can be achieved (without the need to fabricate an entire device) by using 
an electrolyte contact and carrying out a cyclic potential sweep while illuminating 
the electrode with chopped light from a  light - emitting diode  ( LED ). The wave-
length is usually chosen to lie in the region where the material absorbs strongly, 
although white (red/green/blue) LEDs are also useful. The sign of the photocur-
rent can be used to identify the carrier type, and the magnitude gives an indication 
of the  external quantum effi ciency  ( EQE ), which is also referred to as the IPCE 
(incident photon conversion effi ciency). The scan also gives information about 
the behavior of the sample – electrolyte junction in the dark. The presence of pin-
holes in the fi lm that allow contact between the electrolyte and the substrate can 
often be inferred from higher dark currents and the appearance of voltammetric 
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waves associated with oxidation and reduction of the redox couple. Similar effects 
can be seen if the grain boundaries are quasi - metallic due to impurities or high 
doping. The transition from depletion to accumulation conditions as a function 
of applied potential is generally marked by a steep increase in dark current, 
but this region is best avoided in order to prevent damage to the semiconductor 
surface. 

 Photovoltammetry is used routinely in our laboratories to assess new and 
established materials. Figure  1.30  shows an example of the photovoltammogram 
recorded for a sample of Cu 2 ZnSnS 4  prepared by sulfurization of a stack of three 
layers of the parent metals  [35, 36, 141] . In this case, the electrolyte used contained 
Eu(III) as an electron scavenger. The cathodic photoresponse confi rms that the 
sample is p - type, and the dark current seen at negative potentials indicates that 
the fi lm has pinholes that expose the underlying molybdenum fi lm. The photocur-
rent response to chopped illumination can also be detected using a lock - in ampli-
fi er, allowing a more accurate determination of the photocurrent onset potential, 
which provides an estimate of the fl atband potential (the photocurrent for p - type 
semiconductors onset is usually 200 – 300   mV more negative than the fl atband 
potential as a consequence of recombination via surface states).    

   1.3.4 
External Quantum Effi ciency ( EQE ) Spectra 

 The semiconductor – electrolyte junction is essentially an analog of the junction 
that is formed in a solid - state device such as a solar cell. For this reason, measure-
ments of the EQE as a function of photon energy can be used to obtain information 

     Figure 1.30     Photovoltammogram of a Cu 2 ZnSnS 4  layer measured in 0.2   M Eu(NO 3 ) 3  under 
pulsed illumination from a white LED. The cathodic photoresponse shows that the sample is 
p - type.  
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about the quality of materials as well as, in some cases, doping densities and 
minority carrier diffusion lengths. 

 EQE spectra can be recorded for a range of layer structures that represent dif-
ferent stages in the fabrication of a PV device. In the case of fabrication of CdS/
CdTe heterojunction cells by electrodeposition of CdTe onto a thin CdS layer on 
FTO glass, the EQE response has been used to characterize the CdS fi lms, which 
are prepared by CBD  [142] . Figure  1.31  shows an EQE spectrum measured for an 
80   nm CdS fi lm on FTO glass following an annealing in CdCl 2  at 415    ° C. Analysis 
of the spectrum using absorbance data obtained by transmission shows that the 
 internal  quantum effi ciency approaches unity over the entire spectral range where 
the CdS absorbs. As - deposited and air - annealed CdS fi lms have different band-
gaps, but they are both photoactive with internal quantum effi ciencies approaching 
unity. Interestingly, the CBD CdS appears to lose its photoactivity entirely when 
the fi nal structure is annealed to form a CdS/CdTe heterojunction solar cell (this 
point is discussed in more detail below).   

 Another interesting example of the application of EQE spectroscopy is its use 
to follow type conversion in CdS|CdTe heterojunction solar cells fabricated by 
electrodeposition (see Section  1.2 ). The method was used originally by Basol on 
completed solid - state CdS|CdTe cells  [143]  and later extended by others to charac-
terize partially completed structures using electrolyte contacts  [144 – 147] . The loca-
tion of the photoactive regions is probed by comparing the EQE spectra for 
 substrate side  ( SS ) and  electrolyte side  ( ES ) illumination of the samples as illus-
trated schematically in Figure  1.32 .   

 As - deposited CdTe fi lms are n - type, so that no heterojunction is formed between 
the CdTe and the underlying n - type CdS. When the as - deposited CdTe fi lm on 
CdS is contacted with an electrolyte and is polarized so that a depletion layer forms 
at the n - CdTe – electrolyte junction, electron – hole pairs generated by illumination 
are separated, with the holes moving towards the electrolyte interface where they 

     Figure 1.31     EQE spectrum of n - CdS fi lm on FTO glass measured in 0.1   M Na 2 SO 3 .  
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are scavenged by ions in the electrolyte (0.1   M Na 2 SO 3 ). As Figure  1.33  shows, the 
EQE spectrum for ES illumination of a 1    µ m thick CdTe layer on CdS exhibits an 
onset at the CdTe bandgap and a fairly fl at response at higher photon energies 
with EQE values of around 0.6. When the illumination is switched to the SS, the 

     Figure 1.32     Illumination geometry used to study type conversion of CdTe layers on CdS. SS, 
substrate side illumination; ES, electrolyte side illumination.  

     Figure 1.33     EQE spectra for SE and EE illumination of an as - deposited 1    µ m CdTe fi lm on 
CdS/FTO. Comparison of the SE and EE spectra indicates that the CdTe fi lm is n - type.  
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EQE spectrum shows a maximum near the band edge, but almost no response at 
higher energies. This indicates that the active junction is indeed located at the 
CdTe – electrolyte interface, since light can only penetrate through to the CdTe –
 electrolyte interface from the substrate side when the absorption coeffi cient of the 
CdTe is suffi ciently low, as is the case near the band edge.   

 Heating the electrodeposited CdS|CdTe structure in air for 15 minutes at 430    ° C 
converts the CdTe to p - type, forming a heterojunction with the underlying n - CdS. 
The type conversion process can be followed by measuring the EQE spectra. As 
Figure  1.34  shows, illumination of the type - converted structure through the glass 
substrate produces a photocurrent over the entire spectral region above the 
bandgap of CdTe except for the high - energy region where the CdS absorbs. For 
SS illumination, the incident light is absorbed close to the n - CdS|p - CdTe junction, 
and electrons (minority carriers) from the p - CdTe are transferred to the FTO 
contact via the n - CdS. The  “ blue ”  defect seen in the EQE spectrum in the CdS 
absorption region indicates that the CdS layer is evidently no longer photoactive 
after the annealing process. This may indicate that the active junction is in fact 
not at the CdS|CdTe interface but is located inside the CdTe    –    effectively an n – p 
homojunction, with no electrical fi eld in the CdS fi lm. The CdS therefore acts as 
a fi lter, reducing the response in the blue part of the EQE spectrum. By contrast, 
after annealing, the EQE spectrum for SE illumination now only exhibits a 
response near the band edge of the CdTe, since light must be able to penetrate 
from the electrolyte side through to the internal p – n hetero -  or homojunction, 
which is located close to the substrate contact.   

 Type conversion has also been followed as a function of annealing time by 
measuring EQE spectra. Figure  1.35  illustrates how the SS EQE spectra of a 0.5    µ m 
CdTe fi lm on CdS/FTO evolve as the fi lm is annealed. The results show that 
internal p – n junction is formed after 5 minutes and improves further with 

     Figure 1.34     SS and ES EQE spectra for CdTe layer on CdS/FTO following type conversion 
(compare with Figure  1.4 ).  
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subsequent annealing. Interestingly the spectra also reveal that the CdS layer is 
photoactive initially but loses its activity when the junction is formed.   

 Another more recent example of the application of EQE spectra to characterize 
solar cell absorber layers is shown in Figure  1.36  for different stages in the fabrica-
tion of CuInSe 2  solar cells. The ED CIS precursor layer was prepared by elec-
trodeposition onto Mo - coated glass, followed by annealing in Se vapor and 
subsequent etching in KCN to obtain the photoactive material  [23]  (see Section 
 1.2 ). The sputtered CIS device was prepared by magnetron sputtering of a Cu – In 

     Figure 1.35     EQE spectra for substrate side illumination for CdTe fi lms on CdS/FTO that have 
been annealed for different times. The spectra show that formation of the p – n junction 
requires at least 5 minutes annealing time.  

     Figure 1.36     EQE spectra of as - deposited and annealed CIS layers compared with the EQE 
spectra of completed devices based on electrodeposited (ED) and sputtered (SP) CIS layers.  
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precursor layer followed by annealing in a selenium atmosphere, KCN etching, 
and deposition of CBD CdS and sputtering of transparent contact layers.   

 It can be seen that the photoresponse of the as - deposited ED fi lm is very weak    –    it 
has been magnifi ed fi ve times in Figure  1.36  to make it visible. The substantial 
improvement brought about by annealing the ED precursor fi lm in selenium and 
then etching it in KCN to remove copper selenides is evident from the greatly 
enhanced EQE response. Interestingly, however, the subsequent fabrication of a 
device by deposition of CdS and ZnO layers brings about a further improvement, 
with the fi nished ED device exhibiting a performance that is almost comparable 
to that of the sputtered device. It appears that the main reason for this additional 
improvement is that the CBD of CdS on the CIS fi lm reduces recombination losses 
substantially. Both devices were fabricated without an antirefl ection coating, so it 
can be concluded that the internal quantum effi ciency probably approaches unity. 
The AM 1.5 effi ciencies of the fi nished devices in this study were 6.7% for the ED 
cell and 8.3% for the sputtered cell. The CdS layer in the fi nished devices also 
gives rise to the same  “ blue ”  defect in the EQE spectra    –    the decrease in EQE in 
the spectral region above 2.4   eV where CdS absorbs the incident light    –    that is seen 
in CdTe|CdS devices. The band tailing evident below in the EQE spectra for both 
ED and sputtered materials probably indicates a high density of sub - bandgap 
states. 

 EQE spectra measurements have been used recently as a tool for compositional 
optimization of Cu 2 ZnSnS 4  fi lms prepared by sulfurization of stacked metal layers 
 [35, 36, 141]  (see Section  1.2 ). The spectra shown in Figure  1.37  illustrate the 
sensitivity of the photoresponse to the Cu/(Zn    +    Sn) ratio. The highest EQE value 
(up to 0.4) was obtained for a mean Cu/(Zn    +    Sn) ratio of 0.86. Recent work in 
our laboratory has shown that the EQE can be mapped across the surface and 
correlated with the local composition determined by EDX  [36] .   

     Figure 1.37     EQE spectra of Cu 2 ZnSnS 4  layers with different Cu/(Zn    +    Sn) ratios measured in 
Eu(III) electrolyte at  − 0.3   V vs. Ag|AgCl.  
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 EQE spectra can be analyzed to obtain the bandgap of absorber materials. The 
photocurrent response (  j  photo ) of the semiconductor electrolyte junction is described 
by the G ä rtner equation  [148]  as

   EQE
ephoto= = −

+

−j

qI L

W

0

1

1

α

α
    (1.23)  

where  I  0  is the incident photon fl ux corrected for refl ection losses,   α   is the absorp-
tion coeffi cient of the absorber at the wavelength of interest,  W  is the width of the 
space charge region, and  L  is the minority carrier diffusion length. For small 
values of   α   and  L , expansion of the exponential term shows that the EQE becomes 
linearly proportional to   α  . For a direct optical transition, the energy dependence 
of the absorption coeffi cient is given by

   α ν νh h E∝ −( ) /
g

1 2     (1.24)   

 so that a plot of (EQE    ×     h ν  ) 2  vs. photon energy should be linear with an intercept 
at the bandgap energy  E g  . This method is illustrated in Figure  1.38  for CuInSe 2  
absorber layers prepared by ED and by  sputtering  ( SP )  [23] . It can be seen that the 
two fi lms give slightly different values of  E g  . This observation, which appears to 
be related to the Cu/In ratio in the layers, is discussed in the next section, which 
deals with the (more precise) determination of bandgaps by electrolyte electrore-
fl ectance (EER) spectroscopy.   

 Doping densities in single - crystal semiconductor samples can usually be deter-
mined from capacitance and voltage measurements uing suitable electrolyte 
contacts. However, in the case thin polycrystalline layers fabricated for PV devices, 
dark currents arising from cracks and pinholes often make interpretation of 
impedance data diffi cult. In this case a different approach based on analysis of 
the EQE response may be useful. If the minority diffusion length in the sample 
is suffi ciently small to fulfi ll the condition   α L   <<  1    –    as is usually the case for 

     Figure 1.38     Plots used to determine the bandgap of CIS absorber layers from EQE spectra. 
SP, sputtered fi lm; ED, electrodeposited fi lm.  
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polycrystalline compound semiconductors    –    Equation  1.23    can be written in 
the form  

   − −( ) =ln 1 EQE Wα     (1.25)   

 It follows that a plot of  − ln(1    −    EQE) vs.   α   should be a linear with a slope equal 
to the width of the space charge region,  W , which is given for a p - type semicon-
ductor by

   W
E E

qN
= −


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2 0
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a

ε ε
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where ( E     −     E  fb ) is the potential relative to the fl atband potential  E  fb ,   ε   r  is the relative 
permittivity of the material, and  N  a  is the acceptor density. Figure  1.39  illustrates 
the application of this method to estimate the doping density in p - type Cu 2 ZnSnS 4  
samples. The required   α   values as a function of photon energy were taken from 
work by Tanaka  et al .    [149] , and the fl atband potential was estimated from the 
photocurrent onset (cf. Figure  1.1 ). The acceptor density obtained from the plot is 
3    ×    10 16    cm  − 3 , a value similar to those reported in the literature for CZTS fi lms 
prepared by various routes  [149, 150] .    

   1.3.5 
Electrolyte Electrorefl ectance/Absorbance:  EER/EEA  

 The technique of EER (or electrolyte electroabsorbance (EEA) in the case of thin 
fi lms) is a powerful way of determining bandgaps and also of assessing composi-
tional and structural defects. The method is based on perturbing the optical prop-
erties of a semiconductor by application of an electric fi eld  [151, 152] . The method 
involves applying an AC modulation to the applied potential when the sample is 
the working electrode held in depletion conditions in an electrochemical cell to 

     Figure 1.39     Plot used to estimate  W , the width of the space charge region, and hence the 
acceptor density for two Cu 2 ZnSnS 4  layers with different Cu/(Zn    +    Sn) ratios.  
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generate a fi eld in the space charge region. The synchronous modulation of the 
refl ectance or transmittance of the sample is detected using a lock - in amplifi er  [5] . 
The changes in refl ectance (or transmittance) of the sample brought about by this 
perturbation generally give rise to sharp third - derivative structures located at criti-
cal points in the joint density of states function. A detailed theoretical treatment 
is outside the scope of this chapter    –    the interested reader is referred to reviews by 
Aspnes  [151, 152] . For the present purposes, the most important critical point is 
located at the bandgap energy. 

 The dependences of EER and EEA spectra on photon energy,  E , are generally 
fi tted to a generalized third - derivative fi t function given by Aspnes:

   
∆ ∆R

R

T

T
C E E or Re ei ig= − +[ ( )]θ G     (1.27)  

where  C ,   θ   and   Γ   are amplitude, phase, and broadening parameters, respectively, 
and  m  is a half - integer value that depends on the type of optical transition. 

 Fitting EER/EEA spectra not only gives precise values of the bandgap but also 
provides information about the quality of samples. A large value of the broadening 
parameter   Γ   can point towards structural or compositional disorder in the sample. 
An example of the effects of crystallinity on EEA spectra is shown in Figure  1.40 . 
The broad spectrum measured for the air - annealed CBD CdS fi lm on FTO is 
consistent with the fact that the fi lm is made up of nanocrystallites with sizes of 
the order of 10   nm  [142] . When the fi lm is recrystallized by heating with CdCl 2 , 
the spectrum becomes much sharper and the bandgap moves to higher energies. 
This is consistent with a color change from orange to yellow. In fact in the example 
shown, the value of   Γ   for the recrystallized fi lm is actually smaller than the spectral 
resolution of the monochromator. The EEA spectra show clearly that the recrystal-
lization produces material of high quality.   

     Figure 1.40     Comparison of EEA spectra for air - annealed CdS fi lm on FTO and CdCl 2  - annealed 
CdS fi lm showing the effect of recrystallization on the broadening parameter.  
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 The fi tting of EEA spectra is illustrated in Figure  1.41  for the case of a CdCl 2  -
 annealed CdS fi lm. The fi gure shows that the more complex line shape can be 
fi tted to two transitions at 2.465 and 2.600   eV. Figure  1.42  shows a similar fi t of 
the EER spectrum of a CIS layer, in this case for three optical transitions.   

 The determination of bandgaps by EER or EEA is illustrated in Figure  1.43 , 
which contrasts the EER spectra measured for ED and SP CIS samples (the spec-
trum for the sputtered layer is more noisy since the fi lm is rough, scattering a 
considerable faction of the incident light). The fi t for the electrodeposited sample 
gives a bandgap of 0.99   eV and a broadening parameter of 65   meV. This contrasts 
with the fi t for the sputtered layer, which gives  E  g     =    1.00   eV and   Γ      =    80   meV. 

     Figure 1.41     Fit of the EEA spectrum of CdCl 2  - annealed CdS layer on FTO glass to two 
transitions with the bandgap and broadening parameters shown.  

     Figure 1.42     Fit of the EER spectrum of an annealed electrodeposited CuInSe 2  fi lm.  
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Shirakata  et al .  [153]  have reported EER spectra for single - crystal CIS, and their 
work indicates that the bandgap depends on the Cu/In ratio in the material, so 
the difference in  E  g  values between the ED and SP samples may be signifi cant.   

 EEA has also been used to follow type conversion in electrodeposited CdTe 
layers  [147] . The change from n - type to p - type is evident in Figure  1.44  as an inver-
sion in the peaks located at the bandgap energy, and a more detailed analysis 
has shown that the bandgap of the CdTe decreases slightly as a consequence of 
diffusion of sulfur into the CdTe from the CdS layer to form CdTe 1 −    x  S  x  , where 
 x     =    0.05 – 0.07.   

     Figure 1.43     EER spectra of electrodeposited (ED) and sputtered (SP) CIS fi lms.  

     Figure 1.44     EEA spectra of as - deposited and air - annealed CdTe layers on CdS/FTO 
substrates. The inversion in the peaks is due to conversion of the CdTe from n - type to p - type 
during annealing.  
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 EEA measurements on ultra - thin (50   nm) CdTe layers of electrodeposited 
CdTe on CdS/FTO show a well - defi ned response from the CdS layer as well as 
the CdTe  [147] , as shown in Figure  1.45 . In this case the CdS response is retained 
after air annealing, indicating that the electric fi eld penetrates into the CdS. This 
contrasts with the lack of response seen when thicker CdTe fi lms are grown on 
top of the CdS and air annealed. This suggests that a very thin CdTe fi lm does 
not supply suffi cient Te to diffuse into the CdS during annealing to make it 
photoinactive.     

   1.4 
Conclusions 

 This chapter aims to illustrate the considerable potential of electrochemistry as a 
tool that can be used for the preparation and characterization of materials for 
thin - fi lm solar cells. Electrochemical methods are not as well established in semi-
conductor science as they could be. Compared with the industrial importance of 
electrodeposition of metals for magnetic storage devices and device contacts, the 
electrodeposition of semiconductors and semiconductor precursors is still under-
developed. However, the range of relatively sophisticated experimental techniques 
available to the electrochemist provides a sound basis for further progress. The 
authors believe that the next few years could see electrochemistry taking a more 
central position as an enabling technology that will impact on large - scale deploy-
ment of photovoltaics as a response to the looming challenges posed by global 
climate change. The search for new and sustainable materials and fabrication 
technologies is particularly relevant in this context, and the authors hope that this 

     Figure 1.45     EEA spectra of 50   nm CdTe layer 
on 80   nm CdS fi lm showing effect of air 
annealing. The structure in the 2.0 – 2.4   eV 
range arises from the CdS layer. The lower 

energy structure is from the CdTe. Note the 
inversion of both regions brought about by 
type conversion.  



 References  55

chapter will stimulate speculation about further applications of electrochemistry 
to address real - world problems.  
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Tailoring of Interfaces for the Photoelectrochemical 
Conversion of Solar Energy  
  Hans Joachim     Lewerenz        

    2.1 
Introduction 

 In the search for terrestrially applicable carbon - neutral energy sources, photo-
electrochemical systems exhibit several advantageous features: examples are the 
facilitated junction formation at the electrolyte interface, the scalability typically 
achieved by self - organized processes at the solid – liquid boundary  [1, 2] , low -
 temperature processing, and the  in situ  preparation and optimization of specifi c 
interface conditions  [3, 4] . In addition, photoelectrochemical solar cells can 
operate in the photovoltaic  [5 – 9]  as well as in the photoelectrocatalytic  [10 – 14]  
mode. The latter is of particular importance because global energy consumption 
is clearly dominated by the use of fuels compared to electricity  [15] . Due to stabil-
ity issues when operating a solar cell at a reactive phase boundary, such as a 
semiconductor – electrolyte contact, photovoltaic electrochemical solar cells have 
technologically not been realized despite the existence of systems that have dem-
onstrated extended stability under operation  [4, 7] . As limited  thermodynamic  sta-
bility is also a factor for solar fuel generating devices, a general strategy is needed 
for the future implementation of photoelectrochemical solar energy conversion 
systems. 

 At the present stage of the fi eld, a multifaceted approach appears mandatory 
which focuses on fundamental research regarding charge and excitation energy 
transfer  [16 – 18] , materials development, particularly in conjunction with the devel-
opments in nanoscience  [19 – 23] , and control of interface behavior  [24 – 26] . This 
latter aspect will be the focus of the present chapter. 

 Besides the investigation of fundamental properties of the solid – liquid interface, 
the situation with a rapidly deteriorating atmospheric situation  [27]  also demands 
the use of  rational screening  methods for the identifi cation and examination of 
novel photoactive materials, material combinations, and composites  [28 – 30] . It is 
obvious that a large - scale and international research and development effort is 
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needed and fi rst programs have been inaugurated 1)  ,  2) . It is worth emphasizing that 
selection criteria regarding materials and systems should be considered carefully, 
in particular regarding cost arguments. As long as energy supply is subjected to 
the global market economy and rather deregulated fi nancial instruments, systems 
could be realized that promise the largest monetary gain, being thus rather inde-
pendent of the original costs of the respective devices. It is therefore important to 
explore the catalog of options and to  not  prematurely exclude materials, processes, 
and structures. In addition, the development of specifi c architectures, for instance 
in the light - harvesting process, might allow the use of scarce materials if only 
traces are needed for operation. A further aspect is to create mechanisms for the 
recycling of more expensive materials, as has been successful in photography 
where silver is routinely recovered.  

   2.2 
Operation Principles of Photoelectrochemical Devices 

   2.2.1 
Currents, Excess Carrier Profi les, and Quasi - Fermi Levels 

   2.2.1.1    Dark Current and Photocurrent 
 The semiconductor – redox electrolyte contact is characterized by the equilibration 
of the semiconductor Fermi level with the redox energy of the solution  [31]  
and forms a rectifying contact  [32] . The dark current – voltage behavior closely 
follows that of a solid - state diode (Schottky or p – n junction). In solid - state physics, 
the reverse saturation current  j  0  differs between a Schottky diode where thermal 
emission of electrons is described by the effective Richardson constant  [33]  
and the p – n junction where the well - known Shockley relation holds  [34] . In 
(photo)electrochemistry, the current  j  0  is determined by the Marcus – Gerischer 
distribution of the density of states of the oxidized and reduced species in solu-
tion  [35, 36] , the reorganization energy  [37] , the surface concentration of electrons 
(holes), as well as the concentration of oxidized (reduced) redox species and a 
factor that contains the transmission coeffi cient for outer sphere charge transfer 
 [38] . Figure  2.1  shows an energy band schematic of a semiconductor – electrolyte 
junction in equilibrium and for a cathodic applied voltage. The resulting fl at-
tening of the conduction/valence band of the n - type semiconductor increases 
exponentially the electron concentration at the surface (within the limits of 
the Boltzmann approximation  [39] ) and the dark current – voltage behavior is 
expressed by

   j j eV kT
D e= −0 1( )/     (2.1)  

    1)     A large program:  Energy Frontier Research 

Centers  has been introduced in the USA 
with topical programs on solar fuels and 
photovoltaics.  

  2)     A new funding agency,  Advanced Research 

Projects Agency - Energy  (ARPA - E) has been 
founded in the USA.  
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where  V  is the applied voltage and
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 Here   λ   is the reorganization energy,  c  R,O  is the concentration of oxidized/reduced 
redox species,  n  s     =     n  s ( V  ) is the surface concentration of electrons upon forward 
biasing of the semiconductor,   ν   is a frequency factor and  E  CB,VB  and  E  R,O  are the 
energies of the valence/conduction band and of the redox couple, respectively. In 
the case of illumination with light for which the photon energy exceeds the 
bandgap of the absorber ( h ν      >     E  g ), a current of opposite sign with respect to the 
dark current fl ows as indicated in Figure  2.2 . In the most simple approximation, 
the light - induced current  j  L  can be expressed by the number of absorbed photons 
multiplied by the elementary charge (internal quantum yield 1):  j  L     =     en  Ph (1    −     R ).   

 An expression where the current depends on materials parameters such as 
absorption, doping, and minority carrier diffusion length can be derived by con-
sidering the light - induced currents that originate from the semiconductor deple-
tion region (drift current) and from the neutral region (diffusion current)  [40] . An 
analytical expression is obtained by integrating the excess carrier generation rate 

     Figure 2.1     Energy band schematic for an 
n - type semiconductor – redox electrolyte 
junction. Dotted lines indicate conduction 
and valence band for the situation of 
equilibration of semiconductor Fermi level  E  F  
and solution redox energy  E  R,O ; solid lines 
indicate the semiconductor bands when a 
cathodic potential  V  is applied, resulting in a 

fl attening of the band bending and an 
exponentially increased surface concentration 
of electrons,  n  s ;  E  CB,VB , conduction and 
valence band in contact;  E  CB,VB ( V ), bands for 
applied voltage  V ;  D  OX ,  D  RED , density of states 
of the oxidized and reduced redox species; 
HHL, outer Helmholtz layer;  E  G , 
semiconductor energy gap.  
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     Figure 2.2     Energy band schematic for an illuminated n - type semiconductor under short 
circuit condition for example, operating at the maximum contact potential difference between 
semiconductor and redox electrolyte;  j  L , light - induced current (see text).  

in the space charge layer and by using the continuity equation with a diffusion 
term, carrier generation, and bulk recombination for the calculation of the diffu-
sion current. With appropriate boundary conditions (  j     =    0 at  x     =     W ; see Figure 
 2.3 ), one obtains the total light - induced current with a superimposed thermal 
generation current (see Figure  2.3 ; Equation  2.5 ). The drift current is given by

   j eI W
dr e= − −

0 1( )α     (2.3)  

and the diffusion term yields

   j eI
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 The total current, including the thermally generated part becomes
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and a corresponding profi le is shown also in Figure  2.3 . As the model assumes 
instantaneous carrier transport for excitation in the depletion layer, the excess 
carrier profi le is zero between the surface and  z     =     W . The slope of  ∆  p ( W  ) is a 
measure of the current from the diffusion region (see Equation  2.8 ). It should be 
noted that this model does not contain terms that describe surface recombination 
processes at the front and back contact or, for instance, carrier accumulation at 
the surface due to a slow charge transfer rate and simultaneously low surface 
recombination. Such features have been later included in attempts to describe 
spectral photocurrents at the semiconductor – electrolyte contact  [41 – 44] .  
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     Figure 2.3     Absorption profi le  I ( x ), band 
bending, excess carrier concentration profi le, 
and current contributions according to the 
model of G ä rtner for monochromatic light 
with absorption coeffi cient   α  ( x );  I  0 , intensity 
of the impinging light;  L  p , minority carrier 
diffusion length;  W , depletion layer width; 

 p  * ( x ), minority carrier concentration in the 
illuminated semiconductor;  p  0 , dark 
concentration of minority carriers (holes) in 
the n - type semiconductor;  D  Ox ,  D  Red , density 
of states for the oxidized and reduced redox 
species, respectively.  

   2.2.1.2    Excess Minority Carrier Profi les 
 In the following, an approach is used that has been developed for the quantitative 
description of combined stationary excess microwave conductivity experiments 
and photocurrent spectroscopy  [45] . The model uses analytical expressions for the 
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photocurrent and the stationary excess microwave conductivity which are obtained 
by integrating the transport equations for the diffusion region and the space 
charge layer. Here, the focus is on the photocurrent only. 

 In the  diffusion region , the general statement for the continuity equation in the 
stationary case d p  * ( x )/d t     =    0 is

   α αP
D

L
p x p

q

kT
D E

p x

x
D

p x

x
x h

p x p0 0

2

2
0e

d

d

d
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where the terms describe carrier generation, recombination, drift due to the small 
electric fi eld  E x   during current fl ow, and diffusion, respectively. In Equation  2.6 , 
the photon fl ux  P  0  has been used instead of the light intensity  I  0 . They are related 
via  P  0     =     I  0 / qh ν  . In the diffusion region, the solution for the excess carrier concen-
tration  ∆  p ( x )    =     p  * ( x )    −     p  0  becomes
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 In the expression for the excess carrier concentration at the boundary to the space 
charge layer,  ∆  p ( W  ), the recombination velocity at the back contact,  S  rb , is contained 
(see equations A8, A9 in  [45] .). The terms  C ,  C  ′ ,  D ,  D  ′  and the prefactor  A  *  contain 
expressions that are independent of the variable  x . They are given in Appendix 
 2.A . Figure  2.4  shows examples of excess minority carrier profi les for a back contact 
recombination velocity  S  rb  of 10 7    cm   s  − 1  which is in the range of the thermal velocity 
 [46]  for a set of minority carrier diffusion lengths that range from poor bulk mate-

     Figure 2.4     Light - induced excess minority carrier profi les for different diffusion lengths of n - Si; 
 ∆  p ( W )    =    10 11    cm  − 3 ;  P  0     =    6.25    ×    10 15    cm  − 2    s  − 1 ;   α      =    780   cm  − 1 ;  D  p     =    11.65   cm 2    s  − 1 ;  d     =    500    µ m;  E x      =    0; 
 S  rb     =    10 7    cm   s  − 1 ; solid line,  L  p     =    500    µ m; dashed line,  L  p     =    100    µ m; dotted line,  L  p     =    20    µ m.  
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rial properties ( L  p     =    20    µ m) to high - quality material where  L  p  reaches 500    µ m. The 
excess carrier concentration at the boundary to the space charge layer,  x     =     W , is 
typical for monochromatic irradiation  [47] . As can be seen, for small diffusion 
length, for example reduced bulk lifetime, the profi le exhibits a maximum near to 
the depletion layer boundary and  ∆  p ( x ) at this maximum is about twice as large 
as its value at  x     =     W . The profi le decreases rapidly over a short distance and excess 
carriers from regions beyond 100    µ m depth do not contribute to the current from 
the neutral region. For  L  p     =    100    µ m, the maximum of the distribution shifts to 
larger  x  values, peaking at about 30    µ m with subsequent exponential decrease. For 
the case where  L  p  equals the material thickness, bulk recombination does not 
contribute to the profi le and  ∆  p ( x ) shows a linear decrease towards the back contact 
after having reached its maximum which is again shifted slightly towards higher 
 x  compared to the cases of  L  p     =    20 and 100    µ m. The current in the space charge 
region is given by the superposition of the drift part and the diffusion component 
if current values similar to that of the drift component are reached:

   j x q p x
q

kT
D E qD

p x

x
p x pL

d

d
( ) ( )

( )= −∆ ∆
    (2.8)     

 Here, the Einstein relation between mobility and diffusion coeffi cient has been 
used. The increase of the slope of  ∆  p  at  x     =     W  for larger  L  p  shows that a larger 
diffusion current enters the space charge region (for the calculation,  E x      =    0 is 
assumed). It should be noted that the excess microwave refl ectivity signal  M  w  is 
proportional to the spatial integral of the carrier profi le  [48] . The combination of 
photocurrent and  M  w  allows, for instance, the separate assessment of the charge 
transfer and surface recombination rate. This can be used to analyze the photo-
electrochemical behavior of semiconductors with well - known solid - state proper-
ties, such as silicon  [49] , and will be presented in Section  2.2.4 . In the situation 
shown in Figure  2.4  for  L  p     =    20    µ m, the small integral excess carrier profi le and 
the small slope of  ∆  p ( x ) at  x     =     W  (small current) show that, in this condition, the 
recombination processes dominate. 

 In Figure  2.5 , the infl uence of the diffusion length on the charge collection 
effi ciency, defi ned as current per number of photons  Q   c     =     j  L ( W  )/ qP  0 , is plotted for 
three values of the excess minority concentration at  x     =     W . For  ∆  p     =    0, which is 
the situation for the G ä rtner model,  Q   c  reaches the largest values, and with 
increasing  ∆  p ( W  ) the collection effi ciency decreases. This is related to the reduced 
slope of  ∆  p ( x ) at the space charge layer boundary  x     =     W  for larger values of  ∆  p ( W  ). 
The decrease of  Q   c  with decreasing diffusion length shows the infl uence of bulk 
recombination.   

 In the  space charge region , the excess carrier profi le is determined from the 
transport equation (cf. Equation  2.8 ), the hole current entering the space charge 
region at  x     =     W ,  j  L ( W  ), and the excess carrier generation rate integrated over the 
space charge region:
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 Using the Poisson equation for expressing  E x      =     f  ( x ) in the depletion approxima-
tion gives

   E
kT

qL
W xx = − −

d
2

( )     (2.10)  

where  L  d  denotes the Debye length. Inserting Equation  2.10  into Equation  2.9  
yields a differential equation for the excess carrier concentration  ∆  p ( x ) (e.g., see 
equation 42 in  [45] ). Assuming that (i) a notable space charge region exists with 
 W     ≥    2 L  d  ( V     ≥    0.05   V), (ii) signifi cant excitation in the diffusion region occurs 
(  α L  d     ≤    1), and (iii) a large diffusion length allows for current fl ow into the space 
charge region ( L  p     >>     L  d ), a somewhat shortened expression for  ∆  p ( x ) is obtained 
that depends on the excess carrier concentration at the surface,  ∆  p (0):

   ∆ ∆p x p kas u s s( ) [ ( ) ( ) ( )]( )= + − + +− − − ′ − + ′e e e e e
2 2 2 2 2

0 1 1β β     (2.11)   

 The defi nitions for  s ,  u ,   β   ′ ,  k , and  a  are given in Appendix  2.B . In the term  ∆  p (0), 
the surface recombination velocity  S  r  and the charge transfer rate  k  r  are contained 
(see Appendix  2.C ), thus allowing one to calculate the excess carrier profi le and 
the photocurrent as functions of the kinetic surface parameters  S  r  and  k  r . An 
example is given in Figure  2.6  where the infl uence of the diffusion voltage in 
the space charge region on the spatial profi le of the excess minority carrier con-
centration is shown. It has been assumed in the calculation that the sum of  k  r  and 
 S  r  is 10 2    cm   s  − 1 . As surface recombination velocities and charge transfer rates can 
exceed values of 10 6    cm   s  − 1 , this situation corresponds to a slow transfer rate with 

     Figure 2.5     Charge collection effi ciency  Q  c  as 
a function of the minority carrier diffusion 
length for three excess carrier concentrations 
at the space charge layer boundary; full line, 

 ∆  p ( W )    =    0; dashed line,  ∆  p ( W )    =    5    ×    10 11    cm  − 3 ; 
dotted line,  ∆  p ( W )    =    10 12    cm  − 3 ; other 
parameters (except  d ) as for Figure  2.4 .  
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small surface recombination resulting in a considerable increase of the excess 
carrier concentration at the surface, as can be seen in Figure  2.6 . In a linear plot 
of  ∆  p ( x ), not shown here, it can be seen that the slope of the carrier profi le at 
 x     =     W  becomes independent of the respective concentration  ∆  p (0) at the surface 
if the voltage drop in the space charge layer is large enough (here, larger than 
about 0.1   V).    

   2.2.1.3    Quasi - Fermi Levels 
 Fermi levels in solids and redox energies in electrolytes represent electrochemical 
potentials given by the chemical potential   µ  i   and a term that describes the Galvani 
potential   ϕ   related to the charge of the considered particles (electrons)  [50, 51] :

   �µ µ ϕi i ie= +     (2.12)  

with

   µi ikT c= ln 0     (2.13)   

 In semiconductors, the Fermi level is given by the conduction or valence band 
edge,  E  CB  or  E  VB , respectively, and by the effective density of states at the band 
edge,  N  CB  or  N  VB , in relation to the carrier concentration in the bands,  n  and  p :

   E E kT
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E E kT
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VB= − = −ln ; ln     (2.14)   

     Figure 2.6     Spatial dependence of excess 
carrier concentration  ∆  p ( x ) for different 
diffusion voltages in the space charge region 
and for low excess carrier consumption at 
the surface ( x     =    0), expressed by 

 k  r     +     S  r     =    100   cm   s  − 1 ; full line, 0.1   V; dashed 
line, 0.2   V; dotted line, 0.5   V; arrows indicate 
the extension of the space charge region; 
parameters as in Figures  2.4  and  2.5 .  
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 For stationary illumination and suffi ciently long lifetimes (or diffusion lengths) of 
the photogenerated electrons and holes, excess minority and majority carriers exist 
that are stationary at the respective band edges in addition to the concentration 
values without illumination. This change in the total concentration of carriers 
alters the energy of the system (cf. Equation  2.13 ) and can be viewed as a new 
quasi - equilibrium situation. Attempts have been made to describe the situation in 
the terminology of the equilibrium between the carrier concentrations  n  and  p  in 
the dark and the Fermi level  [52] :
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 The analogous expression for illuminated semiconductors is obtained by substitut-
ing  n     →     n  * ( x )    =     n     +     ∆  n ( x ),  p     →     p  * ( x )    =     p     +     ∆  p ( x ), and   E E xF n F

*→ ( ),   p F
*E x( ), yield-

ing expressions for the quasi - Fermi levels of electrons and holes in illuminated 
semiconductors:

   n x N
E E x

kT
*( ) exp

( )= − −



CB

CB n F
*

    (2.17)  
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( )
= −

−
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p F
*

VB     (2.18)   

 The change of the energy of the system can be expressed by the change in the 
dark Fermi level:

   n F
*

F FE x E kT
n x

n
E kT

n x

n
( ) ln

( )
ln

( )*

= + = + +

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∆
    (2.19)  
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    (2.20)   

 For an n - type semiconductor, as considered above, the effect of illumination 
within the low injection limit  [53]  differs substantially between majority carriers 
and minority carriers. The mass action law in semiconductors, i.e.,   n p n× = i

2, 
where  n  i  is the intrinsic carrier concentration ( n  i     =    1.45    ×    10 10    cm  −   3  at 300   K for Si), 
yields a minority carrier concentration of  p     =    2.1    ×    10 5    cm  − 3  for a typical bulk 
doping level of  n     =    10 15    cm  − 3  for Si. With excess carrier concentrations in the range 
 ∆  n     =     ∆  p     ≈    10 13  − 10 14    cm  − 3  (cf. Figure  2.6 ), the relative change in concentration is 
large for the minority carriers, resulting in a pronounced deviation of the respec-
tive quasi - Fermi level from its energetic position without illumination. An example 
is given in Figure  2.7 , where the spatial dependence of the quasi - Fermi levels for 
electrons and holes in an n - type semiconductor is shown. An increase of the 
minority carrier concentration from a bulk value of 10 5  to 10 13    cm  − 3  under illumina-
tion results in a position of the quasi - Fermi level for holes 0.47   eV below the value 
in the dark, whereas the majority carrier quasi - Fermi level is shifted energetically 
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upwards by 0.3   meV. Therefore, the change in   n F
*E x( ) has been exaggerated for 

better visibility.   
 The spatial behavior shown in Figure  2.7  differs from that of the profi le shown 

in Figure  2.6 , for instance. In Figure  2.6 , a minority carrier diffusion length has 
been assumed ( L  p     =    500    µ m) that equals the thickness of the absorber. Also, the 
absorption length is 13    µ m. This allows the investigation of the photocurrents, 
microwave signals in high - quality Si samples  [54] . In Figure  2.7 , however, a situ-
ation is displayed where the sum of absorption length and minority diffusion 
length is smaller than the absorber thickness. Such a situation with low diffusion 
length and an absorption profi le closer to the surface is typical for highly absorbing 
compound semiconductors such as the III – V compounds InP, GaAs, and some 
of their alloys, II – VI compounds (CdTe), and ternary and quaternary chalcopyrites 
such as CuInSe 2 , CuInS 2 , and CuIn  x  Ga 1 −    x  Se 2 . The upward curving of the hole 
quasi - Fermi level near the surface indicates a loss of stationary excess minority 
carriers due to surface recombination. Analogously, the quasi - Fermi level of the 
majority electrons is curved downwards. The attainable photovoltage is given by 
the difference in the quasi - Fermi levels at the surface.   

   2.2.2 
Photovoltages and Stability Criteria 

 Based on (quasi - )thermodynamic considerations, it can be shown that the separa-
tion of the quasi - Fermi levels at the surface yields the maximum attainable 

     Figure 2.7     Schematic representation of the 
quasi Fermi levels of an illuminated n - type 
semiconductor with high absorption and low 
minority carrier diffusion length;   α    − 1  denotes 
the absorption length; after 3  α    − 1 , the light 
intensity at the surface,  I  0 , is reduced to 

0.05 I  0 ; the excess carrier profi le  ∆  p ( x ) is 
shifted towards the interior of the 
semiconductor by the diffusion length and 
therefore differs from the generation profi le 
( G     =      α I  0    exp( −   α x )).  
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photovoltage of the system  [55]  because it is related to the free energy difference 
 ∆  F  with  F     =     U     −     TS :

   n F
*

p F
*

Ph
maxE E eV( ) ( )0 0− =     (2.21)   

 Figure  2.7  shows the energy scheme for an n - type semiconductor close to the 
fl atband situation, that is, at open circuit. The curvature of the quasi - Fermi levels 
towards the surface ( x     =    0) indicates surface recombination that results in a 
reduced excess carrier concentration. Accordingly, the attainable photovoltage is 
reduced. Due to the surface recombination, the energy bands show a remnant 
band curving because majority electrons can recombine with minority excess holes 
inhibiting complete fl attening of the bands. For higher illumination levels, surface 
recombination channels may be fi lled and the residual band bending can then be 
smaller. Without surface recombination, the photovoltage is defi ned by the excess 
carrier lifetime, and the curvature towards the surface (energetically upwards for 
  p F

*E ( )0  and downwards for   n F
*E ( )0 ) is then absent. It should also be noted that the 

considerations so far have been made for monochromatic light. For solar irradia-
tion, multichromic quasi - Fermi levels are obtained from the calculation of the 
spatial dependence of the total excess carrier concentration 3) . 

 The reactive semiconductor – electrolyte interface makes stability a major issue in 
photoelectrochemical solar energy conversion devices, and aspects of thermody-
namic and kinetic stability are briefl y reviewed here. Thermodynamic stability con-
siderations are based on so - called decomposition levels  [56, 57]  that are determined 
by combining the decomposition reaction with the redox reaction of the reversible 
hydrogen reference electrode. The anodic and cathodic decomposition reactions 
of a compound semiconductor MX can be written for aqueous solutions as

   MX h aq M Xaq+ + → ++ +z z     (2.22)  

   MX e aq M Xaq+ + → +− −z z     (2.22a)   

 As an example, the light - induced anodic decomposition of CdS is discussed 
here which results in the formation of a passivating sulfur fi lm according to 
  CdS h Cd Saq+ → ++ +2 2 0( )hν . In the derivation of the decomposition potentials, the 
hydrogen electrode serves as source or sink of electrons according to

   z z
z

H e Haq
+ −+ ⇔

2
2     (2.23)   

 Combining Equations  2.22  and  2.22a  with Equation  2.23  yields

   MX H M X Haq aq+ ⇔ + ++ +z
zz

2
2     (2.23a)  

for the anodic decomposition and

   MX H aq M X Haq aq+ + ⇔ + +− +z z z

2
2     (2.23b)  

  3)     The calculation involves integration over the single wavelength profi les including diffusion and 
drift.  
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for the cathodic reaction. With the knowledge of the Gibbs reaction enthalpy  ∆  G  ° , 
one can calculate the standard decomposition potentials in relation to the electro-
chemical potential scale:

   
∆ ∆G

zF
E

G

zF
E

° = − ° =p dec n dec;     (2.24)  

where  p  E  dec  and  n  E  dec  are the anodic and cathodic decomposition energies, respec-
tively. Thermodynamic stability against photocorrosion is described within this 
concept by the relative energetic positions of the quasi - Fermi levels at the surface 
and the respective decomposition levels as shown in Figure  2.8 . For a p - type semi-
conductor, the minority carrier quasi - Fermi level has been chosen such that its 
value at the surface,   n F

*E ( )0 , is energetically located below the cathodic decomposi-
tion energy  n  E  dec . This indicates thermodynamic stability for the given illumination 
level (light intensity) and surface recombination. Accordingly, a stable situation 
has been depicted for the n - type semiconductor and the stability criteria are given 
by   n F

*
n decE E( )0 <  for cathodic stability and by   p F

*
p decE x E( )= >0  for anodic stability. 

Two examples (for TiO 2  and GaAs) are shown in Figure  2.9  where the decomposi-
tion levels have been determined from the reactions

   TiO HCl TiCl O H  anodic2 4 2 24 2+ → + + ( )     (2.25a)  

   TiO H Ti H O cathodic2 2 22 2+ → + ( )     (2.25b)  

and

   GaAs H O Ga OH H AsO H anodic+ → + +6 32 3 3 3 2( ) ( )     (2.25c)  

   GaAs H Ga AsH cathodic+ → +3

2
2 3 ( )     (2.25d)     

 Also shown in Figure  2.9  are the thermodynamic potentials for water dissociation 
at a pH of 7. From the position of the conduction and valence band of titania rela-
tive to the cathodic and anodic decomposition of water, water splitting under 

     Figure 2.8     Energy band schematic for 
stability assessment of illuminated p - type 
(left) and n - type (right) semiconductors; the 
energetic positions of the minority carrier 

quasi - Fermi levels at the surface and that of 
the cathodic and anodic decomposition 
levels are shown (see text).  
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illumination should be thermodynamically possible if the quasi - Fermi levels 
supersede the respective levels in solution. The overpotentials   η  , associated 
with the hydrogen and oxygen evolution reactions, result in an upward and down-
ward shift of the solution levels, respectively, as indicated in the fi gure by the 
dotted levels. 

 The kinetics of the decomposition reactions such as Equations  2.25a – d  involve 
individual reaction steps. For an anodic decomposition, for example, the individual 
decomposition levels are considered for the fi rst two partial reactions:

   MX h aq M Xad aq ad+ + → ++ +( ) ,hν     (2.26)  

   M h Mad aq aq, ( )+ + ++ →hν 2     (2.26a)  

   X X Xad ad+ → 2     (2.26b)  

where M ad  and X ad  denote species that are adsorbed at the surface. The reaction 
scheme corresponds basically to the oxidation reactions of ZnO or TiO 2  where 
gases are evolved. Assuming that the fi rst reaction is characterized by an activation 
barrier that brings its decomposition energy  p  E  dec (a) close to the valence band edge, 
the dissolution reaction cannot proceed for the quasi - Fermi level of holes as shown 
in Figure  2.10  because   p F

*
p dec aE E( ) ( )0 > , although, when considering the overall 

reaction (see  p  E  dec  in Figure  2.10 ), the semiconductor would be unstable with 
  p F

*
p decE E( )0 < . In this way, the rate - determining step of the dissolution reaction 

 (2.26)  can infl uence the overall stability.   
 Several approaches for the realization of stable photoelectrochemical systems 

have been introduced. A schematic overview is given in Figure  2.11 . One distin-
guishes between chemical stabilization  [58 – 62]  (Figure  2.11 a), the use of specifi c 

     Figure 2.9     Examples for thermodynamic decomposition energies of TiO 2  and GaAs; note that 
both semiconductors are anodically unstable but TiO 2  is cathodically stable (see text).  
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band structure properties  [63 – 65]  (Figure  2.11 b), kinetic stabilization  [66 – 68]  
(Figure  2.11 c), and physical stabilization  [30, 69 – 73]  (Figure  2.11 d). As Figure 
 2.11 a shows, the principle of chemical stabilization relies on the formation of 
dangling bond - terminating surfaces; here an example is shown for the methyla-
tion of a Si(111) surface  [59] . Other approaches include the H - termination of this 
surface  [58, 60, 61]  and the Se - termination of GaAs(100)  [62] . Because even the 
best - prepared surfaces are characterized by an at least small number of atomic 
steps, edge atoms will exist that can be terminated differently. The hitherto best 
H - terminated Si(111) surfaces which exhibit an interface state density of 
10 10    cm  − 2    eV  − 1   [74]  show a residual coverage of some Si surface atoms with OH and 
F  [75] . Therefore, chemically passivated surfaces are susceptible to attack by water 
or other solution species, particularly under operation in solar devices when cur-
rents fl ow, which can result in oxide formation or semiconductor dissolution  [76] . 
Figure  2.11 b shows electron energy plotted versus  density of states  ( DOS ) for a 
group VIb transition metal dichalcogenide such as MoS 2  or WSe 2 . The stability of 
these compounds has been attributed to the thermalization of photoexcited charge 
carriers to band edges that exhibit rather pure metal d - band character  [63] . There-
fore, the bonding between the metal and the chalcogenide is not affected and as 
a result these materials show surprising stability as photoelectrodes  [64, 65] . The 
electrodes mostly used, however, are compounds such as MoS 2 , MoSe 2 , and WSe 2  
 [77, 78] . They are indirect - gap semiconductors with the top of the valence band at 
 Γ ( k     =    0) and the bottom of the conduction band approximately in the middle 
between  Γ  and K in the reduced zone scheme  [79] . The predominant absorption 
features in these compounds are the A and B excitons, energetically located near 
the optical absorption edge. These excitons can be assigned to transitions at the 
K - point with K 1  and K 4  as initial states and K 5  as fi nal state. These transitions are 
different from d – d transitions, allowed, but show a dependence on the polarization 

     Figure 2.10     Energy scheme for individual 
steps, labeled (a) and (b), in the 
photocorrosion of an n - type compound 
semiconductor; the hole quasi - Fermi level 

  p F
*E ( )0  at the surface is chosen such that it is 

energetically located between the overall 
decomposition energy and that of the fi rst 
reaction step (see Equation  2.26 ).  
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     Figure 2.11     Strategies for stabilization of 
photoelectrodes against corrosion. (a) 
Chemical stabilization. (b) Stabilization by 
specifi c properties of the band structure as 
for group VIb transition metal 
dichalcogenides; the fi ve metal d - band 
contributions, the indirect gap, and the direct 
excitonic gap are shown; also indicated is the 
thermalization process from the highly 
absorbing excitonic states to the indirect 
band edges. (c) Kinetic stabilization via 
reaction rate relations: (1) redox reaction of 

light - induced holes with the reduced part of 
the redox couple; (2) anodic and cathodic 
(2a) decomposition reaction; (3) back 
reaction of conduction band electrons with 
the redox couple; (4) surface recombination; 
(5) reaction with redox couple via surface 
states. (d) Physical passivation by an 
ultrathin fi lm that can be tunneled through 
by the light - induced excess carriers; TF, 
tunneling fi lm; I  z    +  , solvated ion in electrolyte 
(charge  z  + ); an outer sphere charge transfer 
is indicated.  

(a) (c)

(b)

(d)
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state of the light  [80] . The A and B excitons correspond to the smallest direct gap 
in these materials, located in  k  - space at the K - point. As the indirect gap is smaller, 
the excess carriers will eventually relax to the top of the valence band and to the 
bottom of the conduction band. The   Γ4

− state at the top of the valence band, 
however, is rather an antibonding state between metal   d

z2 and chalcogen p  z   orbitals 
(with an approximately 40% contribution from chalcogen orbitals) instead of the 
earlier assumed nonbonding state. Due to the large covalent interaction between 
these orbitals, the corresponding bonding state is located at about 5   eV below the 
top of the valence band and cannot contribute in the usual photoelectrochemical 
processes. This explains the unusual stability of these materials as photoanodes 
in photoelectrochemical solar cells  [81] . As the conduction band state K 5  has almost 
exclusive metal d - character, cathodic photocorrosion with p - type material, which 
is typically less pronounced under reducing conditions  [82] , is negligible.   

 Figure  2.11 c shows an energy scheme of an illuminated semiconductor –
 electrolyte junction. Also shown are the decomposition levels and occupied (dark 
gray) and empty (light gray) surface states. If the reaction rates for the redox reac-
tions via the valence band,  k  1 , or via occupied surface states  [83] ,  k  5 , are fast com-
pared to the decomposition reaction rate,  k  2 , the system would be stabilized. This 
is the case for a dye - sensitized solar cell  [84, 85] , where the charge injection rate 
from the excited dye into the TiO 2  conduction band and the reduction reaction of 
the excited highest occupied molecular orbital by the reduced species of the redox 
electrolyte are much faster than, for instance, the back reaction  [86] , thus stabiliz-
ing the dye molecule. If the rate of reaction (3) is not negligible, the current from 
the junction is reduced; similarly, surface recombination will affect the achievable 
photovoltage. 

 The concept of physical stabilization by interfacial fi lms that allow effi cient 
charge transfer but shield the semiconductor surface from the solution has been 
applied in a series of experiments  [87 – 92] . The principle is depicted in Figure  2.11 d 
where an interfacial fi lm of tunneling thickness on top of a photoelectrode is 
shown. If the fi lm thickness is around 1   nm, effi cient carrier tunneling is possible 
without corrosive attack of the electrode. With such ultrathin fi lms, their homo-
geneity and conformal attachment to the nanotopography of the absorber electrode 
are of crucial importance and several examples exist where such properties could 
be realized  [93 – 97] . They will be described in detail in Sections  2.4  and  2.5 . In the 
future, the use of atomic layer deposition  [98]  fi lms might be promising for a more 
general approach to physical electrode stabilization. These fi lms are conformal to 
nanostructures and can be grown in monolayers in a step - by - step process  [99] .  

   2.2.3 
Photovoltaic and Photoelectrocatalytic Mode of Operation 

   2.2.3.1    Photovoltaic Photoelectrochemical Solar Cells 
 The principle of operation of a  photoelectrochemical solar cell  ( PECS ) is shown 
in Figure  2.12  where the absorber is a semiconducting material. The rectifying 
junction is formed between redox electrolyte and semiconductor, as also shown in 
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Figures  2.1  and  2.2 . The light - generated minority carriers diffuse and drift towards 
the electrolyte interface where charge transfer to the respective species (oxidized: 
electrons; reduced: holes) occurs. The majority carrier current results in injection 
of the opposite carrier (here electrons) at the counter electrode – electrolyte interface 
where the opposite redox reaction takes place. The semiconductor – electrolyte junc-
tion shown here is characterized by a photovoltage and a photocurrent, that is, the 
solar cell is operating at or near its maximum power which, in effi cient devices, is 
rather close to the open circuit condition. This is indicated in the inset of Figure 
 2.12 . Therefore, a residual band bending has been shown and the photovoltage 
under these conditions is given by the quasi - Fermi levels at the surface. Here, only 
the quasi - Fermi level for holes is shown because   n F

*E x( ) only marginally differs 
from  E  F , the Fermi level without illumination.   

 A dye - sensitized solar cell also operates in the photovoltaic mode. It is, however, 
based on a slightly different operation principle because the absorber is a dye 
instead of a semiconductor and the charge separation has been attributed to dif-
ferences in the chemical potential on both sides of the dye  [100] . It is therefore 
considered an excitonic solar cell  [101] .  

   2.2.3.2    Photoelectrocatalytic Systems 
 Photo(electro)catalysis encompasses a wide range of reactions  [11, 102 – 105] . First, 
light - induced water dissociation is considered because of its relevance in solar fuel 

     Figure 2.12     Operation principle of a 
photovoltaic PECS for an n - type 
semiconductor – electrolyte junction;  E  R,O , 
redox level; WE, working electrode 
(absorber); CE, counter electrode;  V  Ph , 
photovoltage; the electron quasi - Fermi level 

is located within the line width of the dark 
Fermi level and is not shown; MP, maximum 
power point of the solar cell (see inset);  j  mp , 
 V  mp , photocurrent density and photovoltage 
at the maximum power point, respectively.  
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production. Subsequently, further important reactions, particularly at photoan-
odes, are briefl y discussed. The determining parameter in water photoelectrolysis 
systems is the thermodynamic value for water splitting (1.23   V). Reaction kinetics 
result in overpotentials for both the hydrogen and the oxygen evolution reactions 
 [106, 107] . In semiconductor - based systems, additional losses have to be consid-
ered. They comprise the series resistance of the electrolyte, the necessity of a 
residual band bending to drive the reactions, and energy losses due to the differ-
ence between band edge and Fermi level and the potential drop across the Helm-
holtz layer at working and counter electrode. Summation of the losses yields a 
selection criterion for the semiconductor band gap energy as visualized in Figure 
 2.13 . For single - junction water photoelectrolysis, an energy gap of about 2.2   eV is 
necessary. Comparing this energy gap with the maximum theoretical effi ciency 
for AM 1 (where AM represents air mass) insolation yields an effi ciency of about 
15%  [108] .   

 Therefore, two fundamental research strategies can be envisaged: (i) the develop-
ment of robust devices made from abundant (nontoxic) materials that exhibit 
reduced effi ciencies and (ii) the development of devices that use the photonic 
excess energy as, for instance, in tandem or other third - generation photoactive 
structures. Here, the theoretical effi ciency can increase to values above 40% for a 
two - junction device, depending on the respective energy gaps. In the former 
approach, concepts and principles from photosynthesis have already been adapted. 
Examples include the preparation of macromolecules that contain centers with 

     Figure 2.13     Energy/potential scheme for 
light - induced water dissociation for a p - type 
semiconductor as photocathode and a 
metallic anode; the left - hand side shows 
electron energies; on the right, at the 

electrolyte side, electrode potentials are 
given;   η  , overpotentials;  ∆  E  * , necessary 
photon energy for the dissociation reaction, 
corresponding to the splitting of the minority 
and majority quasi - Fermi level.  
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catalytically active metals  [109, 110] , studies on excitation energy transfer  [111, 
112] , and the use of chemically modifi ed complete photosystems  [113] . Following 
the second approach, a few tandem structures have been realized  [12, 114]  and the 
basic operation principle of monolithic tandem structures is shown in Figures  2.14  
and  2.15 , where the spatial arrangement and the energy band diagram, respec-
tively, are shown.   

 In Figure  2.14 , it has been assumed that the catalytically active particles form a 
rectifying junction with the absorber, forming partially overlapping semispherical 

     Figure 2.14     Schematic arrangement for a 
monolithic tandem device for light - induced 
water splitting; W, space charge region 
(extended under the catalyst particles that 

are assumed to form rectifying junctions); 
the dark gray areas represent the highly 
doped tunnel contacts on the back of each 
semiconductor.  

     Figure 2.15     Energy scheme for a tandem 
structure with an n - type (left) and p - type 
(right) semiconductor for operation close to 
the maximum power point;   eVph

n  and   eVph
p  

denote the photovoltages in the n -  and 
p - type material, respectively; the light and 

dark gray ellipsoids symbolize catalytic 
particles for oxygen and hydrogen evolution, 
respectively;  V  W  denotes the working voltage 
for the respective current value which 
contains the reaction overpotential for O 2  
and H 2  evolution.  
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space charge regions. In contact with a redox electrolyte such as H  +  /H 2 , the spatial 
depletion layer profi le is amplifi ed or weakened, depending on the relative ener-
getic position of the redox level with respect to the work function of the catalyst, 
because the solid system assumes the electrochemical potential of the solution. At 
the back - to - back tandem structure shown, hydrogen evolution takes place at the 
p - type side and an oxidation reaction which could include Cl 2 , Br 2 , or O 2  evolution 
but also oxidation of organic compounds  [115]  can take place. 

 The energy band diagram in Figure  2.15  shows the structure operating 
near maximum power, that is, at rather large voltage and also large current 
fl ow (cf. Figure  2.12 ). The tunnel contact at the back of each semiconductor 
consists of the respective highly doped n  +   and p  +   regions where the majority 
carriers are transferred. The sum of the photovoltages at the maximum power 
point (MP),   eV E E eV eVph

MP
n F

*
p F

*
ph
n

ph
p= − = +( ) ( )0 0 , has been chosen such that 

  eV eV jph
MP

actH O> + +( ) ( )2 η η . The fi rst term on the right - hand side of the inequality 
is the thermodynamic value for water splitting, the second term is the reaction 
overpotential and the third term is the overpotential due to the current passed. 
Then,   η   act     +      η  (  j )    =     eV  W , the working potential at the given current density.   

   2.2.4 
Separation of Charge Transfer and Surface Recombination Rate 

 The effi ciency of photoelectrochemical devices is based on effective charge transfer 
while suppressing surface recombination and corrosion. While the photocurrent 
is a direct measure of the irreversibly transferred electrons, it is not trivial to obtain 
a measure for the losses at surfaces due to recombination. As will be shown in 
Section  2.3.1 , stationary microwave refl ectivity is a method that measures the 
integral of the excess minority carrier profi le. Such profi les are shown in Figures 
 2.3 – 2.6 . The simultaneous recording of photocurrent and excess microwave refl ec-
tivity in an electrochemical cell allows the assessment of the relative contributions 
of  k  r  and  S  r  for well - defi ned systems. These parameters are defi ned as follows:

   k
j

e p
S

j

e p
r

Ph

s
r

r

s

and= =
∆ ∆

    (2.27)  

where  ∆  p  s  is the excess minority carrier concentration at the surface,  ∆  p  s     =     ∆  p (0) 
(see also Equations  2.11  and  2.C.1 ). Expressing the time - dependent microwave 
signal  M  w ( t ) as dependent on the surface concentration of holes,  ∆  p  s , can be 
achieved by assuming a linearity between the microwave signal with increasing 
surface concentration  [116] :

   M t M b p tw w s( ) ( )= +0 ∆     (2.28)  

where  M  w0  is the microwave signal for effi cient charge transfer, that is, internal 
quantum yield about 1. Introducing the quantum yield

   Q
hc

e

j

I
=

λ
Ph

0

    (2.29)  
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where  I  0  is the light intensity and the constants have their usual meaning. With 
Equation  2.27 , the quantum yield can be expressed in terms of the carrier surface 
concentration and the charge transfer rate:

   Q
hc

e
p k=

λ
∆ s r     (2.30)   

 Taking the value for  ∆  p  s  in Equation  2.28  and inserting it into Equation  2.30  yields 
an expression for the charge transfer rate dependent on the temporal profi le of 
the measured quantum effi ciency and microwave signals:

   k t B
Q t

M t M
r

w w

( )
( )

( )
=

− 0

    (2.31)  

and, accordingly, for the surface recombination rate, with  k  r / S  r     =     Q  /(1    −     Q  ), one 
obtains

   S t B
Q t

M t M
r

w w

( )
( )

( )
= −

−
1

0

    (2.32)   

 Figure  2.16  shows chronoamperometric profi les of the photocurrent and the 
excess microwave signal obtained on an n - Si(111) sample in dilute NH 4 F solution 
at anodic potential. The current profi le is characterized by a fi rst maximum that 
indicates the transition from the divalent dissolution regime where porous Si 
formation and photocurrent doubling persist  [117, 118]  to the tetravalent regime 
where oxide formation occurs. The current maximum (quantum yield    > 1.2) is 
followed by a plateau where the transition from photocurrent doubling due to 
electron injection from solution into the conduction band  [119, 120]  to a quantum 
yield slightly below 1 in the tetravalent regime with oxide formation occurs. The 
plateau is more extended for higher voltage, related to still effi cient charge 

     Figure 2.16     Temporal quantum yield and microwave refl ectivity profi les of n - Si(111) in 0.2   M 
NH 4 F solution, pH 4.6; light intensity, 1.3   mW   cm  − 2 ; potential,  + 2.9   V vs. SCE; the thin lines 
around the microwave refl ectivity indicate the signal noise (error bar).  
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transport through thicker oxides at increased electrical fi eld strength. For extended 
time, passivation via formation of oxide with increasing thickness sets in, resulting 
in a decrease of the photocurrent. The corresponding microwave signal is very 
small in the range of photocurrent doubling, indicating very low surface recom-
bination and simultaneously high charge transfer rate, which then increases to a 
rather steady value at the current plateau and further increases upon passivation 
of the sample.   

 In Figure  2.17 , the evaluation following the formalism outlined in Equations 
 2.31  and  2.32  is plotted. It can be seen that the region of photocurrent doubling 
is characterized by a high charge transfer rate which steeply drops in the temporal 
regime near the current plateau and is subsequently further reduced with the 
increasing passivation of the sample by oxide formation. The surface recombina-
tion velocity is very low at the onset of the experiment (2 – 3   s) and shortly reaches 
a stationary value in the region of the current plateau. Then, a steep increase of 
 S  r  is noted due to passivation - induced carrier recombination. Further passivation 
does not result in an additional increase of  S  r , possibly related to the sustained 
interface condition (cf. Figure  2.16 ) that are attributed to the nanoporous structure 
of the oxide formed.     

   2.3 
Surface and Interface Analysis Methods 

 Analysis methods, used for the investigation of modifi ed surfaces and interfaces, 
are briefl y reviewed. Emphasis is on the combination of chemical, structural/
morphological, electronic, and optical characterization. Many techniques such as 
 transmission electron microscopy  ( TEM ), standard  X - ray photoelectron spectros-
copy  ( XPS ) using Al or Mg K  α   radiation,  high - resolution scanning electron micro-
scopy  ( HRSEM ), and standard scanning probe microscopies (AFM in contact 

     Figure 2.17     Temporal behavior of the charge transfer velocity and the surface recombination 
velocity as evaluated from the experimental data in Figure  2.16  (see text).  
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mode, STM) are well established and their principles can be found in the literature 
 [121 – 125] . Therefore, features such as plasmon satellites, shake - up or shake - off 
lines, and the various approaches for background approximation  [126 – 128]  are 
only referred to; the same holds for the Doniach – Sunjic function  [129]  and a 
Cooper minimum in the excitation cross section  [130] . The latter are of relevance 
for the interpretation of the results on Pt (and Ir) nanoisland deposits (see Figures 
 2.93  and  2.94 ).   

 Accordingly, methods are presented below that are either less well known or 
that are of specifi c use for the characterization of electrochemically and photo-
electrochemically conditioned surfaces and interfaces. 

   2.3.1 
 In Situ  Methods:  I .  B rewster Angle Analysis 

  Brewster angle spectroscopy  ( BAS ), developed originally for the contactless char-
acterization of electronic defects in semiconductors  [131] , was extended, shortly 
after the introduction of the method, to high - sensitivity surface optical characteri-
zation  [132] . Recently, the method was used  in situ  to follow surface changes in 
real time upon conditioning of semiconductors  [133, 134] . The latter technique is 
described here. 

 The Brewster angle is well known in the optics of dielectrics  [135] . At the Brews-
ter angle, the refl ectivity for p - polarized light vanishes as the refracted beam is 
perpendicular to the refl ected one. In a simple picture, the dipole radiation from 
the refracted light is zero in this direction. Originally, the idea was to consider a 
semiconductor as a dielectric for photon energies below its energy gap, which is 
the fundamental absorption edge. The absorption due to excitation of an electronic 
defect within the bandgap was expected to change the Brewster angle and the 
refl ectivity at that angle  [136] , which was indeed observed for GaAs and CuInS 2  
for instance  [137] , thus providing a contactless method for identifi cation of elec-
tronic defects at room temperature. In a second application, it was shown that the 
high surface sensitivity of the method can be used for optical analyses  [138, 139] . 
Because the change of the Brewster angle and the refl ectivity at this angle are 
measured simultaneously, yielding two experimental parameters in one measure-
ment, the method has a certain similarity to ellipsometry where the ellipsometer 
angles   ∆   and   Ψ   are recorded  [140] . 

 A block diagram of the experimental arrangement  [141]  including the extension 
of the original setup to  in situ  photoelectrochemical measurements  [142]  is shown 
in Figure  2.18 . In the center of the apparatus, the (photo)electrochemical cell is 
mounted on the goniometer table. With the bias light (typically supplied by a W – I 
lamp),  in situ  and, depending on the rate of induced changes, also real - time pho-
toelectrochemical experiments in a typical three - electrode potentiostatic arrange-
ment can be carried out. Also, chemical etching can be followed. Such experiments 
will be presented in Section  2.4.1 .   

 The optical analysis is based on p - polarized light that impinges on the sample 
( “ S ”  in Figure  2.18 ) after having passed the monochromator, the apertures for 
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angle divergence reduction, and the polarizer. The large focal length of the Czerny –
 Turner monochromator used allows high angular precision measurements due to 
the small beam divergence. The step accuracy of the goniometer is 0.0004 ° . The 
polarization ratio of the Glan Thomson element is 10 6 . Signal processing includes 
a lock - in technique, cooled photodetectors, and current amplifi ers. The Brewster 
angle and the refl ectivity at this angle are determined with high accuracy by a 
polynomial fi t as shown in Figure  2.19  for Si  [143] . In typical measurements, the 

     Figure 2.18     Principle of the Brewster angle 
spectroscopy technique; LS, light source; M, 
monochromator; C, chopper, D ref , reference 
beam detector; LI, A, lock - in amplifi er and 
current amplifi er; Pol, Glan – Thomson 

polarization fi lter; G, goniometer table; 
S, sample in the electrochemical cell; 
RE, reference electrode; CE, counter 
electrode;   ϕ  , goniometer and sample turning 
angles (see text).  

     Figure 2.19     Angular dependence of the refl ectance behavior of Si for p - polarized light for 
  λ      =    500   nm; the inset shows  R  p  around the Brewster angle   ϕ   B  in units of 10  − 3 .  
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Brewster angle accuracy is of the order of 0.001 °  where the infl uence of the light 
beam divergence, the polarization state of the light, and the exact angle of incidence 
contribute to the overall resolution limit. Figure  2.19  shows the evaluation routine 
for a wavelength of 500   nm ( h ν      =    2.48   eV) using literature data  [144] . The inset 
shows the parabolic behavior of the p - polarized refl ectance,  R  p , in higher resolution 
around the Brewster angle   ϕ   B . It is seen that  R  p  becomes extremely small at   ϕ   B .   

 BAS measures the optical response of a sample using   ϕ   B  and R p (  ϕ   B ). The optical 
response is obtained as the wavelength (or frequency) - dependent complex dielec-
tric function   ̂ε ε ε= +1 2i  (where  ε  1  and  ε  2  are the real and imaginary parts of the 
dielectric function, respectively), and analytical expressions have been derived to 
determine   ̂ ( )ε ω  from   ϕ   B  and R p (  ϕ   B ). For a sample with purely dielectric properties, 
for example,   ̂ε ε= 1, the Brewster angle is given by

   ϕ εB = arctan 1     (2.33)   

 Typically, the analysis of samples involves inclusion of several components such 
as the outer roughness, interfacial fi lms, and the bulk of the sample. Therefore, 
the overall optical response has to be deconvoluted into signal contributions from 
the respective parts of the sample. For a reasonable assessment in the calculation, 
additional knowledge is desirable. Roughness, for example, can be determined in 
AFM experiments and will be used in Section  2.4.1 . 

 The real and imaginary parts of the dielectric function are obtained by solving 
a reduced fourth - order equation that connects  R  p (  ϕ   B ),   ϕ   B , and the dielectric func-
tion  [145] . The dielectric functions are expressed in terms of the Brewster angle, 
determined from d R  p (  ϕ  )/d  ϕ      =    0:
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 The analysis of multiple - layer systems considers partially refl ected and transmitted 
light beams at the interface of two or more phases (media). Figure  2.20  shows a 
simple three - phase vertical structure where the partial wave interference yields the 
refl ectance  R  p  (and transmittance  T  ). Mathematically, the expressions for  R  can 
be simplifi ed by a matrix formalism  [146] . In the three - layer system considered, 
consisting of ambient, intermediate fi lm, and substrate, for nonmagnetic media 
a complex index of refraction can be defi ned for the  i th layer:

   ni i i= ( ) − ( )Re Imε ε     (2.35)     

 The Fresnel equations for the refl ectance coeffi cients  r  01  and  r  12  for the ambient –
 fi lm and the fi lm – substrate interface are given by
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 The refl ectance coeffi cient for the three - layer system is then calculated from the 
expression
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where   Φ   (    =    (2  π d /  λ  ) n  1    cos     ϕ   1 ) is the phase shift. The p - polarized refl ectance  R  p (  ϕ   0 ) 
is obtained by multiplication:

   r r r Rp B p
*

B p B p B( ) ( ) ( ) ( )ϕ ϕ ϕ ϕ× = =2
    (2.38)   

 Hence, BAS uses the well - known formalism for multiple - layer analysis with the 
difference that the experimentally determined optical parameters are  R  p  and the 
Brewster angle of the layer structure. In Figure  2.20 , the measurement technique 
to determine the Brewster angle by angle variation, as shown in Figure  2.19 , is 
also depicted and, for intelligibility, the angle variation has been greatly enhanced 
( ∆   ϕ  ). Surface or interface roughnesses are modeled using effective medium theory 
in the formalism of Bruggeman  [147]  or Maxwell Garnett  [148]  where the rough-
ened region is described as a layer with an effective dielectric function. The former 
is used for a more continuous distribution of roughness whereas the latter applies 
to large porosities, for instance.  

   2.3.2 
 In Situ  Methods:  II .  S tationary Microwave Refl ectivity 

 Figure  2.21  shows a schematic of the setup for simultaneous measurement of the 
stationary light - induced excess minority carrier microwave refl ectivity and the 
photocurrent at the semiconductor – electrolyte contact. The sample is illuminated 
from the front side and photoelectrochemistry is performed using the standard 

     Figure 2.20     Brewster angle analysis of a 
multiple - layer structure, shown here for a 
three - phase system; the plane of incidence, 
defi ned by the surface normal  n  and the 
photon wave vector  k , is the  x  –  y  plane;  E ( x ,    y ) 

is the electric fi eld vector for p - polarization; 
 ∆   ϕ   denotes the angular measurement for 
determination of the Brewster angle (cf. 
Figure  2.19 ); the dashed lines indicate the 
low refl ectance at that angle.  
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three - electrode potentiostatic arrangement. The ohmic back contact of the sample 
has a circular hole for measurement of the semiconductor microwave response. 
For samples with low enough resistivity (in the  Ω    cm range), the applied potential 
variation across the sample surface can be neglected. The light from the laser diode 
is chopped and a lock - in technique is used for detection of both the photocurrent 
and the microwave refl ectivity. The microwave signal is generated by a Gunn diode 
mounted in a resonance cavity  [149]  and the circulator separates the incident from 
the refl ected microwaves. The X - band was used for analysis.   

 The excess conductivity of a semiconductor,  ∆   σ      =     e µ  e   (   h   )  ∆  n ( p ), due to the induced 
change in carrier concentration  n ( p ) results in a corresponding change of the 
refl ected microwave intensity  ∆  P  R . With the relative microwave refl ectivity 
defi ned as

     Figure 2.21     Experimental arrangement for 
simultaneous  in situ  stationary light - induced 
excess microwave refl ectivity and 
photocurrent measurements; LD, laser diode 
(  λ      =    830   nm); L, collimating lens; C, chopper 

(  f     =    80   Hz); EC, electrochemical cell;  Ω , 
circular ohmic back contact; CE, counter 
electrode; RE, reference electrode; WE, 
working electrode; data processing as 
indicated (see text).  
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the excess microwave refl ectivity becomes
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 In the low injection limit,  ∆  R  MW  is given by a sensitivity factor  S  * , the electrical 
fi eld of the microwaves, the mobilities of holes and electrons, and the respective 
excess carrier concentrations. For the one - dimensional case (see Figures  2.3  and 
 2.4 ), the excess microwave signal is given by

   ∆ ∆ ∆R S E p x n x xxMW h e d= ++ ∫ 2 [ ( ) ( )]µ µ     (2.40)   

 For semiconductors with thickness  d     <    1   mm, the microwave fi eld  E x   can be 
considered as constant along the  x  - axis. Equation  2.40  then reduces to (with an 
according change of the sensitivity factor to  S  * )

   ∆ ∆ ∆R S p x n x xMW h e d= +∫* [ ( ) ( )]µ µ     (2.40a)   

 For further analysis, in particular regarding the signal from the majority carriers 
in n - Si where the electron mobility is about three times larger than that of the 
holes, the excess carrier profi les are considered separately in the space charge 
region (0    <     x     <     W  ) and in the neutral region ( x     >     W  ). 

 The charge distribution for the semiconductor – electrolyte system is given by the 
excess minority carrier profi le  ∆  p ( x )  (2.40a)  and the corresponding neutralizing 
majority carrier profi le. The microwave signal due to the minority carriers,   ∆RMW

h , 
is given by the excess carrier distribution throughout the sample:
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 In the semiconductor ’ s neutral region, the majority carrier profi le will follow that of 
the minority carriers in the bulk. In the space charge layer, the neutralizing charges 
are majority carriers, confi ned to the end of the space charge layer towards the 
bulk and counter ionic charges in the electrolyte Helmholtz layers. Only majority 
carriers within the semiconductor contribute to the microwave signal. The micro-
wave response of the electrons from the space charge regions can be obtained by 
using the relation between current (here, photocurrent) and carrier concentration 
 ∆  n   ∝   j  Ph  R  S  C  SC / q , where the  R  S  term describes the series resistance including electro-
lyte, back contact, and bulk semiconductor losses and  C  SC  is the space charge layer 
capacitance. With  C  SC  in the nF range for not too highly conductive semiconductors 
and  R  S  in the range of a few  Ω    cm  − 2 , the according time constant is in the ns range. 
For minority carrier lifetimes as typical for Si, this contribution can therefore 
be neglected and the expression for the microwave response then reads (with 
 S     =     S  * (  µ   h     +      µ   e ))
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 Thus, the recorded signal corresponds to the integral of the excess minority carrier 
profi le throughout the sample modulated by the relative carrier mobilities. This 
fi nding was the basis for the analysis of the charge transfer and surface recombi-
nation velocity profi les above (cf. Figures  2.16  and  2.17 ).  

   2.3.3 
 X  - ray Emission and (Photo)Electron Spectroscopies 

 In this section, spectroscopies that use higher energy electrons and photons than 
in standard optics are reviewed. Techniques that are directly related to the results 
presented below in Sections  2.4  –  2.6  are described, and also a short overview is 
given of X - ray analyses that have been selected because of their application in the 
analysis of biomolecules including the energetics of the metallic centers, buried 
interfaces in solar cells, and femtosecond time resolution. 

 Among the related methods, specifi c experimental designs for applications are 
emphasized. As in - system  synchrotron radiation photoelectron spectroscopy  
( SRPES ) will be applied below for chemical analysis of electrochemically condi-
tioned surfaces, this method will be presented fi rst, followed by  high - resolution 
electron energy loss spectroscopy  ( HREELS ),  photoelectron emission microscopy  
( PEEM ), and  X - ray emission spectroscopy  ( XES ). The latter three methods are 
rather briefl y presented due to the more singular results, discussed in Sections 
 2.4  –  2.6 , that have been obtained with them. Although  ultraviolet photoelectron 
spectroscopy  ( UPS ) is an important method to determine band bendings and 
surface dipoles of semiconductors, the reader is referred to a rather recent article 
where all basic features of the method have been elaborated for the analysis of 
semiconductors  [150] . 

   2.3.3.1    Selected  X  - ray Surface/Interface Analysis Methods 
 Figure  2.22  shows a schematic of the basic second - order processes that occur upon 
X - ray photon absorption by an atom or a semiconductor, for instance. The excitation 
of a K (1s) core electron into continuum states above the vacuum level causes a 
relaxation of an outer electron which excites either a second electron that leaves the 
system (Auger process) or produces lower energy X - rays (compared to that of the 
incident photons). The latter is termed X - ray emission and the related spectroscopy 
is XES  [151] . In Figure  2.22 b, the processes occurring with semiconductors are visu-
alized, where the core level region and the region of extended valence and conduc-
tion band states are distinguished. The energetic region around the energy gap  E  g  
has been magnifi ed, and therefore the lengths of the arrows in the Auger process 
on the right - hand side of Figure  2.22 b are not equal although energy conservation 
holds. The method is also applicable for the investigation of buried or hidden inter-
faces and materials components due to the larger escape depth of the fl uorescent 
X - rays. This will be used in Section  2.4.3  in the analysis of Cu – S remnant phases 
in CuInS 2  solar cell absorbers where the sulfur signal ( Z     =    16) is measured.   

 The relative yield per K - shell vacancy is considerably lower for X - ray emission 
from lighter elements (see Figure  2.23 ) and spectroscopic experiments have 
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become possible only with the increased photon fl ux at third - generation synchro-
trons  [152] . XES has been extended to resonant elastic and resonant inelastic X - ray 
spectroscopy, labeled REXS and RIXS, respectively. A corresponding energy term 
scheme is shown in Figure  2.24 . In XES, the fi nal state is a core hole of this so -
 called spectator decay  [153] . In the two resonant techniques, the photon energy of 
the incoming X - rays is tuned such that excitation occurs into binding but unoc-
cupied states. In REXS, the fi nal state is the ground state due to participator decay 
by recombination of the excited electron with the core hole; in RIXS, the fi nal state 
is given by one electron and one hole.   

     Figure 2.22     Schematic of the second - order 
processes in Auger electron emission (AEE) 
and X - ray fl uorescence (XRF) upon photonic 
excitation with X - rays. (a) Processes in 
an atom; PE, photoemission process. 
(b) Processes in a semiconductor; note that 
the energy is not drawn to scale in order to 

emphasize the region around and above the 
semiconductor band gap  E  g ; incoming 
photon energy,  h ν  ; X - ray fl uorescence energy, 
 h ν   2 ; the excited transition state corresponds 
to the photoemission process; the fi nal state 
is characterized by either an Auger process 
or X - ray emission.  

(a)

(b)



 92  2 Tailoring of Interfaces for the Photoelectrochemical Conversion of Solar Energy 

 In photosynthesis, the catalytic enzymes are metalloproteins. By a change of 
valency, spin, and hybridization with ligands, these metal centers determine bio-
logical functions and their analysis is particularly important for the design of stable 
mutants and derived macromolecular entities. Obtaining direct information has 
been diffi cult due to forbidden d – d transitions, but with XES techniques (here, 
RIXS) it is possible to excite a p - level and observe the d    →    p decay which is dipole 
allowed (e.g., the right - hand side of Figure  2.24 ). A problem is radiation damage 
of biological specimens, and as a beginning, experiments were made on rather 
stable molecules such as myoglobin, at 77   K. Shifting the sample along the beam 
allows one to investigate undamaged molecules. The high -  and low - spin con-
fi guration of the center iron of the heme site of myoglobin could be clearly distin-
guished  [154] . 

     Figure 2.23     Relative probabilities for X - ray emission versus Auger electron emission the decay 
of K (1s) holes as a function of the element atomic number.  

     Figure 2.24     Comparison of X - ray emission 
processes: XES, standard X - ray emission 
process; REXS, resonant emission where 
excitation and decay involve the same energy 

level; RIXS, resonant inelastic X - ray scattering 
where the decay occurs from d to p states 
(dipole allowed) (see text).  
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 Due to the resonant optical behavior at the core shell absorption edges of ele-
ments, it has been shown that Cherenkov radiation can be generated in compara-
bly narrow spectral segments in the soft X - ray region  [155] . Cherenkov radiation 
occurs if relativistic electrons penetrate a sample if the velocity of the particle,  v , 
is larger than the phase velocity of the electromagnetic radiation in the material, 
that is,   v c> / ( )ε ω . Of particular interest is the spectral region of the so - called 
water window where water is transparent and absorption from the carbon K edge 
(4.37 and 2.33   nm for oxygen) makes  in situ  investigations of biological samples 
possible  [156] . 

 High time resolution can be obtained by femtosecond laser slicing, a technique 
that has been introduced recently  [157]  and that uses the electron bunch – laser 
interaction in a wiggler. The method is based on the violation of the Lawson –
 Woodward theorem  [158]  that neglected ponderomotive forces that occur, for 
instance, in the energy transfer between ultrarelativistic electrons and the high 
electric fi eld of a femtosecond laser (Ti   :   sapphire)  [159] . The laser pulse induces 
an energy modulation of electrons that traverse the wiggler, induced by higher 
order laser fi eld inhomogeneities. The result is a net force acting on the center of 
oscillation of the particles. This force, the ponderomotive force,   Φ   POND , is propor-
tional to the gradient of the intensity of the wave fi eld  E  0 ( r ):

   FPOND = ∇e

m4 2 0
2

ω
E r( )     (2.43)   

 The force is consistent with the concept of radiation pressure. The electrons will 
experience a defl ection towards positions of least electrical fi eld strength. The 
defl ection of the electrons from the bunch occurs on the time scale of the femto-
second laser pulse and, using a bending magnet, these corresponding photons 
emitted by those electrons that interacted with the laser are emitted and can be 
used for measurements as shown in Figure  2.25 . The resulting electron cavity 
emits femtosecond terahertz radiation  [160] . Applications encompass water chem-
istry, protein dynamics (with vibrational periods in the range of 100   fs), time -
 resolved X - ray diffraction, as well as analysis of phase transitions  [161, 162] .    

     Figure 2.25     Schematic for femtosecond laser slicing; the fs X - ray photon signals and the 
missing signal in the unaltered signal are shown.  
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   2.3.3.2    In - System Synchrotron Radiation Photoelectron Spectroscopy 
 Core - level analysis was made using the  Solid - Liquid Analysis System  ( SoLiAS ) of 
the collaborating research group at undulator 49/2 at BESSY. The basic setup of 
SoLiAS is shown in Figure  2.26  which is self - explanatory together with the fi gure 
caption. Figure  2.27  shows the design of a low - contamination apparatus for (photo)
electrochemical conditioning with successive transfer to an outgassing chamber 
and to the analysis chamber  [163] . (Photo)electrochemistry is performed on a 
droplet that is brought onto the sample through the light guide above it which also 
holds the cylindrical Pt counter electrode. The ultrapure solutions are all purged 
with N 2 . The sample, mounted on a vacuum stub, is brought from the machine 
side into the cell - containing chamber that has been previously attached and purged 
with dry N 2  for about a day. The electrolyte droplet actually used is obtained after 
letting a series of drops fall beneath the sample, thus avoiding possible contamina-
tion from the hydrocarbons that can reside on the surface of water. Photoelectro-
chemistry is performed using a three - electrode potentiostatic arrangement and 
the experiment is terminated by jet - blowing the electrolyte drop off the surface 
with N 2 . Subsequently, the sample is turned on its manipulator to be rinsed with 

     Figure 2.26     Schematic of the SoLiAS used 
for SRPES at BESSY; level 1 is the 
conditioning level with the electrochemical 
vessel (EC; see Figure  2.27 ) attached, 
facilities for etching, and a buffer chamber 
(BC) for outgassing of samples that 
underwent wet treatments; after transfer to 
the manipulator M, measurement levels 2 
and 3 can be assessed; at level 2, UPS LEED 
and quadrupole mass spectroscopy (QMS) 

are available and at level 3 SRPES 
measurements are done. The sample enters 
via the fast entry lock at level 3 (where also 
physical and chemical vapor deposition, PVD 
and CVD, respectively, and molecular beam 
epitaxy, MBE, are provided) and is 
introduced into EC from the machine side 
thus ensuring that the electrochemical cell is 
kept under constant nitrogen atmosphere.  
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ultrapure deoxygenated water, then turned back to its original position and dried 
in an N 2  stream. This procedure can result in the loss of information on surface 
chemistry because less strongly bound reaction intermediates could be washed 
off. Subsequently, the sample is transferred to the buffer chamber (see Figure 
 2.26 ) and parked until the pressure is low enough to allow transfer into the analysis 
chamber of the SoLiAS where the base pressure is in the region of 10  − 10    hp. The 
remnant contamination by hydrocarbons, hydroxyl groups, oxygen, and sulfur is 
in the region of 0.1   ML on samples where electrochemical currents are fl owing.   

 For assessment of the surface chemistry and the changes induced by (photo)
electrochemical treatment, mainly the chemical shift and the onset of the valence 
band emission are analyzed. The former gives information on the partial charge 
of respective elements and the latter indicates whether a band bending exists. For 
surface chemical changes, the core - level binding energy position is analyzed. The 
experimentally measured binding energy,   EB

exp, is given by the terms

   E E E E E EB
exp

B CH BB M R= + + + +∆ ∆ ∆ ∆     (2.44)   

 In this equation, the recorded binding energy is given by the binding energy of 
the element,  E  B , the shift of the core - level position due to ionization and chemical 
interaction with the environment,  ∆  E  CH , a possible band bending in semiconduc-
tors,  ∆  E  BB , the Madelung term,  ∆  E  M , and the relaxation energy,  ∆  E  R . 

 The second term on the right - hand side of Equation  2.44 , the chemical shift, is 
given by the effective charge of the considered atom and by the infl uence of the 
neighboring atoms. In a simple spherical charge model, this energy change can 

     Figure 2.27     Electrochemical vessel for in - system surface analyses (see text).  
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be quantifi ed. The energy of a spherical charge is given by  E     =     z  V  e  2 / r  V , where 
 z  V  is the number of valence electrons and  r  V  the average radius of the valence 
electrons. A change of the valency due to an altered valence electron distribution 
(chemical interaction) yields  ∆  E     =     ∆  z  V  e  2 / r  V . The term  ∆  z  V  contains partial charges, 
and, for simplicity,  r  V  has been assumed to remain unchanged. Including an 
interatomic potential change,  ∆  V ij   (where  V ij   is the potential of atom  i  on atom  j ), 
the binding energy shift reads

   ∆ ∆ ∆E
z e

r
VijB

V

V

= −
2

    (2.45)   

 Band bending occurs if semiconductors equilibrate with their surface states which 
shift the Fermi level into a new equilibrium position by  ∆  E  BB  that differs from that 
given by the doping level. In most cases, depletion layers are formed. The onset 
of photoemission from the valence band with respect to the Fermi level,  E  VB , is 
then shifted and accordingly the overall energy distribution curve is shifted by 
typically a few tenths of an electron volt (cf. Figure  2.28 ). For p - type semiconduc-

     Figure 2.28     Translation of the DOS of a solid into an X - ray photoelectron spectrum (see text).  
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tors, shifts due to depletion layer formation increase the  E  F  to  E  VB  distance, and a 
decrease will occur for n - type semiconductors.   

 The Madelung term, an extra - atomic contribution, results from the additional 
electrical potential of the material ’ s atoms, for instance outside the nearest -
 neighbor tetrahedron atoms in SiO 2   [164] , acting on the excited atom with 
  ∆E Ri i

i
M = ∑ ρ / , where   ρ  i   is the charge on neighbor atoms (ions in ionic crystals) 

at positions  R i  . In SiO 2 , the ionicity is 51%. In addition, the Madelung contribution 
is not independent of the partial charge of the excited atom because the charge 
correction also depends on the charge of the central atom considered and the strict 
separation of the terms in Equation  2.44  is a simplifi cation. Because the intera-
tomic distances are also infl uenced by the charge of the probed atom, it is diffi cult 
to assess correctly the binding energy change with atomic charge. 

 The relaxation effects,  ∆  E  R , include the dynamic reaction of the system ’ s elec-
trons, resulting from an electron density shift of the neighboring atoms towards 
the oxidized atom, induced by the core hole formation in the photoexcitation 
process. This excitation results in an unbalanced nuclear charge. The increase in 
positive charge pulls the electron levels of the probe atom to higher binding ener-
gies and the valence electronic charge can react, depending on its polarizability, 
to the formed local potential well. The extra - atomic relaxation energy can be 
approximated by  ∆  E  R     =     q  2 /2 r  SCR (1    −    1/ ε  M ), with  r  SCR  being the minimum electronic 
screening distance and  ε  M  the dielectric constant of the surroundings. As Auger 
parameter shifts,  ∆   α  , are directly correlated to the polarizability of a chemical state, 
it has been shown that  ∆   α      =    2 ∆  E  R   [165] . A comparably slow relaxation of the elec-
trons in outer shells can result in insuffi cient screening of the core hole and higher 
measured binding energy. A related effect will be discussed below in the analysis 
of SRPES skew lines observed for Pt nanoislands that have been electrodeposited 
onto Si surfaces. 

 Figure  2.28  shows the translation of an original DOS distribution which includes 
core levels and a valence band structure of a semiconductor to an  energy distribu-
tion curve  ( EDC ) upon excitation with high - energy X - rays allowing K - shell excita-
tion. The EDC is characterized by the original band structure, revealing the K, L 
levels and the valence band. In addition, typical features such as the inelastic 
background, shake - up or shake - off satellites, and plasmon excitations are seen. 
Also, the KLL Auger decay, located energetically between the K and the L core 
levels (see also Figure  2.22 ), is shown. The binding energy is typically measured 
with respect to the Fermi level:  E  B     =    0    =     E  F . An existing band bending shifts the 
onset of the valence band emission and thus the whole EDC, including the core -
 level positions. As this is of importance in the SRPES analysis of step - bunched Si, 
the effect is shown in Figure  2.29 . For n - type semiconductors the measured 
binding energy,   EB

bb, is lower due to depletion layer formation; for p - type semicon-
ductors,  E  B  increases. Also shown is the photoeffect due to the photons from the 
probing light which results in a partial reversal of the energy band bending, indi-
cated by eV Ph  in the fi gure.   

 SRPES allows one to tune the photon energy to the desired surface sensitivity 
within the limits of XPS. As the mean inelastic scattering length for photoelectrons 
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in solids,   λ   esc , has its minimum around 50   eV  [166] , an elastic escape depth 
of about 0.3   nm can be reached if the photon energy is adjusted to the respec-
tive core - level binding energy according to  h ν      ≅    50   eV    +      Φ      +     E  B . For semicon-
ductors, the work function   Φ   is given by its relation to the electron affi nity   χ  , 
the energy gap, and the energetic distance between Fermi level and band edge: 
  Φ      =      χ      +     E  g     −    ( E  F     −     E  VB ). In addition, depth profi ling of the near - surface region is 
possible without the destruction usually accompanying sputter processes, even if 
they are as soft as low - energy ion scattering  [167] . In this case, the photon energy 
is tuned to energies where   λ   esc  reaches values of 2 – 3   nm. The surface sensitivity 
and the high spectral resolution can be seen (Figure  2.30 ) in the XP spectrum 
of the Si 2p core level, measured for an H - terminated and an oxidized sample 
 [168] . The oxide thickness, determined from   d I I I Iox f f S S f= +∞ ∞λ ln( / )1  is about 
0.5   nm. The parameter   λ   f  is the mean inelastic scattering length of the oxide fi lm, 
 I  S  and  I  f  are the measured intensities of the Si substrate and the oxide fi lm, and 
  IS

∞ and   If
∞ are the photon energy - dependent sensitivity factors with   I IS f

∞ ∞ ≈/ .0 8 at 
 h ν      =    170   eV. The FWHM of the Si 2p 3/2  line is 0.45   eV for the H - terminated sample 
that shows virtually no oxide. Because the Si core - level shift due to the shift of 
partial charges from Si to H by about  ∆   ρ      =    0.1, resulting in  ∆  E  B     ≈    0.25   eV  [169] , is 
contained in the signal, the actual resolution is even higher.    

     Figure 2.29     Infl uence of semiconductor 
band bending (due to equilibration with 
intrinsic or extrinsic surface states) on the 
energetic position of the EDC and of the 
measured core - level binding energy,   EB

CL, with 
respect to  E  F  (defi ning  E  B     =    0); the 

superscript  “ bb ”  indicates the situation for a 
depletion layer with a band bending given by 
  eV E Ebb CB CB

bb= − ;  eV  Ph  symbolizes (partial) 
reversion of the band bending due to a 
photovoltage induced by the synchrotron 
light.  
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   2.3.3.3    High - Resolution Electron Energy Loss Spectroscopy 
 HREELS is a technique that enables the vibrational characterization of surfaces in 
UHV environments. It uses low - energy electrons as probe and monitors the 
energy loss of the electrons due to interactions with a surface  [170, 171] . The 
principal electron scattering events can be divided into three types: (i) impact scat-
tering, (ii) dipole scattering, and (iii) negative ion resonances where the impinging 
low - energy (typically a few eV) electron becomes trapped in an unoccupied orbital 
of a surface species forming a short - lived intermediate negatively charged ion state 
 [172] . Whereas the dipole interaction is long range, the other two scattering events 
are short range. Impact scattering can be observed at off - specular angles, and 
dipole losses are obtained in the specular direction. A schematic of the experimen-
tal arrangement is shown in Figure  2.31 . In the experiments described below, the 
energy loss has been measured in the specular direction.     

   2.3.4 
Tapping - Mode  AFM  and Scanning Tunneling Spectroscopy 

 For imaging of metal nanoislands (photo)electrodeposited on semiconductor sur-
faces, tapping - mode AFM (TM - AFM) was used due to the reduced adherence of 

     Figure 2.30     SRPE spectrum of the Si 2p core 
level for a chemically H - terminated sample 
and a sample where silicon oxide has been 
formed due to hole injection into the Si 
valence band and/or surface states; the 
pronounced peak at  E  B     =    103.5   eV, 

corresponding to a thickness in the range of 
an oxide monolayer, shows that the surface 
sensitivity reaches far below the monolayer 
range; the FWHM of 0.45   eV shows the high 
spectral resolution.  
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the material to the surface. Highly local electronic properties were analyzed by 
 scanning tunneling spectroscopy  ( STS ) performed on top of nanoparticles and on 
the areas beside them. Therefore, selected aspects of these methods are briefl y 
described. 

   2.3.4.1    Tapping - Mode  AFM  
 TM - AFM is also known as  intermittent contact  AFM because, in this mode, the tip 
oscillates and touches the sample only at the lower infl ection point of its periodic 
movement thus reducing the infl uence of the scanning movement of the sample. 
This dynamic force microscopy method  [173]  is preferred for imaging of soft 
objects which include anodic oxides and biological samples. In addition, it is 
applied when the adhesion of objects on surfaces is weak. This is the case for 
metals electrodeposited on Si and InP (Sections  2.5  and  2.6 ). The regime along 
the force – distance curve where TM - AFM operates is shown in Figure  2.32 . It is 
characterized by the oscillating distance of the tip between the contact and the 
noncontact region.   

 The total force that governs the motion of the tip is given by the balance

   F x k x
m

Q

x

t
F F t( ) cos= − − + +CL T-S

d

d

ω ω0
0     (2.46)  

where  k  CL ,  Q  , and   ω   0  are the cantilever spring constant, the quality factor, and the 
(angular) resonance frequency of the free cantilever, respectively.  F  0  and   ω   are the 
amplitude and the frequency of the driving force of the tip oscillation. In Equation 
 2.46 , the total force is given by the elastic response of the cantilever, hydrodynamic 
damping due to the medium, the tip – sample interaction force  F  T - S , and the peri-
odic driving force  [174] . In fl uid TM - AFM, the tip – sample force can be described 
using the Derjaguin – Muller – Toporov model  [175] . The tip – sample interaction is 
then given by

   F
Hr

a
E r a dT-S

tip
tip= − + −

6 0
2 0

3 2� ( ) /     (2.47)  

where  H  is the Hamaker constant,  a  0  an intermolecular distance,   Ẽ    the reduced 
elastic modulus of tip and sample, and  d  the tip – sample separation. In the steady 
state, the periodic motion of the tip can be described by a sinusoidal oscillation 
that is given by the (mean) defl ection  x  0 , the phase shift   ϕ   and the amplitude  A  0 :

     Figure 2.31     Principle of an HREELS experiment; incident and refl ected beam angle, 55 ° ; beam 
energy, 2   eV; energy resolution, 4   meV as indicated (see text).  
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   x x t x x A x t x( , ) ( ) ( )cos[ ( )]TS TS TS TS= + −0 0 ω ϕ     (2.48)  

with  x  TS  being the tip – sample separation in the absence of interactions. The 
change in the amplitude of the cantilever due to the interactions can be approxi-
mated for small contact times of the tip with the sample by  [176] 

   A A
F

F
0

0

2

1 4= − 





T-S     (2.49)   

 The expression  〈  F  T - S  〉  represents the virial, that is, the time average of the tip –
 sample interaction force, and  A  is the free oscillation amplitude given by  QF  0 / k  CL . 
Experimentally, the cantilever – tip ensemble oscillates at a frequency close to its 
resonance and the imaging of the sample takes place with the feedback adjusting 
the tip – sample separation such that the oscillation amplitude remains at its 
fi xed value. This high - amplitude dynamic force microscopy allows high - resolution 
imaging of nanoscopic entities on surfaces and soft matter such as biological 
molecules  [177] .  

   2.3.4.2    Scanning Tunneling Spectroscopy 
 The parameters controlled in an STM experiment are current,  I  t , the energy of the 
tunneling electrons, and the width of the barrier, that is, the height  x  of the tip 

     Figure 2.32     Overview of some operational 
modes of AFM; TM - AFM operates in the 
distance versus force regime denoted by 
 “ intermittent contact ” ; contact and 
noncontact modes and their positions on the 
force – distance curve, given by the Lenard -
 Jones potential  V ( r )    =     A / r  12     −     B / r   6  (where  B  

contains the Hamaker constant), are 
indicated; the onset of the contact regime is 
indicated by a perpendicular bar; the wavy 
lines in contact and noncontact mode 
represent the much smaller vertical 
movement of the tip compared to the 
tapping mode.  
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over the sample. In STS, the behavior of a parameter pair is analyzed while the 
third parameter is kept constant. This results in the operation modes  I  t  versus  x  
at constant  V , also known as  distance tunneling spectroscopy  ( DTS )  [178] ,  I  t  versus 
 V  at constant  x  which will be employed in Section  2.5 , and, fi nally,  x  versus  V  at 
constant  I  t   [179] . The tunneling current is expressed by the convolution of the DOS 
of the tip and the sample,  D  T  and  D  S , respectively, the respective Fermi distribu-
tions  f ( E ), and the tunneling matrix element  M  TS   [180] :

   I
e

f E f E D E eV E D E E M Et S T S F T F TS d= − + +
−∞

∞

∫4 2π
�

( ) ( ) ( ) ( )     (2.50)   

 The matrix element for the tunneling process is described by perturbation theory 
by an integral over an energy surface composed of the tip and sample wave func-
tions   Ψ   and their spatial derivatives:

   M
x x

STS S
T

T
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SE
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− ∂
∂


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
∫ Y Y Y Y*

*

    (2.51)   

 For a low temperature, not too high a voltage, and a constant matrix element, 
Equation  2.51  reduces to  

   I D E eV E D E E E
eV

t S F T F d∝ − + +∫ ( ) ( )
0

    (2.52)   

 Finally, for a constant DOS of the tip in the considered energy range, the tunneling 
conductance measures the DOS of the sample:

   
d

d
t

S F
I

V
D E eV E∝ − +( )     (2.53)   

 In most cases where Pt or Pt – Ir tips are used, this condition is diffi cult to verify 
because of d - band contributions, but it might be realized for a blunt and disor-
dered tip. Figure  2.33  shows the infl uence of the applied voltage on the measure-
ment of an n - type semiconductor DOS under these approximations. At low 
temperature,  E  F  is located between the donor levels and the conduction band 
because the electrons on the donors are not thermally excited. For negative voltage 
(increase in energy), applied to the sample, the density of the occupied surface 
states and the valence band region is examined; for positive voltage (Figure  2.33 b), 
the DOS of unoccupied states is measured. In our ambient atmosphere STS 
experiments, the thermal generation of carriers results in empty donor states, a 
substantial intrinsic carrier concentration, and equilibrium formation between the 
semiconductor and its surface states, thus changing the relations in Figure  2.33  
substantially. Assuming thermal equilibrium of the semiconductor with its surface 
states and partial Fermi level pinning  [181] , a band bending occurs, as seen in 
Figure  2.34 a. Negative biasing then results in a partial reduction of the band 
bending and an upward energy shift of the band edges, which, at higher bias, leads 
to the formation of an accumulation layer where the Fermi level at the surface is 
closer to the conduction band edge than by doping in the bulk. Further application 



 2.3 Surface and Interface Analysis Methods  103

of a negative voltage induces band edge shifts and the valence band DOS is meas-
ured. Upon positive biasing, the already existing band bending is increased until 
the condition of strong inversion is reached where the energetic distance between 
the Fermi level and the valence band maximum,  E  F  –  E  CB , reaches that of  E  CB  –  E  F , 
given by the doping level. In order to reach accumulation ( V     <    0) or strong inver-
sion ( V     >    0), larger voltages than in the ideal case have to be applied due to the 
charging and discharging of surface states. Therefore, the deduced magnitude of 
the energy gap can be larger than the actual value, depending on the strength of 
the Fermi level pinning. The reason is the upward and downward band edge shift 
that occurs upon biasing the sample towards accumulation and strong inversion, 
respectively, as shown in Figure  2.34 .   

 In the experiments on nanoscale Pt islands on Si (Section  2.5 ), the situation 
is even more complex because, besides the tunnel gap between Pt and the tip, 
an interfacial oxide fi lm also exists between Si and Pt. At this interface, 
the photocurrent – voltage characteristics indicate the presence of Si surface 
states; details are given together with the experimental data in the appropriate 
section  2.5.3.2 .    

     Figure 2.33     Energy relation for scanning 
tunneling experiments with an n - type 
semiconductor at low temperature and 
applied voltage, constant tunneling matrix 
element, and constant tip density of states; 

  EF
S, Fermi level of the semiconductor;   EF

T, 
Fermi level of the tip;  E  D , donor levels: 
(a) negative voltage applied to sample, 
 V  a     <    0 (tip grounded); (b)  V  a     >    0.  

(a) (b)
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   2.4 
Case Studies: Interface Conditioning 

 (Photo)electrochemical processing procedures and their results are shown in 
Figures  2.35  and  2.36 . In Figure  2.35 , those crystal facets of Si are shown that have 
been electrochemically H - terminated in a (1 × 1) manner. Since the H - terminated 
surfaces are characterized by the lowest surface energy, they are the most stable 
crystal faces. The electrochemical H - termination of Si has been successful for the 
(111), the (113)  [163] , and the (110)  [182]  surfaces. The processing that led to the 
preparation of Si (111)   :   (1 × 1) - H and Si (113)   :   (1 × 1) - H surfaces is a multistep pro-
cedure and is therefore presented here as an example of the combinatorial pos-
sibilities of (photo)electrochemical conditioning in Figure  2.36 . The conditioning 
uses anodic oxide formation with white light in a stepwise procedure that is 
assumed to prepare Si – oxide interfaces with high structural quality. The subse-
quent chemical/electrochemical etching includes mostly chemical oxide removal, 
then electron injection from a solution species into the Si conduction band (dark 
current transient), and subsequent chemical etching. Vibrational analysis using 
HREELS (Figure  2.37 ) shows predominantly the Si – H bending mode at 81   meV, 
the corresponding stretching mode (262   meV), and the scissor mode, typical for 

     Figure 2.34     Energy relation for STS 
experiments (cf. Figure  2.33 ) at ambient 
temperature: (a) negative bias, forming an 
accumulation layer of width  W  acc ; (b) positive 

bias, forming a strong inversion layer of 
width  W  inv . Note that the applied bias can be 
larger than the energy gap  E  g  due to charge 
exchange with surface states.  

(a) (b)
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     Figure 2.35     Crystal faces of Si that have been electrochemically terminated with monohydride 
bonds (see text).  

(111)

(-110)

(113)

[11-2] [1-10]

the H – Si – H vibration, at 115   meV. The scissor mode is active because on the (113) 
surface, Si atoms with two dangling bonds (cf. Figure  2.35 ) coexist with single 
H - terminated surface atoms.   

 The mesa - type appearance of remnants on Si surfaces after photocorrosion in 
fl uoride - containing solution in the divalent dissolution region (see Section  2.4.1 ), 
measured by contact - mode AFM (CM - AFM) (Figure  2.38 ), can be reproduced by 
combinations of the three low - index (1 × 1) H - terminated surfaces (111), (113), and 
(110) as shown on the left - hand side of Figure  2.38 .   

 More generally, procedures include cyclic voltammetry, chronoamperometry/
coulometry, their combination, and, in many cases, photoinduced modifi cations; 
pulse methods have also been applied. The abundance of possible treatments is 
refl ected by the parameter space that includes pre - treatments, solution composi-
tion and pH, potential ranges, scan velocity, light intensity, and temporal regimes, 
for example. The surface (electro)chemistry, unique for each semiconductor, the 
energetic position of the band edges with regard to solution potentials, and the 
bulk semiconductor properties (doping, conductivity, band structure) demand a 
combination of rational and intuitive approaches for optimization of the energy 
conversion properties of semiconducting electrodes. 

 As interfacial properties control charge transfer, surface recombination, and 
stability, their optimization is a key to effi cient and stable operation in solar energy -
 converting structures and devices. The examples considered here are related to the 
development of either photovoltaic or photoelectrocatalytic effi cient systems that 
will be described in Sections  2.5  and  2.6 . The case studies begin with the more 
detailed continuation of the above described formation of nanotopographies on Si 
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     Figure 2.36     Example of photoelectrochemical 
conditioning for H - termination of crystalline 
Si, n - Si(113). (a) Photoanodization in 
potassium hydrogenphthalate buffer; for 
growth of thicker oxides, the potential was 
increased stepwise when the anodic current 
reached 100    µ A   cm  − 2 ; initial potential,  − 0.4   V; 
end potential, 9.5   V. (b) Oxide removal in two 

steps: (1) immersion of the electrode into 
0.2   M NH 4 F (pH 4) at  t     =     t  IM  with subsequent 
chemical etching and dark current transient; 
interruption at  t     =     t  E  when dark current is 
0.25 of its maximum value; (2) etching of the 
sample without applied potential ( V  a ) where 
 V  reaches the fl atband potential of 
H - terminated Si.  

(a)

(b)
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     Figure 2.37     HREEL spectrum of an H - terminated Si(113) surface, conditioned as shown in 
Figure  2.36 ;  T     =    200   K; the energy loss peaks are discussed in the text.  

electrodes. Despite the rather fundamental character of these studies, they have 
eventually led to the development of so - called nanoemitter solar cells (see Section 
 2.5.3 ) and also resulted in the formation of colored Si  [183] . 

 The  in situ  interface conditioning of p - InP by photoelectrochemical processes, 
described in Section  2.4.2 , is a key procedure for the preparation of effi cient and 
stable photovoltaic and photoelectrocatalytic solar cells and surface analyses will 
be presented that describe the induced chemical and electronic changes. The 
ternary chalcopyrites CuInSe 2  and CuInS 2  have meanwhile been developed for 
use in commercially available solid - state solar cells. For the sulfi de - based cell, the 
use of a toxic KCN etch step of Cu - rich CuInS 2  to remove Cu – S surface phases 
is considered as deleterious for wide - scale application and an electrochemical 
method will be presented in Section  2.4.3  that replaces the chemical etching 
procedure. 

   2.4.1 
Silicon Nanotopographies 

   2.4.1.1    Nanostructures by Divalent Dissolution 
 Silicon nanostructures can be obtained in acidic fl uoride - containing media or in 
alkaline solution at potentials negative from open circuit potential. The (photo)
current – voltage characteristic of Si in fl uoride - containing electrolytes reveals a 
series of phenomena which have attracted considerable attention in chemistry, 
physics, and solar energy conversion. Figure  2.39  provides an overview of these 
processes for both n -  and p - type Si. The  I  –  V  curve is characterized by two maxima 
and periodic variations at higher applied anodic potential. These photocurrent 
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oscillations will be treated separately because of the very specifi c nature of the 
process and its interrelation with silicon oxide nanotopography.   

 In the potential range below the fi rst maximum, Si dissolves by two charges 
only, according to

   Si h HF SiF H H eS VB aq CB+ + → + + ++ − + −6 46
2

2     (2.54)   

 A Si surface atom, preferably at a kink site, is oxidized by a hole from the valence 
band that is either potential induced (p - Si) or light generated (n - Si). The second 
charge is transferred by electron injection from a solution species into the Si 
conduction band. The region is characterized by porous Si formation  [184 – 187]  

     Figure 2.38     CM - AFM images of mesa - type 
structures obtained during divalent 
dissolution of Si (region I in Figure  2.39 ) 
together with a crystallographic 

reconstruction of the structural features 
using the (1 × 1) H - terminated low - index faces 
(111), (113), and (110) (cf. Figure  2.35 ).  
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and, in dilute NH 4 F, the initial stages of the dissolution of the H - terminated Si 
surface can be examined. In CM - AFM images, recorded for increased anodic 
dissolution charge, the successive removal of the (111) H - terminated terraces is 
observed, eventually leading to the formation of so - called mesas whose top sur-
faces are still (1 × 1) H - terminated Si(111) faces  [188, 189]  (Figure  2.38 ). In this 
dissolution process, the original zigzag appearance of the (111) terraces with step 
edges in the [ − 1 2  − 1] and [2  − 1  − 1] directions is successively lost by corrosion. 
The chemistry associated with this dissolution has been analyzed by SRPES. The 
SRPE spectrum at open circuit potential is virtually identical to the one displayed 
in Figure  2.30 . Here, two spectra are shown recorded after light - induced anodiza-
tion in the electrochemical vessel (Figure  2.27 ). For sample emersion near the 
infl ection point of the  I  –  V  curve, Figure  2.40 a shows a series of components in 
the deconvolution: (i) a surface core - level shift, due to the partial charge redistribu-
tion between Si and H on (1 × 1) H - terminated surfaces which amounts to 
 ∆  E  b     ≈    0.25   eV and (ii) at higher binding energy, species shifted by 0.8, 1, 1.3, 2.5, 
and 3.8   eV are found. In the deconvolution, the contributions  α  and  β  from stress 
between Si and its oxide  [190]  are neglected, because of their very small infl uence 
around the main line. The intensity from the surface core - level signal (dotted line) 
is larger than that in Figure  2.40 b and indicates that more single H - terminated 
(111) surface areas exist than after conditioning at more anodic potentials. The 
infl uence of increased anodic potential (Figure  2.40 b) is revealed in the more 
pronounced signals from higher oxidized Si species, particularly at  ∆  E  b     =    4   eV, 
where the line of silicon dioxide is expected. With oxide formation, the signals for 
the reaction intermediates upon dissolution decrease as can be seen by comparing 

     Figure 2.39     Photocurrent – voltage and dark current – voltage characteristics of n -  and p - type Si, 
respectively, in dilute NH 4 F solution at pH 4 including a chronoamperometric profi le at 
 V     =     + 6   V (SCE) (see text).  
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the corresponding lines in Figures  2.40 a and  2.40 b. This can be attributed to dif-
ferent routes in the dissolution where the mechanism of Equation  2.54  is partly 
substituted by the tetravalent oxidation

   Si h H O SiO HS VB 2 aq+ + → ++ +4 2 42( )hν     (2.55)     

 For the divalent dissolution route, the reaction starts at a kink site, for example, a 
surface H atom that has only two backbonds with the Si lattice. The capture of a 
light - induced hole into this presumed surface state generates a surface radical that 
is energetic enough to split water and in the process an electron is injected from 
solution into the Si conduction band. This has been observed as photocurrent 
doubling  [118, 191] . The next step involves the exchange of OH and F and then a 
two - step solvolytic splitting of the remaining backbonds by water. In solution, 
OH    ↔    F exchange occurs, leading to the formation of HSiF 3  which further reacts 
with water to SiOHF 3     +    H 2 . Finally, the reaction with HF results in the formation 
of   SiF H Haq6

2
2 2− ++ + . A corresponding scheme is presented in Figure  2.41 , which 

is a slightly modifi ed version of the original Gerischer model.   
 In connection with  density functional theory  ( DFT )  [192]  on the partial charge 

of postulated reaction intermediates  [193, 194] , a reaction sequence has been pos-
tulated by comparing the binding energy shifts of the intermediates with their 
partial charge. Interestingly, the basic statements of a model, proposed by Ger-
ischer  et al .  [193] , have been largely confi rmed by this combined SRPES and DFT 
study and a schematic of the reaction sequence is presented in Figure  2.41 a. 
The partial charge on the reaction intermediates  = Si(R) (the radical state on the 
right - hand side of the upper reaction in Figure  2.41 ),  = Si – H – OH,  = Si – H – F, and 
Si(OH)F 3  and that of the H - terminated Si surface,  ≡ Si – H, have been calculated by 
DFT  [195]  or, for the latter, by an electronegativity consideration that gives the 

     Figure 2.40     SRPES data for anodic photocorrosion of n - Si(111) in dilute NH 4 F solution in the 
divalent dissolution regime (cf. Figure  2.39 , region I): (a) sample emersion slightly anodic 
from open circuit potential; (b) sample emersion near fi rst photocurrent maximum.  

(a) (b)
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     Figure 2.41     (a) Reaction schematic of the 
divalent dissolution of Si, beginning at a kink 
site atom Si S ; h  +  , light - induced defect 
electron; CB, VB, conduction and valence 
band, respectively; H S , hydrogen atom that 
bonds to the underlying Si atom that has 

become a surface atom (see text). (b) Plot 
of the binding energy shift of the Si 2p core 
level, measured by SRPES, versus the 
calculated partial charge of reaction 
intermediates.  

(a) (b)

surface core - level shift based on a microcapacitor model  [196] . The corresponding 
partial charges are   δ      =    0.24, 0.45, 0.54, 1.29, and 0.1, respectively. The partial 
charge on SiO 2  has been calculated as 2.05  [197] . The relation between partial 
charges and core - level shifts measured by SRPES yields a linear behavior (Figure 
 2.41 b). Because the reaction intermediates, present in submonolayer amounts, 
experience predominantly the environment of the Si crystal, the screening should 
resemble that of bulk Si, except for special situations  [198] . The result confi rms 
substantial parts of the dissolution model. The processing in the electrochemical 
vessel including rinsing and drying procedures will only maintain species at 
the surface that are strongly bound, not too short - lived, or, for instance, held 
by capillary forces on rougher surfaces. Because the intermediates  = Si – H – OH 
and  = Si – H – F are observed, they could be associated with the rate - determining 
step which would be electron injection into the conduction band, known to be 
slow  [199]  and, also, the ligand exchange appears to be slow as both species are 
found on the surface. The higher oxidized Si(OH)F 3  species could be a precipitate 
or held by the aforementioned forces.  

   2.4.1.2    Step Bunched Surfaces 
 Silicon etching in alkaline solutions has a long history  [200]  and has found 
numerous applications  [201 – 203] , and, accordingly, models of Si dissolution 
have been developed  [204 – 206] . Dissolution is typically assumed to originate at an 
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H - terminated kink site atom on a (111) surface that reacts with water (see Figure 
 2.42 ). Models vary depending on whether a Si – H bond on the kink site atom is 
fi rst attacked or whether solvolytic splitting of a backbonds initiates the dissolution 
reaction. Figures  2.42  and  2.43  show this situation including the initial attack for 

     Figure 2.42     Schematic of etching sequence for Si(111) in alkaline solutions, indicating two 
possible routes labeled 1 and 2; a kink site surface atom with two backbonds is shown; 
route 1  [204]  is presented here (see text).  

     Figure 2.43     Reaction sequence for route 2 in Figure  2.42 ; chemical attack occurs at the Si – H 
bond of the kink site atom; subsequent OH formation takes place via an S N 2 reaction (after 
 [206] ; see text).  
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the two presumed reaction routes, labeled 1 and 2. In the dissolution sequence 
of route 1  [204]  (Figure  2.42 ), formation of a  – Si – H 2  – OH intermediate occurs. 
Further attack by a water molecule yields an H - terminated surface and the 
species H 2 Si(OH) 2  which further reacts to Si(OH) 4  under simultaneous hydrogen 
evolution.   

 Route 2  [206]  (Figure  2.43 ) involves the intermediate formation of pentavalent 
Si in an S N 2 reaction, resulting in a  = Si – H – OH surface species. Then, two sce-
narios are proposed (see Figure  2.44 ): (i) solvolytic attack of the remaining Si – H 
bond or (ii) backbond splitting. In the former process, successive oxidation results 
in formation of Si(OH) 4  and the latter sequence produces an HSi(OH) 3  molecule. 
In process (ii), the intermediate  = Si – (OH) 2  is formed that reacts with water to 
Si(OH) 4 .   

 As Figure  2.45  shows, the Si etching rate in alkaline solution depends strongly 
on the applied potential with a maximum at open circuit potential  [204, 207] . The 
etch rate decrease in the cathodic region, for example, is related to the kinetic 
stabilization of the surface kink site atoms by electrons from the conduction band 
of n - Si under accumulation conditions. The corresponding reaction sequence is 
shown in Figure  2.46 . The scavenging of a conduction band electron results in 

     Figure 2.44     Consecutive steps in Si dissolution depending on either attack of the Si – H bond 
(route 3a) or on the Si backbond (route 3b); further dissolution steps for each route are 
shown (see text).  
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formation of a surface radical. Capture of a second electron produces a negatively 
charged species that interacts with a water molecule to restore the original con-
fi guration. In this process, two OH  −   ions and an H 2  molecule are formed and a 
local increase in the pH occurs. The reaction of the radical with water to form 
 = Si – OH – H, associated with electron injection into the conduction band (cf. Figure 
 2.41 b), is also possible but the rate of electron injection from the conduction band 
of a semiconductor in accumulation condition will be much larger compared to 
that of the electron injection step from solution  [208] .   

 A conditioning protocol is shown in Figure  2.47 : beginning at open circuit 
potential at  − 1.2   V, the potential is linearly increased to  − 1.57   V with a scan rate of 
20   mV   s  − 1 . Then, at a current density of  − 110    µ A   cm  − 2 , the potential is held for 40   s. 
Subsequently, the sample is rinsed and transferred to the UHV system for analysis 
and Figure  2.48 a shows the envelope curve for the Si 2p core level. Also shown, 
indicated by the arrows, are species that have been identifi ed by deconvolution, 
and their respective contribution, normalized to the bulk Si line, and the chemical 
identifi cation are given in Table  2.1 . In Figure  2.48 b, the O 1s line is depicted, 
showing a contribution from hydroxyl species at 532.1   eV and from molecular 
water at 532.8   eV. The signal shifted by 0.2   eV is attributed to Si – H bonds, the shift 
 ∆  E  b     =    0.5   eV corresponds very likely to  = Si – H 2  bonds, and the remaining two 

     Figure 2.45     Infl uence of electrode potential on the etch rate of Si in alkaline solution: (1) after 
Glembocki  et al .  [207] ; (2) Allongue  et al .  [204]  (see text); the open circuit potential (ocp) is 
indicated in both cases.  
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     Figure 2.46     Reaction sequence for n - Si(111) under accumulation conditions (potential 
cathodic from fl atband) in alkaline solution; note the restoring of the initial condition and the 
occurrence of a negatively charged Si surface atom.  

     Figure 2.47     Conditioning protocol for mixed chemical/electrochemical preparation of step 
bunched Si.  
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     Figure 2.48     SRPES data for (a) the Si 2p and 
(b) the O 1s core level at high surface 
sensitivity, tuned by the photon energy; the 
arrows in (a) indicate positions of reaction 
intermediates obtained from deconvolution. 

The distance of the respective arrows to the 
base line for deconvolution gives the 
maximum value of the 2p 3/2  signal relative to 
the other deconvoluted signals (see also 
Table  2.1 ).  

(a) (b)

  Table 2.1    Reaction intermediates identifi ed by  SRPES  Si 2p spectrum deconvolution after 
treatment in 2    M   N  a  OH  according to the conditioning procedure shown in Figure  2.47  (for 
species identifi cation, see Figure  2.46 ). 

   Binding energy ( ∆ eV)     Surface chemical species     Relative contribution  

   − 0.33     = Si – H – e  −      0.08  
   + 0.20     = Si – H    0.68  
   + 0.50     = Si – H 2     0.12  
   + 0.80     = Si – H – OH    0.12  

signals ( ∆  E  b     =    0.8 and  − 0.3   eV) are attributed to  = Si – H – OH and the negatively 
charged surface species (second row down in Figure  2.46 ), respectively.     

 The surface is predominantly H - terminated and, if one includes the intermedi-
ate with a negative charge on a dangling bond,  = Si – H – e  −  , which belongs to the 
reaction circle that reinstalls H - termination (Figure  2.46 ), the H - termination 
reaches almost 80%. The fi nding of the    = Si – H – OH species points to the reaction 
mechanism characterized by route 2 in Figure  2.43 . On the basis of the present 
results, it cannot be decided how the reaction proceeds further, that is, whether 
route 3a or 3b is followed. The associated higher oxidized Si surface atoms are 
obviously short lived and weaker bound intermediates which do not withstand the 
rinsing, drying, and outgassing procedure in the sample transfer to the UHV 
analysis chamber. 

 The surface topography that arises from the treatment dipicted in Figure  2.47  
is shown in Figure  2.49 . The CM - AFM image shows the occurrence of steps that 
are several atomic bilayers high. Steps are about 3 – 5   nm and the atomic bilayer 
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height is 0.314   nm for the (111) face. The steps are thus roughly 10 – 15 times larger 
than the atomic step height. Due to the curvature of the probing AFM tip (10 –
 30   nm tip radius), the features observed in Figure  2.49  appear somewhat blurred. 
The phenomenon of a step height increase is known as step bunching  [209, 210] . 
Although known for some time  [211] , only recently has a plausible model been 
suggested for the explanation of the basic mechanism acting to produce larger 
steps  [212]  on vicinal Si surfaces (miscut of 3.5 °  towards the  < 11 - 2 >  direction) 
exposed to aqueous electrolytes. This model, however, describes the chemical dis-
solution only and does not consider electrochemical processes. Basically, it consid-
ers an increased viscosity due to formation of polymerized dissolution products 
of the type Si(OH) 4  where  – Si – OH and HO – Si –  form oxobridges  – Si – O – Si –  by 
release of water molecules. The accordingly increased viscosity is thought to 
inhibit product dissolution and results in a decrease of the etching rate where the 
original atomic step density is high because, at such regions, more kink sites 
will be available for etching. Therefore, the condition for step bunching,  −  ∂  k  e /
 ∂   ρ   step     ≠    0  [211, 212] , is fulfi lled here ( k  e  is the etch rate and   ρ   step  the step density). 
In the electrochemical preparation of step bunched Si surfaces, the etch rate 
changes with applied cathodic potential and becomes considerably smaller near 

     Figure 2.49     CM - AFM measurements on n - Si, conditioned according to Figure  2.47 : 
(a) top - view scanning image; (b) cross - sectional height profi le.  

(a)

(b)
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 − 1.6   V (cf. Figure  2.45  and the conditioning protocol) than at open circuit potential. 
Obviously, the product dissolution is still strongly enough inhibited to result in 
step bunching although the surface considered here had a nominal miscut of only 
0.5 °  which yields a considerably lower initial step density than on a vicinal surface.   

 Surface electronic properties of step bunched Si have been analyzed by SRPES, 
measuring the valence band onset of photoemission and the shift of the Si 2p core 
level with changing photon energy. The latter results in a corresponding change 
of the mean inelastic scattering length of photoelectrons and thus provides depth 
information. This dependence is shown in Figure  2.50 . One observes that the 
position of the 2p line changes from  E  b     =    99.72   eV for high surface sensitivity to 

     Figure 2.50     SRPE envelope and 
deconvoluted bulk Si spectra for two different 
photon energies corresponding to different 
escape depths of photoelectrons,   λ   esc . Top: 

high surface sensitivity. Bottom: escape 
depth about 1.5   nm. The binding energy shift 
of about 0.15   eV is indicated (see text).  
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99.65   eV for larger escape depth. Because the Si surface species are much more 
prominent for  h ν      =    150   eV, the deconvoluted bulk Si line has been used for com-
parison. In Figure  2.51 , the photoemission onset at the Si valence band is extrapo-
lated from an XPS valence band spectrum. The energetic difference between  E  F  
and  E  VB  is 1.06   eV which is larger than expected from the doping of the n - type 
sample where the difference  E  CB     −     E  F     =    0.26   eV. Hence,  E  F     −     E  VB     =     E  g     −    0.26   eV    =    
0.86   eV. This value is increased by 0.2   eV as also observed for the Si 2p core level 
where the shift was about 0.15   eV. This difference can be related to the spatial 
profi le of the electrostatic (Galvani) potential in the accumulation layer that does 
not reach its bulk value at a depth of 1.5   nm. The sample is in an accumulation 
condition with a high electron concentration near the surface as depicted by the 
energy band schematic in Figure  2.52 . The extension of the accumulation layer 
can be described using the Thomas – Fermi screening approximation  [213]  for 
different majority carrier concentrations  n  e . In the free electron approximation, 

for  n  e     =    10 18    cm  − 3 , the screening length is given by   k n aTF e= 4 3 1 3
0( / ) //π , with 

 L  TF     =    1/ k  TF , yielding a length of about 2   nm. The electrostatic potential changes 
according to   ϕ  ( x )    =    ( q / x )exp( −  k  TF  x ) and the accumulation layer band bending 
extends about 2   nm below the outermost surface. Instead of a linear – parabolic 
dependence that characterizes the energy band change for nondegenerate semi-
conductors, the potential dependence is here exponential, as is indicated in 
the fi gure.   

 The lateral potential distribution across the surface has been measured by 
Kelvin probe AFM  [214] , which monitors contact potential differences across 
the surface and has been successfully applied, for instance, in the electrostatic 

     Figure 2.51     X - ray photoelectron valence band spectrum at high surface sensitivity 
( h ν      =    150   eV) showing the energetic difference between Fermi level and valence band 
photoemission onset to be 1.06   eV.  
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characterization of small - grain polycrystalline solar cells  [215] . A typical measure-
ment on step bunched Si is shown in Figure  2.53 . It can be seen that the surface 
nanotopography and the contact potential difference are related: the electrostatic 
potential drops mostly near step edges and reaches its smallest value at the infl ec-
tion point of the step edges. This indicates a spatially inhomogeneous distribution 
of the surface charge in the accumulation layer having its maximum values around 

     Figure 2.52     Energy versus space diagram for n - type Si in fl atband situation (left) and in the 
accumulation situation as determined by photoelectron spectroscopy (right).  

     Figure 2.53     Kelvin probe AFM experiment on a step bunched Si(111) surface. Top: 
topographic features of the investigated step bunched sample; bottom: variation of the 
electrostatic potential.  
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step edges. This property of the surface has been used for site - specifi c adsorption 
of heterodimeric enzymes in a precursor experiment for biologically inspired solar 
fuel generation systems  [216] .    

   2.4.1.3    Oxide - Related Nanotopographies 
 The current – voltage characteristic in Figure  2.39  shows that at higher anodic 
potential, current oscillations occur for both n -  and p - type Si. Whereas the former 
is induced by light - generated holes, the latter results from hole fl ux due to the 
accumulation layer that is formed upon anodic polarization. The origin of these 
oscillations has been described by several authors and an unambiguous interpreta-
tion has not yet been achieved  [217 – 221] . In addition, a macroscopic model has 
been introduced that describes oscillatory phenomena on a larger spatial scale 
 [222, 223]  than the more nanoscopic theories. 

 Basically, in the nanoscopic models, the assumed mechanisms encompass self -
 oscillating nanoscopic domains  [217] , the assumption of a so - called current burst 
 [218] , and the stress - induced formation and temporal evolution of nanopores in 
silicon oxide that forms under anodic polarization conditions  [224] . Surface analy-
sis by XPS and  Fourier transform infrared  ( FTIR ) spectroscopy shows that for 
illuminated n - Si, at  + 6   V (SCE), an anodic oxide exists that has an integral average 
thickness of about 10   nm  [224] . In Figure  2.54 , the FTIR signal has been evaluated 
with regard to the oxide thickness  [225]  and is contrasted with the oscillatory 
current behavior. One sees that a distinct phase shift exists: for the increasing 
branch of the photocurrent, the oxide has its minimum thickness of about 17   ML, 
at the current maximum and minimum, the thickness of 22   ML is virtually equal, 
and the largest thickness is found for the decreasing branch of the current after 

     Figure 2.54     Photocurrent oscillations for 
n - Si(111) at  V     =     + 6   V in 0.1   M NH 4 F, pH 4 
(top) and oxide thickness variation 
determined by  in situ  Fourier transform 

infrared spectroscopy experiment measuring 
the asymmetric Si – O stretching mode; 
note the phase shift between current and 
thickness.  
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the maximum. Taking 0.45   nm as the thickness for an oxide monolayer  [226]  yields 
an average thickness of about 10   nm with a variation of  ± 2.3   nm. The occurrence 
of sustained oscillations at minimum oxide thickness values around 7.7   nm is 
diffi cult to envisage; therefore, the existence of pores within the oxide that allow 
electrolytic conductivity was postulated rather early  [227]  and, later, a theory was 
developed based on the temporal evolution of oxide nanopores  [220, 221, 228] . 
Indeed, nanopores within anodic oxides formed under dynamic competitive condi-
tions (i.e., anodic oxide formation and oxide etching in dilute ammonium fl uoride 
solution) have meanwhile been seen under various experimental conditions  [229, 
230] . Typical images are shown in Figure  2.55  where nanopore fi elds are displayed 
for emersion of the Si sample at different phases of the oscillating current as 
indicated in the fi gure. It can be seen that the pore contrast and size are largest 
for the smaller oxide thickness. Such a nanoporous oxide will be discussed further 
below as a template for the preparation of nanoemitter solar cells.   

     Figure 2.55     Nanopore fi elds for sample emersion at the indicated phases of the oscillating 
current; experimental conditions as in Figure  2.54 .  
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 The underlying concepts of the model, based on interfacial stress between Si 
and its anodic oxide, are briefl y reviewed: at its core is the dynamic competition 
between oxide formation (cf. Equation  2.52 ) and dissolution in dilute (0.1 – 0.2   M) 
NH 4 F solutions with pH of about 4. The processes of light -  or potential - induced 
oxidation and etching in HF and   HF2

− occur simultaneously and the overall reac-
tions are as follows:

   n-Si h H O SiO HVB 2 aq+ + → ++ +4 2 42( )hν     (2.56)  

   p-Si h H O SiO HVB a 2 aq+ + → ++ +4 2 42( )V     (2.56a)  

   SiO HF SiF H H Oaq
+

22 6
26 2 2+ → + +−     (2.57)  

   SiO HF SiF H O OH2 aq2 2 6
23+ → + +− − +     (2.57a)   

 Equations  2.56  and  2.56a  describe oxidation via holes from the valence band that 
originate either from photon excitation of minority carriers in n - Si or from the 
formation of an accumulation layer by anodic polarization ( V  a ) of p - Si, respectively. 
Equation  2.57  is the etching reaction for HF that generates hydronium ions (for 
simplicity, only the solvated protons   Haq

+  are written) and Equation  2.57a  describes 
the etching by the hydrogen bridge complex   HF2

− which only takes place at mode-
rately acidic pH. 

 The competitive oxidation and etching processes are analyzed using the concept 
of highly local thickness oscillators; they represent the thickness behavior of the 
oxide at a given position (coordinates  x ,  y  on the Si surface plane). The upper 
infl ection point of such thickness oscillators is given by the maximum oxide thick-
ness that can be reached under the anodization conditions (light intensity, poten-
tial), reduced by the etching occurring already during oxide formation (etch rate 
depending on molarity and pH). Figure  2.56  shows that the oxidation process is 
fast compared to typical etching times in dilute fl uoride - containing solutions. 
Therefore, the periodic behavior of the thickness oscillators is dominated by the 
oxide etching process. The cycle times of the thickness oscillators determine the 
temporal evolution of the system. The oscillating current, which is a photocurrent 
for n - Si and a dark current for p - Si, is derived from an initial current peak (due 
to oxidation of the bare H - terminated Si surface) whose temporal behavior is 
deduced from the current profi le in Figure  2.56  and the temporal evolution of 
the thickness oscillators. In this model, the oscillating current  j ( t ) is proportional 
to a synchronization function   p t p ti

i
( ) ( )= ∑ ;  p i  ( t ) defi ne the synchronization of the 

thickness oscillators in the  i th cycle of the oscillation and they are derived from 
the preceding synchronization function  p i    − 1 ( t ) via a Markov chain  [220, 221, 231] :

   p t p q t ti i i

ti

( ) ( ) ( ),= −−∫ 1 τ ττ d
∆

    (2.58)     

 The integrand  q i, τ    represents the probability distribution of the cycle time of the 
thickness oscillators. In this formalism, the temporal development of the system 
is described in some mathematical analogy of the Feynman path integrals that 
also use a recursive description and probability theory  [232, 233]  for particle propa-
gation in quantum electrodynamics. 
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 Synchronization depends crucially on the maintenance of the temporal shape 
of the functions  p i  ( t ). Therefore, the temporal behavior of the thickness oscillators, 
described by  q i, τ   , must contain a synchronizing feature. Mathematically this can 
be achieved by a temporal compression of those  q  that start at a later time   τ    *  in 
the time interval  ∆  t  in such a way that the thickness oscillators that start later 
within one cycle fi nish their cycle earlier. This situation is depicted in Figure  2.57 , 

     Figure 2.56     Photocurrent decay (oscilloscope measurement) during the fi rst initial oxidation 
phase of n - Si(111) in dilute NH 4 F, pH 4; W – I lamp, ms shutter; in this fi rst oxidation phase, 
about 10 monolayers of oxide are formed (see text).  

     Figure 2.57     Plot of the temporal behavior of 
the synchronization functions  p i  ( t ) and of the 
probability distribution of the periods of the 
oxide thickness oscillators  q i   ,    τ   ; a plausible but 
arbitrary shape of  q i   ,    τ    has been assumed; 

initial and fi nal conditions for two different 
electrode areas where oxidation sets in at 
different times are shown. Also shown is the 
contraction of the time interval for the later 
started oxidation process (see text).  
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which shows a temporal sequence of the synchronization functions  p i  ( t ) together 
with two  q i  ( t ), labeled  q i, τ    and  q i, τ   *   . The former has been assumed to start earlier 
and the latter sets in later but has a shorter time interval for completion of the 
oscillation which results in an earlier endpoint (in time) than for  q i, τ   . Then, in the 
subsequent cycle, these oscillators start earlier and the consecutive temporal devel-
opment yields a sustained oscillation. Hence, the  mathematical  feedback mecha-
nism is given by the contraction of the cycle time of the thickness oscillators. Now, 
the question arises: what could be the physicochemical origin of this contraction? 
As the oxidation process itself is fast and etching is slow, a valid assumption is 
that the synchronization is associated with the etching process. One needs at least 
two different oxide etching rates that differ enough to allow for fast etching of later 
formed oxides within one oscillatory cycle. Therefore, one considers the oxide 
growth within an idealized cycle ( i th) as shown in Figure  2.58 . The side view 
(Figure  2.58 a) shows initially formed oxide islands which grow into the Si sub-
strate but also extend towards the exterior of the geometrical surface, due to the 

     Figure 2.58     Schematic of the generation of 
stress by earlier formed oxides on later 
formed ones within an oscillatory cycle. 
(a) Side view indicating compressive stress 
in the oxide and tensile stress in the Si 
substrate. Between oxide islands, the stress 
is compressive underneath the oxide that is 

etched in the former cycle (old oxide); 
underneath the old oxide I, a defect - rich 
oxide II is formed that etches faster. (b) Top 
view at an advanced stage where the later 
formed oxide II is under considerable stress, 
indicated for a selected region between 
oxides I by the arrows.  

(a)

(b)
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volume mismatch of 2.27 between the oxide and Si. The oxide is thus under com-
pressive stress whereas Si is underneath the oxide and is under tensile stress, a 
fact that is important in microelectronic devices  [234] . Between oxide islands, the 
stress in the substrate is compressive as indicated. The top surface view (Figure 
 2.58 b) shows also a rather advanced stage of the oxidation process. For simplicity 
and intelligibility, the oxides are labeled I and II to characterize oxides that have 
been formed at earlier stages of the process (I) and at later stages (II). It is seen 
that oxide II forms in Si that is under substantial tensile stress, and thus this oxide 
will exhibit a considerably enhanced defect density. Such defects could be point 
and line defects but also small cracks that, in the presence of the electrolyte and 
under etching conditions, can transform into nanopores.   

 Etching at nanopores becomes a three - dimensional process whereas the non -  or 
less - defected oxides etch predominantly in a two - dimensional process that is much 
slower. In Figure  2.58 b, the successive oxidation process is indicated by the areas 
located between the oxide I islands where the arrows symbolize the stress forces. 
It is known from fractal photocorrosion of Si, for example, that oxidation and dis-
solution are prevalent at sites with stress - induced distortion of bonds  [235] . 

 In Figure  2.59 , these processes are condensed in a schematic that shows the 
temporal evolution of sustained oscillations. Damped oscillations occur if the 
etching time interval of successively formed oxides does not contract enough. In 
this case, the bell - type shape of the synchronization function in Figure  2.57  
becomes more spread out until the oscillations cease. Under these conditions, the 
Si – oxide interface will exhibit an increased roughness because the system is char-
acterized by the simultaneous existence of various  p i  ( t ) (e.g.,  i     −     N ,  … ,  i     −    1,  i ). 
Indeed, such oscillatory phenomena have been used for the preparation of elec-
tronically superior Si single - crystal surfaces  [236] , because the oscillatory behavior 
is a macroscopic phenomenon and hence synchronization occurs throughout the 
sample surface. Any structure formed in this process exists on the overall sample 
surface resulting in the scalability of the related nanostructures which can be used 
for the preparation of solar energy converting devices (see Sections  2.5  and  2.6 ).   

 Another example of nanotopography development, achieved by simultaneous 
monitoring of photocurrent and refl ectance measured by Brewster angle analysis, 
uses the transformation of the dissolution mechanism from the divalent process 
to the tetravalent one; the principle of the conditioning is shown in Figure  2.60  
where the photocurrent – voltage characteristic for n - Si(111) in dilute ammonium 
fl uoride solution is dipicted in the potential region around the fi rst current 
maximum where this transition occurs  [169] . As seen in Figure  2.60 , the  I  –  V  
characteristic shifts to more cathodic values with increasing light intensity. At a 
chosen electrode potential (here,  − 0.1   V), the current shows markedly different 
values depending on the light intensity. As a consequence, the light intensity can 
be used to establish current fl ow either on the cathodic or anodic side of the fi rst 
current maximum. On the cathodic side, the divalent dissolution mechanism 
dominates (cf. Figure  2.39 ) and on the anodic branch, anodic oxide formation 
occurs. Figure  2.61  shows a simultaneous measurement of the photocurrent –
 voltage characteristic and the Brewster angle refl ectance, measured at the Brewster 
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angle,   ϕ   B , of a smooth (H - terminated) Si substrate. It is seen that the refl ectivity 
reaches its maximum before the current and that  R  p (  ϕ   B ) drops strongly afterwards. 
The increase of the refl ectance signal is attributed to an increase of size and density 
of nanostructures that are formed in the divalent dissolution regime (see, for 
instance, Figures  2.35  and  2.38 ). Before the fi rst photocurrent maximum,  R  p  

     Figure 2.59     Schematic of the temporal 
development of overlapping oxide formation 
and etching assuming that regions exist on 
the surface that are later oxidized but etch 
faster due to more three - dimensional attack 
at extended defects (nanopores); the faster 

oxide formation than the etching results in 
an asymmetric temporal profi le for both 
oxide types. Also shown is the shorter 
lifetime of the more defect - rich oxide II 
resulting in a compression of its lifetime with 
respect to oxide I (see text).  
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     Figure 2.60     Photocurrent – voltage behavior 
of n - Si(111) in 0.1   M NH 4 F, pH 4, for 
increased light intensities; dotted curve, 
 I     =    40   mW   cm  − 2 ; full curves, (C) 
 I     =    7   mW   cm  − 2 , (A)  I     =    1   mW   cm  − 2 . A and C 

indicate electrode potentials which are, 
dependent on the light intensity, connected 
to a transition from divalent to tetravalent 
dissolution.  

     Figure 2.61     Simultaneous refl ectance  R  P  
(dashed - dotted curve) and photocurrent 
(solid curve) measurement near the fi rst 
photocurrent maximum; the shift of the 
maximum of  R  P  relative to the current 
maximum indicates transition to tetravalent 

dissolution before the current maximum (see 
text); points A and C indicate the refl ectance 
behavior and thus the surface condition that 
can be obtained at fi xed potential by varying 
the light intensity (cf. Figure  2.60 ).  
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decreases due to the commencement of nanostructure oxidation and oxide etching 
in the HF - containing solution. Also indicated in Figure  2.61  are the  R  p  values for 
conditions A and C in Figure  2.60 , that is, at constant potential. In Figure  2.62 , 
the differences in the surface dissolution processes between conditions A and C 
are exploited for the preparation of a novel nanostructure. The temporal evolution 
of the current and the refl ectivity signal are displayed simultaneously for a low 
and a higher light intensity, corresponding to conditions A and C, respectively. A 
successive roughening of the surface at condition A is seen in the refl ectivity 
increase. Moreover, upon switching the light intensity to 7   mW   cm  − 2 , a step in the 
current is observed, accompanied by a decrease in  R  p  that results from the different 
optical properties of the electrolyte – oxide – Si interface and smoothening due to the 
transition into the electropolishing region where the oxide is etched. The surface 
after conditioning A for 300   s is shown in the upper left AFM image in Figure 
 2.63 . After 300   s at condition C, the then oxidized surface is characterized by Si 
nanostructures that are embedded into an SiO 2  mask as shown by the upper right 
AFM image in Figure  2.63 , and the corresponding SEM image is shown below. 
The described treatment serves as a novel nanostructure conditioning step, con-
trolled by Brewster angle refl ectance, which results in partially oxidized Si nanos-
tructures that can be used as templates for metal deposition in nanoemitter 
structures or as catalyst supports in photoelectrocatalysis applications, for example. 

     Figure 2.62     Chronoamperometric 
conditioning of n - Si(111) in 0.1   M NH 4 F, pH 
4; potentials A and C correspond to the 
respective light intensities in Figure  2.60  and 
indicate divalent and tetravalent dissolution, 

respectively; the encircled  “ em ”  denote the 
instant of sample emersion from solution for 
subsequent surface topographical analysis by 
AFM and SEM (Figure  2.63 ).  
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     Figure 2.63     AFM and SEM analysis of 
surface structure induced by switching the Si 
dissolution process from the divalent mode 
to the oxide - forming tetravalent one. Top: 

AFM images upon emersion at condition A 
and C in Figure  2.62 , respectively; bottom: 
SEM image for emersion at condition C in 
Figure  2.62  (see text).  

Possibilities for the preparation of rod - type Si features are provided by the fi nding 
that there is an increased aspect ratio after oxide removal.     

   2.4.2 
Indium Phosphide 

 Indium phosphide has been a successful material in the preparation of solid - state, 
photovoltaic, and photoelectrocatalytic electrochemical solar cells  [237 – 240] . Pho-
tovoltaic solid - state solar cells reach single - junction effi ciencies above 24%  [237] . 
When used as a photocathode in photoelectrochemical solar energy conversion, 
the material has shown excellent stability  [239] , related to the unique surface 
chemistry of the polar InP(111) A - face that exposes In atoms only  [240] . The pho-
toelectrochemical conditioning of single - crystalline p - type InP with the aim of 
preparing effi cient and stable photoelectrochemical solar cells for photovoltaic and 
photoelectrocatalytic operation is described in the following and the induced 
surface transformations are analyzed employing a variety of surface - sensitive 
methods. 
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 Two surfaces are conditioned: the aforementioned InP(111) A - face with In 
atoms protruding a quarter of a monolayer and the In - rich InP(100) (2 × 4) recon-
structed surface of a thin homoepitaxial layer, prepared by  metal organic vapor -
 phase epitaxy  ( MOVPE ) on a crystalline InP wafer substrate  [241] . Whereas the 
former surface has been successfully conditioned for the development of an effi -
cient and stable photovoltaic photoelectrochemical solar cell (see Section  2.5.2 ), 
the latter surface has been employed in the development of an effi cient photoelec-
trocatalytic structure for light - induced hydrogen generation (see Section  2.6.2 ). 
The functioning of solar energy conversion devices is typically described by energy 
band diagrams of the respective semiconductor – electrolyte junctions. Such band 
diagrams can be obtained by a variety of experimental methods in conjunction 
with theoretical data. Among the particularly well - suited methods is UPS  [150]  as 
this method does not only allow the analysis of the valence band structure but also 
monitors changes in band bending due to surface states and in electron affi nity 
related to surface dipole changes  [242] . Such experiments can be performed using 
the in - system apparatus shown in Figures  2.26  and  2.27 . 

   2.4.2.1    The  InP (111)  A  - face 
 A schematic of the atomic arrangement of the (111) A - face is shown in Figure 
 2.64 . The In atoms form the topmost surface layer, a quarter of a monolayer 
on top of the P atoms. Therefore, this polar surface exhibits specifi c chemical 
properties which are revealed, for instance, in its etching behavior. Whereas the 
P - terminated (111) B - face etches in phosphoric acid, for instance, the A - face is 
only very slowly attacked; HCl etching prepares the (111) A - face  [243] .   

 The maximum power point of effi cient solar cells is located close to the open 
circuit voltage (see Figures  2.12  and  2.89 ). For p - type semiconductors, the open 
circuit condition is the most anodic potential at which the photocathode is operated 
and anodic dark currents compensate the cathodic photocurrent at this potential. 
It is therefore important to stabilize the photocathodes for operation at the 
maximum power point where anodic as well as cathodic photocorrosion can occur. 
Among the approaches presented in Figure  2.11 , the protection of the semiconduc-
tor surface from the reactive electrolyte interface has been considered as most 
promising. Interfacial fi lm formation can be achieved  in situ  by scanning the 

     Figure 2.64     Atomic arrangement of the InP(111) A - face (top) and the (111) b - face (bottom).  
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electrode towards anodic potentials where surface oxidation occurs and, in the 
backward scan, to more cathodic potentials where the photoreduction reaction, 
which typically is H 2  evolution, results in a reduction of the formed anodic layer. 
In this respect, the repeated scanning between these potentials bears a similarity 
to electropolishing  [244]  where simultaneous (photo)electrochemical oxidation and 
oxide reduction by etching lead to the formation of a thin interfacial oxide and 
sample smoothening. Such a strategy has been successful with p - InP exposed to 
an HCl electrolyte  [245] . The conditioning procedure, consisting of multiple scans 
between  − 0.2 and  + 0.2   V under illumination, leads to a marked increase in the fi ll 
factor, as shown in Figure  2.65 . The fi gure shows also the  I  –  V  curve for the 
untreated sample and the improvement after Br 2 /methanol etching; the cycling 
procedure, however, leads to a much more pronounced improvement.   

 Experiments on the induced changes in surface electronic properties have been 
preformed using the combined in - system electrochemistry/UHV surface analysis 
approach (Figure  2.27 ) where the electrochemical vessel is attached to a laboratory 
apparatus, performing UPS and standard XPS with a Mg K  α   photon source. The 
infl uence of photoelectrochemical conditioning on the surface dipole changes can 
be deduced from the data in Figure  2.66 . Here, HeI (photon energy of 21.2   eV) 
UPS spectra are shown for the sample after etching in methanol/bromine (dashed 
curve in Figure  2.65 ), spectrum (a), and after optimization in HCl upon repeated 
cycling (solid curve in Figure  2.65 ), spectrum (b). The InP valence band emission 
features are displayed including the photoemission onset near the Fermi level and 
the secondary electron cutoff. It is seen that the cutoff  E  co  changes from  − 16.9   eV 
(initial surface) to  − 16.1   eV after cycling in HCl. The valence band is located at 
 − 0.6   eV for spectrum (a). Due to surface phase formation during HCl cycling, 

     Figure 2.65     Photocurrent – voltage 
characteristic of p - InP(111) A for different 
surface conditions: dotted curve, untreated 
sample; dashed curve, after etching in 1% 

Br 2 /CH 3 OH (condition (a)); solid curve, after 
50 cycles in 0.5   M HCl (condition (b)); light 
intensity, 20   mW   cm  − 2 , W – I lamp.  
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assessment of the valence band emission onset is more diffi cult, yielding an 
extrapolated value of  − 0.8   eV, a value that has also been deduced from shifts in 
those core levels upon treatment which do not undergo chemical shifts. The p 3/2  
level was taken in conjunction with the valence band extrapolation. Before discuss-
ing the spectral features, the cutoff data and the valence band position changes 
will be discussed to derive an energy band schematic that describes the induced 
changes. To determine the electron affi nity change, the kinetic energy, photon 
energy, doping level (determining the energetic distance of Fermi level and valence 
band edge), energy gap, and secondary electron cutoff are related by

   E h E E E Ekin g F V co= − − + − − ≡ν χ ( ) 0     (2.59)     

 With a photon energy of 21.2   eV and an energy gap of 1.35   eV, Equation  2.59  can 
be rewritten, also taking into account a possible band bending (cf. Figure  2.29 ), 
and solved for the electron affi nity   χ   (for kinetic energy zero):

   χ = + ± −19 85. ( )eV dop bb co∆E eV E     (2.60)   

 For the initial condition (a) in Figure  2.66 , the overall energetic distance between 
 E  F  and  E  V  is 0.6   eV and the cutoff energy is 16.9   eV. This results in an electron 
affi nity of 3.6    ±    0.1   eV. With  ∆  E  dop     ±     eV  bb     ≈     − 0.8   eV and  E  co     =    16.1   eV after HCl 
conditioning, one obtains   χ      =    4.5    ±    0.1   eV yielding a change in   χ   by 0.9   eV. The 
resulting energy schematic which includes electrolyte levels such as the cathodic 
decomposition levels and the hydrogen redox couple is shown in Figure  2.67 . An 
example for cathodic decomposition in HCl is the reaction

   p-InP e Cl H InCl PHCB ad aq+ + + → +− − +2 3 3( )hν     (2.61)  

     Figure 2.66     UPS of p - InP(111) A for conditions (a) and (b) in Figure  2.65 ; excitation by He I 
(21.2   eV) (see text).  
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with a potential of  − 0.5   V (SCE). It will be shown below in the XPS data analysis 
that Cl is incorporated into an interfacial fi lm which forms during cycling in HCl. 
Further decomposition reactions are InP/In 0  ( − 0.4   V (SCE)) and In 3 +  /In 0  at  − 0.58   V. 
Translated to the vacuum scale, the levels are located at 4.4 (Equation  2.61 ), 4.5 
and 4.3   eV, respectively. After optimization, the energetic position of the conduc-
tion band edge has shifted downward such that the H 2  evolution reaction can still 
occur with a large contact potential difference but the decomposition is unfavora-
ble even if the interfacial fi lm were absent (Figure  2.67 a). Figure  2.67 b shows the 

     Figure 2.67     Energy scheme deduced from 
the UPS data shown in Figure  2.66 . (a) 
Schematic for conditions (a) and (b) in 
Figure  2.65 , labeled  initial  and  after HCl ; also 
shown are cathodic decomposition levels 
In 3 +  /In 0  and InP/InCl;   ECB VB

f
, , conduction and 

valence band positions after HCl 
conditioning;   χ   init ,   χ   f , electron affi nities before 
and after HCl conditioning;  ∆  E , energy shift 
resulting from the treatment, occurring 

across an interfacial fi lm that has been 
identifi ed by XPS (Figure  2.68 ). (b) Energy 
relation for operation at the maximum power 
point, that is, close to the open circuit value 
as indicated by the reduced band bending 
and the large difference between the 
quasi - Fermi level and the bulk Fermi level at 
the surface;  eV  mpp , voltage (energy) at the 
maximum power point.  

(a)

(b)
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situation near the maximum power point, that is, close to the fl atband condition 
assuming negligible surface/interface recombination as indicated by the good fi ll 
factor in Figure  2.65 .   

 The data for surface chemical composition after cycling in HCl, analyzed by 
XPS, are presented in Figure  2.68 . The In 3d line at 444.2   eV is attributed to In in 
InP but also to In 2 O 3 . The line at 444.5   eV has been attributed to In in InCl  [246] . 
The weak line at 445.7   eV is related to In  x  (PO 4 )  y   - type phosphates, whereas metallic 

     Figure 2.68     XPS analysis of treatment (b) in Figure  2.65 . Excitation, Mg K a  ( h ν      =    1256   eV); the 
In 3d, P 2p, O 1s, and Cl 2p lines are shown (see text); lines obtained from spectrum 
deconvolution are indicated by dotted vertical lines.  
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In would be found at 443.4   eV. The absence of In 0  shows clearly that the cyclic 
photoreduction process in HCl does not lead to In deposition. The phosphorous 
line ( E  B     =    128.3   eV) shows P in InP and possibly the small signal around 133   eV 
could be assigned to phosphates but should not be overinterpreted. It should be 
noted that with 1256   eV photon energy, the surface sensitivity is higher for the In 
4d line because the kinetic energy of the emitted electrons is smaller; also, the 
atomic sensitivity factor is much smaller (by about a factor of 10) for P than for 
In. The O 1s signal at 531   eV belongs to In 2 O 3  and the lines at  E  B     =    532 and 
533.2   eV originate from OH and molecular water, respectively. The Cl 2p signal 
shows the presence of InCl ( E  B     =    198.3   eV) and of adsorbed Cl  −   ( E  B     =    199.4   eV). 
The evolving picture is that the cyclic polarization and optimization of the  I  –  V  
curve in HCl results in the formation of a surface phase that consists of a mixture 
of indium oxide and indium monochloride. The formation of InCl could be facili-
tated by adsorption of Cl  −   at the fi lm surface. The thickness determination yields 
a value of about 1.2   nm. It should be noted that, after further optimization as a 
photoelectrochemical solar cell in a V(II)/V(III) electrolyte, the thickness of the 
interfacial fi lm decreases to about 0.8   nm. These fi lms allow carrier transfer via 
tunneling, but also the conduction band of In 2 O 3  is energetically located slightly 
below that of InP. If the InCl – In 2 O 3  composite fi lm would have a similar electron 
affi nity, the excess minority transport could also result from a conduction band 
process as has been postulated for a device prepared with thin - fi lm InP(100) 
(Figure  2.113 ; Section  2.6.2 ). The earlier concept of an MOS structure  [237]  has 
therefore to be partially revised as the main constituent of the interphase formed 
is InCl.    

   2.4.2.2    The In - Rich  InP (100) (2 × 4) Surface 
 The atomic arrangement of the (2 × 4) reconstructed p - InP surface of a thin 
homoepitaxial layer has been determined from low - energy electron diffraction 
experiments and is shown in Figure  2.69 . Samples with an In - rich surface have 
been prepared by MOVPE on a (100) - oriented InP wafer that was doped with 
Zn to 10 18    cm  − 3 . Thin fi lms were also Zn - doped with a dopant concentration 
of 4    ×    10 17    cm  − 3 . As precursors in the deposition process, trimethylindium,  tert  -
 butylphosphine, and diethylzinc have been used for doping. The ratio of the 

     Figure 2.69     Surface arrangement of the InP(100) 2 × 4 reconstructed In - rich surface (see text).  
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compounds containing group V and group III elements was 40 and, accordingly, 
growth occurred with substantial P excess. The In - rich surface was prepared by 
keeping the surface temperature of the sample above the sublimation temperature 
of the group V compound  [247] . Nine In top - surface atoms (large dark circles in 
Figure  2.69 ) exist with only one P atom at the same top - surface layer  [248] . Back 
contact to the wafer supporting the sample was made by the standard Zn – Au 
procedure established for p - type InP.   

 TM - AFM images of the samples, measured as obtained from the growth process 
in ambient atmosphere, show atomic terraces, indicating a substantial stability of 
the (2 × 4) (100) surface. Upon immersion into an HCl electrolyte, the cathodic 
photocurrent was small, indicative of a low activity towards hydrogen evolution. 
As a so - called activation treatment, a cyclic polarization under illumination was 
tried that indeed showed pronounced improvement of the cathodic photocurrent 
in HCl (Figure  2.70 ). Present investigations point to the formation of an indium 
oxide phase that contains chlorine, very similar to the fi ndings for the interfacial 
fi lm on the unreconstructed (111) A - face. It was found that after this treatment, 
the atomic steps on the surface remain discernible although the terrace widths 
appear somewhat smaller. The surface after 15 cycles was used as a reproducible 
starting condition for the preparation of a photoelectrocatalytic device which is 
described in Section  2.6.2 .     

   2.4.3 
Copper Indium Dichalcogenides 

 The surface and interface conditioning procedures presented here are predomi-
nantly related to the development of photovoltaic solid - state and electrochemical 

     Figure 2.70     Activation procedure of an InP(100) 2 × 4 surface in 0.5   M HCl.  
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solar cells which will be described in Section  2.5 . The materials encompass single -
 crystalline and thin - fi lm polycrystalline CuInS 2  and CuInSe 2 . The sequence follows 
the time line of developments, discussing (i) those conditioning treatments that 
lead to effi cient and stable solar cells and (ii) procedures that are particularly 
intriguing regarding the surface chemistry and/or surface electronics. 

   2.4.3.1     CuInSe 2   
 Whereas the tendency to cathodic protection has resulted in the preparation of 
stable photocathodes based on InP, n - type semiconductors are generally more 
susceptible to corrosive attack, due to the defl ection of holes as minority carriers 
towards the reactive electrolyte interface. Therefore, initially, from the experience 
gained with GaAs, for instance, the chances of achieving stable and effi cient opera-
tion with an n - type chalcopyrite material were considered small. The chalcopyrite 
structure resembles that of zinc blende with a sublattice for the In and Cu atoms 
replacing Zn in zinc blende (Figure  2.71 ). For the development of a photovoltaic 
solar cell with an n - type semiconductor, a fi rst estimate for the preparation of a 
rectifying junction can be made using the semiconductor electron affi nity (4.6   eV 
for CuInSe 2 ) and the vacuum work function of the redox electrolyte. Taking acidic 
  I /I− −

3  and a vacuum work function of the normal hydrogen electrode of about 4.6   eV 
yields a value for the I 2 /I  −   couple of 5.1 – 5.2   eV ( + 0.53   V vs. NHE). With the ener-
getic difference between the CuInSe 2  conduction band and the Fermi level for 

     Figure 2.71     Structural arrangement of Cu, In, and S or Se atoms in ternary chalcopyrites; 
large gray circles, In; smaller light gray circles, Cu; small dark gray circles: S, Se.  
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n - type doping of 0.1 – 0.2   eV, the contact potential difference is of the order of 
0.4 – 0.5   eV. Surface treatments, however, can alter the energetic positions of band 
edges markedly (see Figures  2.66  and  2.67 ). Figure  2.72  shows photocurrent –
 voltage curves of (11 - 2) - oriented n - CuInSe 2  single - crystal samples immersed into 
supporting (HCl) and I 2 /I  −   - containing electrolytes. The solid curve shows an 
extended potential range where repeated cycling between  − 0.7 and  + 0.4   V results 
in pronounced current decrease with or without illumination. In this range, the 
semiconductor appears to be passivated. The breakdown of the passivity at 
potentials positive from  + 0.4   V results in photocurrents that are attributed to the 
oxidation of the CuInSe 2  absorber. The electrochemical passivity is lifted by addi-
tion of the I 2 /I  −   redox couple. The dotted curve shows that the photoeffect is 
observed within the otherwise passive range of the sample. An improvement of 
the photocurrent – voltage characteristic is found when HI is added to the solution 
showing a photovoltage of about 0.4   V (dot - dashed curve). The system does, 
however, corrode and CuI crystallites are found after extended operation which 
results in a gradual decrease of the photocurrent output. It was found that the 
addition of Cu  +   ions altered the surface chemistry such that long - term stable opera-
tion was achieved. It was found that Cu  +   addition resulted in the formation of a 
CuISe 3  interphase that also contained elemental Se. The fi lm was p - type and actu-
ally located the rectifying junction at the n - CuInSe 2 /p - CuISe 3  – Se 0  contact  [249] . 
The contact potential difference was determined to be 0.65   eV by UPS He II 

     Figure 2.72     Electrochemical behavior and 
conditioning procedure for n - CuInSe 2  (112) 
in various electrolytes; solid curve, 1   M HCl; 
dashed curve, 1   M CaI 2     +    50   mM I 2 ; 

dashed - dotted curve, after addition of 1   M HI 
to the   I /I− −

3  electrolyte; note the occurrence 
of anodic photocurrents in the redox 
electrolytes.  
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     Figure 2.73     Energy band alignment between 
n - CuInSe 2 , p - CuISe 3 , and   I /I HI− −−3  redox 
electrolyte (Cu  +   addition did not change the 
redox potential) before contact, based on 
UPS He II valence band spectra and 

measurement of the redox potential; the 
contact potential between the solid phases is 
0.65   eV; the maximum band bending in 
n - CuInSe 2  is  eV  bb     =     E  R,O     −     n  E  F     ≈    0.5   eV.  

( h ν      =    41.8   eV) measurements of the valence band onset of photoemission. Also 
indicated was a rather high doping level that resulted in the asymmetry of the 
junction necessary to induce a large band bending in the photoactive CuInSe 2 . In 
this sense, the cell was a solid - state n – p heterojunction device, prepared by  in situ  
photoelectrochemical conditioning, with a liquid front contact. The energy band 
alignment before contact is shown in Figure  2.73  and includes the measured redox 
potential. Upon contact, the system will equilibrate with the solution level yielding 
a contact potential close to the photovoltage observed in the solar cell effi ciency 
curve (Figure  2.78 ) of  V  oc     =    0.42   V.    

   2.4.3.2     CuInS 2   
 The preparation of thin - fi lm polycrystalline  CuInS 2   ( CIS ) solar cells with effi ciency 
larger 10% involves the use of Cu - rich material. Cu enrichment beyond the homo-
geneity range of the compound results in phase segregation and leads to the for-
mation of Cu – S phases on the surface. Highly p - type CuS (covellite) and Cu 2 S 
(djurleite) are formed and their presence makes these cells photoinactive. To 
remove the Cu – S phases, a cyanide etch has been developed. Since present 
CIS solar cells are characterized by toxic components such as a CdS buffer layer 
and the toxic KCN processing step, wider application is problematic. Therefore, 
attempts are made to replace the toxic factors by nontoxic or at least less toxic ones. 
A promising route is the replacement of the KCN etchant by an electrochemical 
treatment since electrochemistry allows the well - defi ned control of processes. 
Several electrochemical treatments have been developed; most of them, however, 
yield very low or only moderate (3%) solar cell effi ciencies. In an attempt to under-
stand the origin of these restrictions, surface analysis using XPS was diffi cult 
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because of the rather small changes of the Cu 2p 3/2  core level (932.7   eV) and the 
LMM Auger line (337   eV) for the notorious Cu 2 S compound and the host, CIS. 
Cu 2 S is a remnant after the removal of covellite (CuS) and resisted various corro-
sion treatments. Its removal was considered pivotal for attaining higher solar cell 
effi ciencies. 

 A clearer picture of the processing with regard to Cu 2 S can be obtained from 
XES experiments (see Figures  2.22 – 2.24 ) where the spectator decay from the S 3s 
bands to the S 2p core levels was analyzed  [250] . Figure  2.74  shows the principal 
energy band structure for ABX 2  chalcopyrite semiconductors (X    =    S, Se), where 
the X s - band (3s for the sulfi de compounds, 4s for the selenide compounds) is 
about 2   eV wide and energetically separated by about 6   eV from the In – X bonding 
orbitals (B III  − X VI  band).   

 Using an excitation energy of 200   eV, the spectral range of interest is given by 
the valence band maximum and the core - level energy for S 2p (about 162   eV for 
the 3/2 peak). The lowest energy of the L 2,3  transition is about 146   eV expected 
from band structure analysis  [251] . The valence band maximum is at 162   eV and 
the 3s    →    2p decay peaks at the allowed  ∆  m     =    1 transition at 148   eV. Figure  2.75  
shows an XES dataset for various treatments also comparing the effect of the 
cyanide etch with the electrochemical procedures. The most marked differences 
are found in the peak position around 148   eV and in the upper valence band fea-
tures displayed on the right - hand side of Figure  2.74 . One sees that the unetched 
CIS sample, the Cu 2 S reference and the CIS crystal show pronounced differences 

     Figure 2.74     Generic energy band diagram for I – III – VI 2  (ABX 2 ) chalcopyrite semiconductors 
including symmetry points of the I – III – VI 2  Brillouin zone; on the right - hand side, the occupied 
states for CuInS 2  are indicated.  
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in the region between 158 and 153   eV. The KCN - etched sample shows striking 
similarity with the signal from the crystal and that after an advanced electrochemi-
cal two - step treatment that will be described below  [252] . It gives a similar result 
to the KCN etch but the feature at 157.5   eV is missing. The fi rst step of the elec-
trochemical etching procedure (curve (e) in Figure  2.75 ) shows similarity with the 
signature of the untreated sample indicating that Cu – S phases have not been suf-
fi ciently removed. This conclusion is supported by the observation that solar cells 
fabricated after the one - step etching procedure showed negligible effi ciencies. The 
closest similarity with the signal for the CIS crystal is seen for the KCN etch. The 
differences between curves (c) and (f) point to presently diffi cult - to - assess electro-
chemically induced surface conditions which deviate from those of the crystal as 
also refl ected by the lower solar cell effi ciency after the two - step electrochemical 
treatment (see Figure  2.79  in Section  2.5.1 ).   

 The basic concept of the (photo)electrochemical removal of Cu – S phases is 
shown in Figure  2.76 . Here, the current – voltage behavior of polycrystalline Cu - rich 
CIS is plotted. From comparison with thermodynamic stability data, the indicated 
dissolution regimes for the Cu – S phases and for CIS were assigned. Therefore, 
scanning the electrode between  − 0.2 and  + 0.35   V should induce dissolution of 
CuS; Figure  2.77 a shows the processing protocol. Repeated scanning between the 
potential limits leads to the disappearance of an anodic peak and, simultaneously, 

     Figure 2.75     Comparison of nonresonant 
X - ray emission spectroscopy (NXES) data for 
standards and after chemical/electrochemical 
treatments; the energy region of transitions 
from the upper valence band of the S L 2,3  
XES spectra for as - deposited CuInS 2  (a), a 
CuS reference (b), a CuInS 2  crystal (c), after 
KCN etching of the thin fi lm (d), and for two 

(photo)electrochemical etching procedures 
(e, f ) where the former was an alkaline 
treatment that did not completely remove the 
Cu – S surface phases and the latter was an 
advanced treatment in a vanadium redox 
electrolyte that resulted in a Cu – S - free 
surface (see also text) as seen by comparison 
with the crystal signature in (c).  
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a cathodic photocurrent develops. The second step of the procedure is shown in 
Figure  2.77 b where the potential scan was extended into the dissolution region of 
the CIS substrate, that is, to  + 0.8   V. As this will result in sample destruction, only 
short potential pulses were applied. The goal was (i) to dissolve the strongly 
attached Cu 2 S phase and (ii) to leave the substrate absorber mostly unaffected 
by the treatment. Three fast scans were made (Figure  2.77 b) and, fi nally, the 
potential was kept at  + 0.45   V where a small constant dissolution current is 
seen. The resulting conversion effi ciency curves are shown in Figure  2.79  dis-
cussed below.      

   2.5 
Photovoltaic, Photoelectrochemical Devices 

 In this section, photoelectrochemical solar cells are presented that convert sunlight 
into electricity. Also, a solid - state photovoltaic cell with a polycrystalline CIS 
absorber has been included that is prepared by a photoelectrochemical condition-
ing procedure and by KCN etching. 

 Generally, in photoelectrochemical systems purely regenerative operation is 
diffi cult to achieve and there are only a few examples where the issue of stability 
against photocorrosion has satisfactorily been solved. The main achievements 
have been made using passivating interfacial fi lms  [253 – 256]  and using absorber 
materials with specifi c band structure properties as shown in Figure  2.11 b where 
the absorption process does not affect the bonding in compound semiconductors 
 [257, 258] . Unfortunately, the group VIb transition metal dichalcogenides cannot 
yet be prepared in a scalable manner  [259 – 261] . Recent preparation using reactive 
magnetron sputtering might represent a promising alternative for large - scale 
preparation  [262] . The dye - sensitized solar cell has shown considerable kinetic 
stability (cf. Figure  2.11 c)  [263, 264]  and provides an example where kinetic 

     Figure 2.76     Dark  I  –  V  characteristic of a polycrystalline Cu - rich CuInS 2  fi lm in V 2 + /3 +   – HCl 
electrolyte (see text).  
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stabilization resulted in the fi rst  technical  realization of a photoelectrochemical 
solar cell. This advance also points to the importance of device architectures that 
allow effi cient light harvesting, minority carrier scavenging, and carrier transport 
in complex nanostructures. 

     Figure 2.77     Chronoamperometric two - step 
conditioning of polycrystalline CuInS 2  fi lms 
for removal of Cu – S surface phases; solution, 
V 2 + /3 +   – HCl. (a) Step I: scan between  − 0.2 and 

 + 0.35   V until onset of cathodic photocurrents; 
(b) fast scans to  + 0.8   V for removal of 
strongly bound djurleite (Cu 2 S) layer; 
illumination, 50   mW   cm  − 2 , W – I lamp.  
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 Here, the preparation of stabilizing interfacial fi lms by  in situ  electrochemical 
and photoelectrochemical conditioning, described in Section  2.4 , is emphasized. 
Such fi lms can either be of tunneling thickness (Section  2.4.2 ) to allow effi cient 
charge transfer or, for larger thickness, have to provide an effi cient charge trans-
port channel (Section  2.4.1 ). The advantages of using interphases, prepared  in situ , 
are low - temperature processing, scalability, and conformal attachment to the 
absorber surface. In addition, (photo)electrochemical conditioning provides exper-
imental parameters such as current, potential, and illumination intensity which 
allow fi ne tuning of the processes in the submonolayer range. 

 The selection made covers the fi rst effi cient and stable system based on the 
ternary chalcopyrite CuInSe 2 , an electrochemical treatment to avoid a toxic etching 
step in solid - state CIS device fabrication, the fi rst stable and effi cient liquid -
 junction solar cell (InP), and a novel concept where nanoemitters, interspersed in 
a nanoporous passivating fi lm, are used to scavenge excess minority carriers. 

   2.5.1 
Ternary Chalcopyrites 

 Figure  2.78  shows the output power characteristic, yielding 9.5% effi ciency under 
simulated solar light under simulated AM 1 conditions. Due to the small energy 

     Figure 2.78     Output power characteristic of the photoelectrochemical solar cell n - CuInSe 2  
(112) in acidic iodine – iodide electrolyte (see Figure  2.72 ) with added Cu(I) ions; illumination, 
simulated AM 1,  I     =    99   mW   cm  − 2 .  
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gap of 1.05   eV, the photovoltage is reduced but the short circuit current is rather 
large. The device has subsequently been improved in its effi ciency to 12%  [265]  
by modifying the growth conditions of the p - CuISe 3  surface phase. Treatments 
involved repeated etching – fi lm formation sequences, air annealing of the fi lm, and 
the use of higher concentrations of HI and Cu  +   ions. 

 The output power characteristic of a solid - state CIS solar cell where the deleteri-
ous Cu – S phases have been removed by an electrochemical process instead of the 
toxic KCN etch step is presented in Figure  2.79 . A conversion effi ciency of 8% has 
been reached. The fi gure also shows a device from the same sample batch prepared 
using the KCN etch. It is seen that the effi ciency is higher after KCN etching. This 
is attributed to a near - surface depletion of Cu from the originally Cu - rich com-
pound, resulting in the formation of a graded and buried junction already within 
the CIS surface.  

   2.5.2 
 InP  Solar Cells 

 Based on the processing of InP(111) A, described in Section  2.4.2.1 , a stable pho-
toelectrochemical solar cell has been developed. After the aforementioned cyclic 
polarization in HCl, an additional cyclic conditioning in V 2 + /3 +  /HCl redox electro-
lyte was performed. This treatment resulted in a further increase of the fi ll factor 
as shown in Figure  2.80 . The solar - to - electrical conversion effi ciency, measured in 
natural sunlight, was 11.6% in a two - electrode confi guration and the result is 
shown in Figure  2.81 .    

     Figure 2.79     Output power characteristic of a solid - state photovoltaic solar cell with 
polycrystalline thin - fi lm CuInS 2  for a chemical etching and an electrochemical process as 
indicated; illumination, solar simulation AM 2,  I     =    50   mW   cm  − 2 .  
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   2.5.3 
Nanoemitter Structures with Silicon 

   2.5.3.1    Device Development 
 The photocurrent (n - Si) and dark current (p - Si) oscillations, described in Section 
 2.4.1 , result in nanoporous oxide fi lms as can be seen in Figure  2.55 . Those 
pores that are deep enough to reach the underlying Si have electrical contact and 

     Figure 2.80     Cyclic conditioning procedures 
of InP(111) A in HCl (cf. Figure  2.65 ) and 
subsequently in 0.35   M VCl 2  – VCl 3  – 4   M HCl 
redox electrolyte; the treatment in vanadium 

solution is labeled V(II)/V(III);  E  redox  denotes 
the potential of the V(II)/V(III) redox couple 
and represents the short circuit condition.  

     Figure 2.81     Output power characteristic of the photovoltaic photoelectrochemical solar cell 
p - InP(111)/fi lm/V(II)/V(III) – HCl – C (C, carbon counter electrode) measured in natural 
sunlight,  I     =    55   mW   cm  − 2 .  
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the light - induced minority carriers (n - Si) or the potential - induced majority carriers 
(p - Si) are collected at the bottom of the pores where they react to from new oxide. 
This carrier scavenging effect can be used more generally if one deposits material 
into an otherwise passivating fi lm that forms a rectifying contact with the absorber. 
Such nanostructure systems can be applied in solid - state photovoltaics but they 
have a specifi c stability advantage in photoelectrochemistry where they can be used 
for photovoltaic but also for photoelectrocatalytic operation. The principle is shown 
in Figure  2.82 . The top view in Figure  2.82 a correlates the distance  D  between 
nanodimensioned emitters with diameter  d  pore , the space charge layer width  W , 
and the minority carrier diffusion length  L  h,e . If the inequality

   D L W r≤ + +2( )h,e em     (2.62)  

is fulfi lled, all light - generated excess minority carriers will be collected, thus allow-
ing the preparation of effi cient solar cells with nanoemitter front contacts that 
typically are too small in number and size to block an appreciable part of the 
sunlight. With  D  depending, for not too small diffusion lengths, mostly on  L , the 
concept allows tailoring of the emitter patterns to specifi c absorbers. Diffusion 
lengths show an extreme spread in values for presently considered photovoltaic 
materials; whereas for copper and zinc phthalocyanides,  L     ≈    15   nm, the value is 
in the range 30 – 250   nm for microcrystalline Si, and for the technologically advanced 
semiconductors GaAs and InP,  L     ≈    8 – 10    µ m. The largest diffusion lengths occur 
in crystalline Si where  L     >    100    µ m for Cochralski Si and  L     ≈    1200    µ m for fl oat - zone 
Si, the latter being used in concentrator applications  [266] .   

     Figure 2.82     Schematic of the operational 
principle of a nanoemitter solar cell. (a) Top 
view showing the nanocontacts, their 
diameter  d  pore , the space charge region  W , 
minority carrier diffusion length  L  e,h  for 
electrons or holes, respectively, and the 
distance  D  between the nanoemitters; the 

surface is covered by a nanoporous 
passivating layer where electrical contact 
with Si is only possible at metallized pores. 
(b) Side view including the electrolyte phase 
indicating conditions for effi cient collection 
of excess carriers generated near the back 
contact with weakly absorbed light (see text).  

(a) (b)
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 Although external patterning is possible for the realization of nanoemitter solar 
cells, hitherto only self - organized processes have been used to provide the tem-
plates for deposition of nanoemitter material  [267] . The concept can be extended 
to increase the red sensitivity of a solar cell by deepening of pores into the absorber 
as shown in Figure  2.82 b. The minority carriers generated close to the back contact 
can be collected if the inequality

   d T W
L

⊥ ≤ + +pore
h e,

2
    (2.63)  

holds. Here, the pore depth  T  pore  and the absorber thickness  d   ⊥   are related via the 
diffusion length and the space charge layer width. 

 For realization of a photovoltaic nanoemitter structure with an n - Si(100) 
absorber, a nanoporous oxide matrix is prepared using the oscillatory photocurrent 
described in Section  2.4.1 . Sample emersion was at the increasing branch of the 
photocurrent where the pores are comparably large and the oxide coverage is 
smaller than in the other photocurrent phases (cf. Figures  2.54  and  2.55 ) to ensure 
that most nanopores provide contact between Si and the electrolyte, thus facilitat-
ing pore deepening. 

 The second step of the processing sequence is visualized in Figure  2.83 . After 
pore formation by current oscillation, the pores are deepened into the substrate 
and, subsequently, site - selective metal deposition into the pores is carried out 

     Figure 2.83     Electrodeposition protocol for 
site - selective Pt deposition into the pores 
of an anodic oxide matrix prepared by 
current oscillations on a Si(100) surface. 
(a) Current – voltage characteristic ( V  fb  is the 

fl atband potential determined by Mott –
 Schottky plots); (b) plot of  j   − 2  versus time for 
evaluation of the diffusion constant (see 
text); solution, 1   mM H 2 PtCl 6 , 0.1   M K 2 SO 4 .  

(a) (b)
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(Figure  2.83 a). Because chemical etching of the Si/anodic nanoporous oxide struc-
ture in alkaline solution (KOH, NaOH) resulted in the formation of inverted pyra-
mids that were spatially extended, an electrochemical method was developed 
which allowed confi ned pore deepening. Pt deposition takes place at the cathodic 
current maximum, negative from fl atband situation at  − 0.55   V. The n - Si sample 
is then in accumulation and the peak indicates proton (hydronium) reduction via 
electrons from the conduction band. Under these conditions, the majority carrier 
concentration easily exceeds values of 10 18    cm  − 3 . Figure  2.83 b shows a plot of  j   − 2  
versus time which is linear in the initial regime, indicating hydrogen diffusion 
with a diffusion coeffi cient of  D     =    4.4    ×    10  − 5    cm 2    s  − 1 , determined from the Cottrell 
equation

   j nF
Ac D

t
= R

1 2

1 2 1 2

/

/ /π
    (2.64)  

where area  A , concentration  c  R , diffusion coeffi cient, and inverse square root of 
the time are related. Hydrogen evolution is superimposed because Pt is already 
deposited by polarizing the sample from 0 to  − 0.8   V. The origin of the behavior 
can be identifi ed by inspection of the energy relations at the n - Si – electrolyte 
contact (Figure  2.84 ). The Pt deposition levels are located energetically below the 
Si valence band edge, and also deposition from occupied surface states can occur 
(for details, see below). Once Pt has been deposited, which, due to the presence 
of surface states, occurs at rather anodic potentials ( − 0.3   V), H 2  evolution sets in 
characterized by a low reaction overpotential and the processes related to the actual 
electrodeposition process cannot be directly examined. A detailed discussion will 
be presented in Section  2.5.3.2 .     

     Figure 2.84     Schematic of the Pt electrodeposition processes at the Si – electrolyte contact: (1) 
hole injection into the valence band; (2) hole injection into surface states; (3) Pt ion reduction 
by electrons from the conduction band.  
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 The processing protocol for the pore deepening is shown in Figure  2.85 , and 
Figure  2.86  shows a CM - AFM image of a sample after the pore deepening proce-
dure where the anodic oxide mask has been etched off by an HF dip, leaving an 
H - terminated Si surface. The image in Figure  2.86  shows rectangular depressions 
that, with the twofold symmetry of the (100) orientation and the cross - sectional 
view, shows that the pits formed are about 10   nm deep. Although this is small in 

     Figure 2.85     Pore deepening protocol (current versus time) for an oxide matrix prepared by 
photocurrent oscillations after sample emersion at the increasing branch of the oscillatory 
current; solution, 4   M NaOH; potential held at  − 0.85   V (SCE).  

     Figure 2.86     CM - AFM image of Si(100) after electrochemical pore deepening; oxide removal 
by a 10   s dip of the sample in 25% HF.  
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regard to the condition in Equation  2.63  for the large diffusion lengths in c - Si, it 
turns out that the process increases the solar conversion effi ciency as shown in 
Figure  2.87 .   

 Figure  2.88  shows a scanning electron micrograph that shows a side view of a 
sample after deposition of Pt particles. The site - selective deposition of Pt is clearly 
visible. It should be noted that not all nanopores are necessarily fi lled because, in 
the progressing oscillation, pores at different phases of their development exist on 
the surfaces and, depending on the process, some do not make contact with the 

     Figure 2.87     Output power characteristic in 
2   M HI/50   mM I 2  redox electrolyte showing 
the infl uence of the pore deepening 
procedure on the current collection effi ciency 

and the attainable photovoltage; illumination, 
W – I lamp, 100   mW   cm  − 2 ; three - electrode 
potentiostatic arrangement.  

     Figure 2.88     Edge - view scanning electron micrograph of n - Si after Pt deposition; note the Pt 
islands visible in the material contrast.  
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Si substrate. Then, electrodeposition does not take place. It should further be 
considered that the processing sequence in Figure  2.85  uses the fact that Si etches 
in alkaline solution but that its oxide remains almost unaffected by these etchants. 
On the other hand, silicon oxide can be etched by HF - containing solutions that 
leave the silicon substrate mostly unaffected. This binary etching behavior of 
Si and its oxide has resulted in a wealth of applications in micro -  and nanoelec-
tronics  [94] .   

 For application in solid - state devices, the structure would be covered by a  trans-
parent conducting oxide  ( TCO ) such as ZnO or  indium tin oxide  ( ITO ), followed 
by the contact fi nger system. For electrochemical solar cells, a redox electrolyte is 
used as contact. In photovoltaic systems, typical redox couples such as Fe(II)/(III), 
  I /I3

− −  (n - type), or V(II)/(III) and   S /S2
2 2− −

x  (p - type) can be used. For photoelectrocata-
lytic devices, a fi rst approach is to use noble metal catalysts as nanoemitters such 
as Pt, Ir, and Rh (H 2  generation, CO 2  reduction) on p - type samples or Ru, RuIr, 
RuO 2 , and mixed oxides on n - type samples (O 2  generation). It should be noted 
that the rectifying contact behavior is dominated in electrochemistry by the redox 
energy of the respective redox couple in solution, whereas for solid - state devices 
the work function of the nanoemitter with respect to the semiconductor Fermi 
level defi nes the barrier. 

 The photoelectrochemical solar cell is completed by using an acidic I 2 /I  −   elec-
trolyte as redox couple with a carbon counter electrode and calomel reference 
electrode. The solar - to - electrical conversion effi ciency characteristic is shown in 
Figure  2.89 . Upon illumination with a W – I lamp, an effi ciency of 11.2% is reached. 
This is the hitherto best value out of a batch of fi ve samples which all showed 
effi ciencies above 10%.  

     Figure 2.89     Output power characteristic of the hitherto best photovoltaic electrochemical 
nanoemitter solar cell; redox electrolyte, 2   M HI/50   mM I 2 ; illumination, 100   mW   cm  − 2 , W – I 
lamp; three - electrode potentiostatic arrangement.  
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   2.5.3.2    Surface Chemical Analysis of the Electrodeposition Process 
 Electrodeposition has been analyzed using SRPES at Bessy II, where the experi-
ments were performed at the SoLiAS of the collaborating research group with 
members from the Brandenburgisch - Technical University Cottbus, the Technical 
University Darmstadt, and the Helmholtz Center Berlin (see Figures  2.26  and 
 2.27 ). In these  model experiments , H - terminated n - Si(111) was used and elec-
trodeposition was done following the protocol shown in Figure  2.90 . The cathodic 
current shows two peaks, located at  − 0.3 and  − 0.55   V. The fl atband potential has 
shifted anodically compared to that of the oxide - covered (100) sample by about 
70   mV. This could in part be related to the higher electron affi nity of the (111) 
surface compared to the (100) surface where the surface corrugation dipole is 
larger  [268]  and also to differences in the surface coverage (H versus oxide) which 
can infl uence surface dipoles.   

 SRPES measurements have been performed for three conditions along the 
polarization curve in Figure  2.90 , indicated by C 1 , C 2 , and at 0   V (SCE). First, the 
energetic situation at the Si – electrolyte contact is reviewed (Figure  2.84 ) as men-
tioned above: for alignment between electrolyte levels and the Si band structure, 
the measured fl atband potential of  − 0.48   V vs. SCE is used. The Pt deposition 
occurs in two major steps, for example, Pt(IV)/(II) and Pt(II)/(0). The redox levels 
are indicated in the fi gure and the reaction scheme is

   PtCl e PtCl Cl  V vs. SCECB VB6
2

4
22 2 0 71− − − −+ → + +, ( . )     (2.65)  

   PtCl e Pt Cl  VCB VB4
2 02 4 2 0 54− − −+ → + +, ( . . )     (2.65a)   

     Figure 2.90     Protocol for Pt electrodeposition 
on chemically H - terminated n - Si(111) for 
model experiments on surface chemistry 
using the SoLiAS at undulator U49/2 at 
Bessy II, recorded in the in - system apparatus 
shown in Figure  2.27 . Three conditions have 
been analyzed by SRPES: deposition under 
depletion (peak C 1 ), and accumulation (C2) 

conditions, and deposition near 0   V where 
the open circuit potential is located; note the 
anodic shift in fl atband potential compared 
to that of the device (using Si(100)) that can 
be related to the differences in electron 
affi nities (surface dipole contributions) of the 
two faces (  χ  (100)    <      χ  (111)).  
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     Figure 2.91     Si 2p core level, measured by 
SRPES at a photon energy of 170   eV where 
the inelastic mean free scattering length for 
photoelectrons,   λ   esc , has a minimum 
resulting in monolayer surface sensitivity; 

after Pt deposition under accumulation 
condition (peak C 2 ); the result is compared 
to that of a smooth H - terminated sample 
(see text).  

 The fi rst step in Pt metal deposition is the reduction to Pt(II), followed by the 
actual metal deposition. Also shown in Figure  2.84  are Si surface states. Three 
principal charge transfer processes have been drawn: 1, hole injection into the 
valence band which is a potential - independent process; 2, hole injection into 
occupied surface states; and 3, reduction of the Pt complexes by electrons from 
the conduction band. The latter two processes are potential dependent. At poten-
tials for which the semiconductor is in depletion or in a normal (compared to 
strong) inversion condition (between 0   V and fl atband), the structure under the 
peak C 1  is attributed to charging and discharging of surface states and at  V     <     − 0.48   V 
( V  fb ) reduction occurs by electrons from the conduction band. 

 A complete set of SRPES data on the relevant core levels Si 2p, O 1s, and Pt 4f 
is shown in Figures  2.91 – 2.93  for that situation which was also used in the fabrica-
tion of the devices, for example, process 3 in Figure  2.84 . For the measurements, 
the photon energy has been adjusted such that the kinetic energy of the photo-
electrons is in the region of 50   eV. This is the minimum region of the inelastic 
mean free electron scattering length of about 0.3 – 0.4   nm and hence the surface 
sensitivity is in the monolayer range. This high surface sensitivity is visible in 
Figure  2.91  where the Si 2p core - level signal is compared for an H - terminated 
surface and after cathodic Pt deposition via electrons from the conduction band 
(process 3). After Pt deposition, a pronounced additional peak at a binding energy 
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     Figure 2.93     Pt 4f core level at  h ν      =    570   eV; 
the surface sensitivity had to be reduced 
because of a Cooper minimum in the 
excitation cross section at lower photon 

energies where the surface sensitivity would 
be higher; note the asymmetric, so - called 
skew lines in the signals from the spin orbit 
split 4f 7/2  and 4f 5/2  signal.  

     Figure 2.92     O 1s core level measured at  h ν      =    570   eV; the kinetic energy of the photoelectrons 
that determines the escape depth of elastic electrons is similar to that in Figure  2.91 ; 
therefore, the surface sensitivity is here in the monolyer range, too.  
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of about 103.6   eV is seen which is typical for silicon oxide and, as already discussed, 
corresponds to about one monolayer of oxide. The O 1s line position (Figure  2.92 ) 
is also in accordance with silicon oxide formation and the Pt 4f line at 71.2   eV 
(Figure  2.93 ) indicates elemental Pt. The Pt line has been measured at higher 
photon energy compared to the above discussion regarding the kinetic energy of 
photoelectrons. This is due to the existence of a Cooper minimum in the excitation 
cross section at lower photon energies  [269] . Also, it is noted that the 4f 7/2 - 5/2  signal 
shows so - called skew lines, that is, signals that are asymmetric  [270, 271] . The 
asymmetry is attributed to reduced screening of photoelectrons by the Pt conduc-
tion electrons at the Fermi level which is typically described an expression derived 
by Doniach and Sunjic that contains an asymmetry parameter  [129] . Figure  2.94  
shows a set of Pt core levels measured for different Pt deposition conditions; the 
most symmetric curve is obtained for Pt fi lms, the second one for Pt deposition 
as in Figure  2.93 , and the most asymmetric curve is recorded for Pt islands depos-
ited on step bunched Si surfaces (see also Section  2.4.1 ). On step bunched Si, 
typical sizes of the Pt nanoislands are 30   nm in width and about 3   nm in height, 
whereas for Pt deposition on H - terminated Si, the size is about 100   nm in width 
and 30   nm in height. Therefore, the result in Figure  2.94  indicates a size effect in 
the screening of the photoelectrons.   

 The SRPES results show that silicon oxide is formed during Pt deposition due to 
the scanning conditioning procedure (peak C 2 ). The oxide thickness on H - terminated 

     Figure 2.94     Comparison of the Pt 4f lines for 
different samples: solid curve 1, Pt fi lm 
measured by H ü fner   as indicated; solid curve 
2, signal from Pt islands deposited on 

H - terminated surface; dashed - dotted curve, 
signal from Pt islands deposited onto a step 
bunched Si surface; the latter are 
substantially smaller (see text).  
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Si amounts to approximately 1   ML. Under accumulation conditions, Si oxidation 
by hole injection processes is diffi cult because of the large concentration of conduc-
tion band electrons in an accumulation layer that leads an increased surface recom-
bination rate. Hole injection into occupied surface states would only be possible if 
the reaction rate of an oxidized surface defect with the surrounding water were 
faster than the recombination via conduction band electrons which is unlikely. It is 
therefore concluded that oxide formation is likely to have occurred by the procedure 
where the sample was scanned from open circuit potential (about  − 0   V) to the peak 
C 2  thus allowing for oxidation under transient depletion conditions. 

 The basic results from the measurements of processes 1 and 2 in Figure  2.84  
are condensed in Figures  2.95  and  2.96  which show the O 1s and the Pt 4f lines, 
respectively. It is seen that for deposition under depletion conditions at C 1 , silicon 
oxide is formed and Pt is deposited as expected in a simultaneous hole injection 

     Figure 2.95     O 1s core level corresponding to peak C 1  in Figure  2.90 , indicated by the 
potential at which the process was interrupted ( − 0.35   V), and to open circuit conditions (0   V).  

     Figure 2.96     Pt 4f line for the conditions in Figure Z14  ; note the absence of a Pt signal for 0   V.  
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process that results in bond weakening at Si surface atoms in the presence of water 
and in Pt deposition from the tetrachloride Pt(II) complex. The oxide formation 
process will be discussed below (see Figure  2.98 ). It is surprising, however, that 
for sample emersion at open circuit potential, oxide formation is observed but the 
Pt signal is absent.   

 Inspection of the electronic situation of the semiconductor surface shows a dis-
tinct difference between C 1  and open circuit potential; whereas for emersion at 
 − 0.35   V (C 1 ), the semiconductor is in depletion, at open circuit potential the inver-
sion condition has been reached. In this situation, the concentration of holes at the 
surface is larger than that of the electrons which are majority carriers from the 
doping. The band bending can be determined from the difference to the fl atband 
potential yielding  eV  bb     ≈    0.5   eV. With the Fermi level due to the doping located 
0.25   eV below the conduction band edge, the energetic distance  E  CB  –  E  F  (surface) is 
0.75   eV. Inversion sets in at values above half of the energy gap (1.12   eV at room 
temperature), not taking into account, for simplicity, the slight deviation from the 
midgap position due to different effective DOS at the conduction and valence band 
edges. Recent data for the surface states at Si – silicon oxide interfaces on (111) sur-
faces show that levels exist that are related to the protrusion of an unpaired electron 
in an sp 3  - like hybrid into an oxide microvoid  [272] . Such defects appear likely to 
exist at a Si – anodic oxide interface. The energetic positions of the corresponding 
  Pb

0 levels are 0.35 and 0.85   eV above the valence band edge as shown in Figure  2.97 . 
At open circuit potential, the lower lying surface state becomes unoccupied as the 
Fermi level lies at or below the respective energy as indicated in the fi gure. In addi-
tion, the inversion region extends into the Si surface up to the perpendicular line 

     Figure 2.97     Energy scheme for interpretation 
of the SRPES data obtained at C 1  and open 
circuit potential in Figure Z9  . The left - hand 
side shows the semiconductor band bending 
at open circuit potential, the   Pb

0 surface 
states, and the Pt deposition levels; also 
shown is the inversion layer extension; the 

inhibited Pt deposition processes are 
indicated by crossed dotted lines. The 
right - hand side shows the situation under 
0.35   V forward bias compared to open circuit 
potential; possible deposition channels are 
indicated by solid lines (see text).  
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drawn beneath the outmost surface layer. Hole accumulation in this region can 
inhibit hole injection from the Pt(II)/(0) level that is energetically located above the 
Pt(IV)/(II) redox energy (see Figure  2.90 ). As a consequence, the processes for hole 
injection into surface states that would result in reduction of Pt (IV) and Pt(II) and 
the hole injection into the valence band for Pt(II) reduction are inhibited and only 
hole injection into the valence band from the lower lying Pt(IV)/(II) level is possi-
ble. The latter results in oxide formation, but Pt deposition is inhibited as has been 
found in the corresponding SRPES experiment. The experiment shows how surface 
chemistry can be  “ switched ”  by surface electronics. Figure  2.98  shows a schematic 
of oxide formation that starts at a kink site atom which acts as a surface state is 
presented. The process involves a four - electron transfer. The initial step is hole 
capture (h  +  ) that leads to surface radical formation. Subsequently, the capture of the 
second hole results in the OH termination of the surface atom. After solvolytic 
splitting of the backbond that results in the H - termination of the underlying Si 
atom, the initial two - hole process is repeated to oxidize this atom and to form a 
hydroxyl group. The recombination of the hydroxyl groups in the backbond leads 
to a localized oxo - bridge as precursor of oxide formation. The formation of localized 
metal – oxide – semiconductor junctions can be seen in Figure  2.99  where TEM 
cross - sectional views show an amorphous interfacial fi lm between Pt islands and 
the n - Si substrate. This fi lm is about 1 – 2   nm thick and extends laterally across the 
surface. The origin of this delocalized fi lm formation has not yet been identifi ed; 

     Figure 2.98     Schematic for oxide formation 
via a kink site (surface state) at which a hole 
from the Pt levels is injected; further 
oxidation of the radical results in OH 
termination, which is followed by solvolytic 
backbond splitting; in the subsequent 

process (step 4), the H - termination of the 
second - layer Si atom is replaced by an OH 
group by two holes from the Pt complex as 
shown in steps 1 and 2, followed by the 
formation of an oxo - bridge (see text).  
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     Figure 2.100     Scanning tunneling spectroscopy data of samples as in Figure  2.99  recorded 
with the tip on top of a Pt island (top) and on top of the interfacial oxide fi lm (bottom).  

     Figure 2.99     TEM side view of Pt islands on an n - Si(111) H - terminated sample (see text).  

60 nm 10 nm

it could be related to surface states with delocalized character or the infl uence 
of the hole injection into the valence band, leading to oxide formation that 
should occur throughout the sample surface. The results of STS experiments, per-
formed on top of the Pt islands and above the oxide layer, are shown in Figure  2.100 . 
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Rectifying behavior is found at the tip – air gap – Pt – oxide – Si junction and a more 
ohmic behavior is seen above the oxide where the current – voltage curve is mostly 
linear. This shows that nanodimensioned rectifying junctions between Pt islands 
and n - Si have been formed that dominate the properties of the device with regard 
to its solar - to - electricity conversion effi ciency. A more detailed analysis of the 
current – voltage behavior is presently diffi cult due to the two tunneling mecha-
nisms (through the oxide and through the air gap to the tip) and the unknown tip 
area and shape. Further insights into the functioning of such devices (also in the 
photoelectrocatalytic mode; see below) can be gained by  in situ  STM and  scanning 
electrochemical microscopy  ( SECM ) experiments that are presently being pursued.      

   2.6 
Photoelectrocatalytic Devices 

 In the pursuit of the multiple - photon electrolysis route using tandem structures 
(see Figures  2.13  and  2.15 ) to capture the photonic excess energy, separate inves-
tigation of the half - cell components for the photocathode and photoanode is man-
datory. This approach demands the use of technologically advanced semiconductors 
where doping and interface behavior can be well controlled, which is essential for 
the future preparation of monolithic tandem structures. Here, the development 
of photocathodes for light - induced H 2  generation will be described, beginning with 
p - Si in a nanoemitter confi guration. Then, a device made using a thin epitaxial 
p - InP fi lm, designed for photoelectrocatalytic application, is presented. 

   2.6.1 
Nanoemitter Structures with  p - Si  

 Figure  2.101 a shows a HRSEM image of a nanoporous oxide matrix obtained by 
current oscillations of p - Si(100). The pores exhibit rectangular shapes with the 
symmetry of the underlying (100) substrate and sizes range from larger pores 
of about 120   nm basis length to 10 – 15   nm pores. The photoelectrodeposition 
procedure (Figure  2.101 b) results in the fi lling of nanopores by Pt. Site - selective 
photodeposition is seen (Figure  2.101 c) and some pores obviously have been 
overgrown, exhibiting a mushroom - type appearance. The Pt deposits range in size 
from about 250   nm (overgrown pores) down to 15   nm where rectangular shapes 
are observed. For comparison of the infl uence of the noble metal on the photo-
electrocatalytic behavior, Rh has also been used (not shown).   

 The resulting output characteristic for Pt and Rh nanoisland catalysts (Figure 
 2.102 ) shows a rather sluggish increase of the cathodic photocurrent, indicative of 
surface recombination, and, at the potential of the hydrogen redox couple, current 
saturation has not yet been reached. Even at 0.2   V cathodic from  E  R,O  (H 2 /H  +  ), 
where band bending is increased, carrier collection does not yet reach a saturation 
value. The low observed effi ciencies are attributed to pronounced surface/interface 
recombination and to the reduced contact potential difference between p - Si and 
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     Figure 2.101     Photoelectrodeposition of Pt for preparation of a nanoemitter photocathode: 
(a) SEM image of porous oxide matrix on Si(100); (b) deposition protocol: solution,   1 6

2 mM PtCl −, 
0.l   M K 2 SO 4 , pH 3.8; light intensity, 130   mW   cm  − 2 , W – I lamp; (c) SEM image after Pt deposition.  

(a)

(b)

(c)
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     Figure 2.102     Output characteristic of nanoemitter devices made with p - Si – nanoporous 
oxide – Pt or Rh contacts in 1   M H 2 SO 4 ; light intensity, 100   mW   cm  − 2 , W – I lamp.  

     Figure 2.103     Energy scheme for the p - Si – H 2 /
H  +   contact; the metals (Pt and Rh) have been 
neglected here for simplicity because the 
structure forms an equilibrium with the redox 
solution;  eV  Ph , achieved photovoltage;   eVPh

max, 

maximum photovoltage attainable from the 
energetic difference  E  R,O (H 2 /H  +  )    −     E  F (p - Si);   χ  , 
semiconductor electron affi nity; the minority 
electron quasi - Fermi level (dashed curve) 
indicates surface recombination.  

the hydrogen redox couple. The energetic situation is presented in Figure  2.103 : 
the Fermi level of p - Si is located at 0.3 – 0.4   eV positive from the hydrogen redox 
couple. This difference gives the maximum attainable photovoltage. Surface 
recombination is typically considered by a downward bending of the minority 
carrier (electrons) quasi - Fermi level at the surface, indicating the reduced excess 
carrier concentration at the interface as a result of the surface recombination proc-
esses (see Figure  2.7 ). The minority carrier recombination is unlikely to result 
from the action of so - called metal - induced gap states  [180]  because the spatial 
separation of the metal from the semiconductor surface by the interfacial oxide 



 2.6 Photoelectrocatalytic Devices  165

inhibits penetration of the evanescent metal states into the complex band structure 
within the semiconductor energy gap.   

 Strategies for increasing the contact potential difference involve changes of 
surface dipoles. For an increase of the electron affi nity, the surface dipoles must 
be oriented with their negative charge towards the exterior as shown in Figure 
 2.104 . Presently, the deposition of an atomic layer deposition fi lm  [273]  is envis-
aged for this purpose. The dipole character for photoelectrocatalytic application, 
however, has yet to be established.    

   2.6.2 
Thin - Film  InP  Metal – Interphase – Semiconductor Structure 

   2.6.2.1    Basic Considerations 
 The electron affi nity and the energy gap of InP make this material a well - suited 
candidate for light - induced H 2  evolution. With   χ      ≈    4.4   eV and  E  g     =    1.35   eV, the 
valence band maximum is located at 5.75   eV below vacuum. Taking a value of 
4.5 – 4.6   eV as the work function of the normal hydrogen electrode, and with the 
Fermi level of p - InP about 0.25   eV above  E  VB , the contact potential difference is 
about 1   eV. Accordingly, much larger photovoltages are expected with this material 
and have indeed been realized  [67, 69] . An energy scheme is shown in Figure  2.105 .   

 Earlier work was carried out with crystalline bulk InP samples prepared by the 
gradient freeze method  [274] . As In could become scarce due to its present use in 
electronics  [275] , the use of bulk material appears too expensive for applications. 
Therefore, homoepitaxial thin fi lms have been prepared on InP wafers which can 
be removed by established lift - off techniques  [276] . The preparation by MOVPE 
allows scaling up and fi ne tuning of the growth process, enabling fabrication of 
fi lms with high electronic quality  [277] . Besides the hitherto used (111) A - face (see 
Section  2.4.2.1 ), the surprisingly stable In - rich (100) surface is considered here.  

     Figure 2.104     Envisaged infl uence of an interfacial fi lm with dipole character that results in a 
downward shift of the Si band edges ( ∆  E  CB,VB ) which leads to a larger contact potential 
difference,  eV  c  (see text).  
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   2.6.2.2    Device Preparation and Properties 
 The energy scheme in Figure  2.106  shows the band alignment between a 10 18    cm  − 3  
Zn - doped substrate and a less doped (low 10 17    cm  − 3  range) homoepitaxial 3    µ m 
thick fi lm. The doping profi le ensures electronic refl ection of excess minority 
electrons thus providing a back surface fi eld  [278] . Photoelectrodeposition of Rh 
from a Rh(III) chloride solution has been performed at  − 0.2   V (SCE) where the 
InP band bending is large (Figure  2.107 ). The temporal profi le is a superposition 
of Rh deposition and H 2  evolution and therefore, as in the case of Si, does not 
allow the determination of the deposition charge from the chronoamperometric 
profi les. A TM - AFM image (Figure  2.108 ) shows that the procedure has resulted 
in a complete coverage of the surface by Rh and a TEM side - view image (Figure 
 2.109 ) reveals a vertical nanostructure consisting of InP, an interfacial fi lm, and 
the Rh deposits. The lattice planes of InP are clearly seen and the amorphous 
interphase has a thickness of 4 – 5   nm. The Rh deposits are between 5 and 15   nm 
thick and form an irregular structure that appears to consist of almost spherical 
subunits of about 5   nm in size. The optical properties with regard to refl ectivity of 
the structure are presently being investigated and preliminary data indicate a 

     Figure 2.106     Energy band diagram of the structure of p  +   - InP substrate (doped in the 10 18    cm  − 3  
range) and the homoepitaxial p - InP fi lm (doped in the low 10 17    cm  − 3  range) showing a back 
surface fi eld band alignment.  

     Figure 2.105     Energy scheme of the 
p - InP – H 2 /H  +   redox electrolyte contact. The 
larger electron affi nity compared to Si (by 
about 0.3   eV) and the larger energy gap 

(1.35   eV) yield a contact potential increase of 
 > 0.5   V relative to the p - Si – acidic electrolyte 
contact; the maximum photovoltage is about 
1   V, depending on the InP doping level.  
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     Figure 2.107     Protocol for Rh photoelectrodeposition onto (100)In - rich 2 × 4 reconstructed 
p - InP; solution, 5   mM RhCl 3 , 0.5   M NaCl, 5% isopropanol; light intensity, 100   mW   cm  − 2 .  

     Figure 2.108     TM - AFM image of p - InP after photoelectrodepositon of Rh; note that a closed 
fi lm is observed.  

10nm

     Figure 2.109     TEM cross - sectional view showing Rh deposits, an amorphous interfacial fi lm, 
and the epitaxial structure of InP substrate.  
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     Figure 2.110     Output power characteristic for light - induced H 2  evolution of a Rh/p - InP device; 
electrolyte, 1   M HClO 4 ; light intensity, 100   mW   cm  − 2  (W – I lamp); three - electrode potentiostatic 
arrangement with carbon counter and calomel reference electrode.  

     Figure 2.111     TM - AFM image of the device shown in Figure  2.110  after passage of a charge of 
45   C   cm  − 2  (see text).  

reduced refl ectivity in the visible spectral range  [183] . As a result, the solar conver-
sion effi ciency reaches values around 14% as seen in Figure  2.110 . Figure  2.111  
shows a (top view) TM - AFM image after passage of a 45   C   cm  − 2  photocurrent. The 
basic appearance in comparison to Figure  2.108  remains unaltered and the side -
 view TEM image in Figure  2.112  demonstrates that the interface between the 
amorphous fi lm and the InP surface leaves the atomic lattice plane arrangement 
unaffected. Photocorrosion would result in the transformation of about 15    µ m of 
InP either by dissolution or by deposit formation, and hence this structure exhibits 
pronounced stability and effi ciency. The Rh particles are clearly nanodimensioned 
with most sizes in the range 3 – 6   nm. High - resolution TEM images show crystal 
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planes within the particles which therefore consist at least of a crystalline core. 
The solid - state properties of the nanocrystalline particles, in particular with regard 
to charge transfer, Fermi level position, and energetic states, have yet to be 
determined.   

 The nature of the interphase can be deduced from recent XPS analyses that 
indicate the presence of indium oxide with a smaller admixture of phosphates; 
contrary to the observation of an InCl phase on the (111) A face, chloride has not 
been found here, indicating a different surface chemistry of the (100) In - rich 
surface that is presently investigated. The fi lm formed on InP(100), however, is 
too thick to enable effi cient tunneling; therefore, charge transport can take place 
via a defect band or by appropriate energy band alignment. Taking the data for 
the electron affi nity of In 2 O 3 , for example, 4.5   eV  [279] , the energy band alignment 
between p - InP, the interphase, Rh, and the redox couple shows that a conduction 
band cliff would allow effi cient electron transport across the fi lm to the Rh fi lm 
where the reduction reaction occurs (Figure  2.113 ). It is presently not known how 
the incorporation of indium phosphates into indium oxide affects the electron 
affi nity. UPS experiments can provide information on the band offset between InP 
and the fi lm if the energy gap of the fi lm is known. Because the deposition steps 
in the Rh(III) reduction to Rh have not been as well investigated as those for Pt 
reduction, where further oxide growth has been observed (see Figures  2.91, 2.92, 
and 2.95 ), a UPS measurement on the fi lm after the conditioning procedure in 
HCl (Section  2.4.2.2 ) might not yield conclusive information. Rh deposition could 
result in an increase of the fi lm thickness if it is accompanied by hole injection 
processes. Therefore, model experiments on the Rh deposition onto well - defi ned 
InP surfaces before and after the optimization procedure in HCl are necessary. 
The absorption behavior of the structure can be assessed by BAS, and fi rst experi-
ments show specifi c optical properties induced by the Rh fi lm, consisting of nano-
particles and an infl uence of the highly doped substrate on the red part of the 
spectral sensitivity.    

     Figure 2.112     TEM cross - sectional view of the device in Figure  2.110  after passage of a charge 
of 45   C   cm  − 2  (see text).  

5 nm
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   2.7 
Synopsis 

   2.7.1 
Summary 

 The use of surface - sensitive techniques for the development of photoelectrochemi-
cal devices that convert solar energy has been described. The essence of this 
approach is the control of interfacial properties. This is achieved by a combination 
of empirical procedures that are developed into directed approaches of interface 
modifi cation for desired electronic, chemical, and structural properties by a feed-
back between preparation and analysis. Besides the multitude of commercially 
available surface analytical techniques employed (AFM, STM, TEM, HRSEM, 
HREELS, SRPES, FTIR), novel methods have been developed such as Brewster 
angle refl ectometry and stationary microwave refl ectivity. The detailed highly 
surface - sensitive analysis of the surface chemistry of samples where electrochemi-
cal currents have passed has become possible by the development of in - system 
photoelectron spectroscopy and HREELS. 

 Several devices presented here are based on the novel nanoemitter concept that 
allows realization of effi cient solar energy conversion structures. The device archi-
tecture also demonstrates that arguments regarding costs and abundance of mate-
rials have to be considered carefully; cost - limiting factors in terrestrial applications 
can be drastically reduced if only trace amounts of precious metals have to be 
incorporated into the structures. For the photovoltaic nanoemitter cell shown in 
Figures  2.82  and  2.89 , for a distance of 5    µ m between the emitters, the cost for a 
square kilometer would be negligible (about  € 2500). In addition, noble metal con-

     Figure 2.113     Energy schematic of the p - InP – interfacial fi lm – Rh – electrolyte junction including 
the transport processes of light - induced minority electrons (see text).  
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sumption can be further reduced by capping of more abundant materials with a 
few atomic layers of the noble metals. Also, recycling is defi nitely a consideration, 
as has been demonstrated clearly in paper photography where huge areas have been 
processed over the decades using AgI  [280] . Nevertheless, it is of course important 
to pursue research directions that are based on the use of more abundant materials, 
inspired, for example, by the photocatalytic processes in photosynthesis.  

   2.7.2 
Refl ections on Future Development Routes 

 Presently, the advent of nanoscience, merging disciplines such as physics, chem-
istry, material science, biology, and informatics, has led to a large number of novel 
approaches and it is diffi cult to foresee the development routes. It is, however, 
possible to give an overview on the innovation potential; this involves processes, 
materials, specifi cally designed architectures (an example is the nanoemitter 
concept that has been presented in this chapter), and more general approaches 
such as  “ learning from photosynthesis, ”  combinatorial materials development, 
and the application of micro -  and nanostructures prepared in physics and materi-
als science (photonic crystals). Novel (advanced) architectures could be based on 
either self - organization or on processes in physics and materials science and allow 
the use of scarce materials and/or the funneling of excitation energy to emitters 
or reactive sites. The issue of alternative excitation energy transport compared to 
direct charge transfer is defi nitely a promising route to follow. Here, processes 
such as F ö rster and Dexter transfer  [281, 282]  and possibly the mimicking of 
multichromic F ö rster transfer  [283]  appear interesting. 

 Another aspect is the plasmonic fi eld enhancement by nanodimensioned noble 
metal particles that exhibit localized surface plasmon resonances in the visible 
spectral range  [284, 285] . The preparation of structures and designs that incorpo-
rate plasmonic nanoparticles can increase solar conversion effi ciencies by better 
adapting the incoming light to the device features. The plasmonic enhancement 
of the absorption of indirect semiconductors (crystalline Si) has already been 
demonstrated  [286] . Photonic crystals with tailored refl ectivity properties could be 
used as light scavengers or as spectral selective optical mirrors near the back 
contact of a solar converter. The enhancement of spontaneous photon emission 
from atoms in a quantum electrodynamic cavity  [287]  might be of use in molecular 
solar energy converting systems. 

 Among hitherto less - well - known photophysical processes is the exploitation of 
multiple exciton generation  [288] , resulting in multiple low - energy photon genera-
tion from a higher energetic one, and singlet fi ssion  [289]  where the decomposi-
tion of a molecular singlet state into (two) lower energetic triplet states takes place. 

 In artifi cial photosynthesis, the use of macromolecules that contain a catalytic 
center consisting of, for example, Ru  [290]  or Mn  [291]  provides a promising route 
for more robust molecular catalysts. Similarly, the use of genetically altered 
mutants of the enzymes of photosynthesis might be an avenue worth pursuing 
 [292] . The chemical modifi cation of PS I for more effi cient H 2  evolution  [293]  is 
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another promising route, particularly if this much more robust system can be 
attached to a conducting electrode such as the step bunched Si surface described 
in Section  2.4.1 .   
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  Appendix 2.A 

 The symbols used in Equation  2.7  are defi ned as follows:

   A
L P

L q kT L E Dx

*

[ ( / ) ]
=

− −
α

α α
p
2

p
2

p
2

p

0

21
    (2.A.1)  

   C
W

= −
−

− −

− −

e e

e e

α β

κ δ
    (2.A.2)  

   β α κ= −d     (2.A.2a)  

   κ = −d W

Lp

    (2.A.2b)  

   δ = W

Lp

    (2.A.2c)  

   D = −− −e eδ κ2     (2.A.3)  

   ′ = −
−

− −

C
We e

e e

α β

κ δ2
    (2.A.4)  

   ′ = −D e eδ κ2     (2.A.5)    

  Appendix 2.B 

 The symbols used in Equation  2.11  are defi ned as follows:
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  Appendix 2.C 

 The dependence of  ∆  p (0) on surface recombination velocity and charge transfer 
rate:
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Printable Materials and Technologies for Dye - Sensitized 
Photovoltaic Cells with Flexible Substrates  
  Tsutomu     Miyasaka       

    3.1 
Introduction: Historical Background 

 The study of dye - sensitized semiconductor electrodes started with the renaissance 
of photoelectochemistry in the late 1960s when Gerischer and co - workers  [1]  
explored various combinations of organic dyes (sensitizers) and n - type and p - type 
semiconductors  [2] . The 1970s saw rapid advancements in the method of photo-
electrochemical energy conversion. In 1972 Fujishima and Honda reported the 
decomposition of water on a photoelectrode of single - crystal TiO 2   [3] , showing the 
photoelectrochemical cell as a potential model for photosynthetic energy conver-
sion. Before then, Tributsch and Calvin demonstrated for the fi rst time photocur-
rent generation by a thin fi lm of natural chlorophyll as a sensitizer deposited on 
n - type semiconductors such as ZnO  [4]  to mimic the spectral sensitivity of photo-
synthesis. In the following years it was established, based on the study of Langmuir –
 Blodgett monolayers  [5 – 7] , that a single monolayer of adsorbed dye alone can 
contribute to photoexcited electron injection, similar to the fact by then established 
for dye - sensitized silver halide photographic material  [8] . The energy conversion 
effi ciency attained by a dye monolayer was too small to be useful for a photovoltaic 
cell while internal quantum effi ciency of photocurrent generation was improved 
to 30% by regulation of intermolecular distances of dyes  [9] . The invention by the 
Gr ä tzel group in the late 1980s of a mesoscopic semiconductor electrode  [10] , which 
had a roughness factor of several thousands, enabled the dye - sensitized cell to join 
a class of utility - type solar cells. Numerous studies have since been undertaken by 
focusing on effi ciency improvement of the  dye - sensitized solar cell  ( DSSC ) mostly 
with the use of mesoporous TiO 2  as a stable semiconductor and ruthenium bipy-
ridyl complex dyes as sensitizers  [11] . After optimization for the dye structure, TiO 2  
porosity, thickness, etc., the power conversion effi ciency has reached 11% and 
more  [12 – 14] . Although the top effi ciency is still in the range comparable with those 
of thin amorphous silicon cells, a strong merit of DSSCs over the existing solid -
 state solar cells has been emphasized on account of their low - cost manufacturing 
processes without the high vacuum and nanoscale manipulation as required by the 
solid - state p – n junction cells. Nevertheless, there is a diffi culty for the industrializa-
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tion of DSSCs unless the issues of effi ciency and lifetime (durability) are overcome, 
both of which are well behind those of the crystalline silicon solar cell.  

 Proof - of - concept tests of DSSCs have been conducted by installing large inte-
grated modules for windows, walls, and other facade applications. These modules, 
as well as the cell of top effi ciency, employ a glass substrate (SnO 2  - coated transpar-
ent conductive glass) and have shown thousands hours of life by accelerated tests 
under exposure to sunlight and high temperatures (60 – 85    ° C)  [15 – 17] ; the result 
seems still not satisfactory for robust roof - top applications. For these reasons, our 
group has focused on developing a low - cost fl exible DSSC fabricated on a plastic 
fl exible substrate by taking advantage of rapid printing technologies. Primarily, 
the point of this study is that we can minimize the production cost by introducing 
a roll - to - roll manufacture process that takes the place of the high - temperature 
sintering process. Secondly, the thin fl exible body of the DSSC opens the way to 
an extended fi eld of applications including, especially, the installation of power 
sources for consumer electronics, where use of solar power reduces the need for 
secondary batteries. Although plastic devices generally have shorter lifetimes than 
glass - based ones, they attract potential users for outdoor long - term installment 
since the low - cost device can permit the user repeated exchange of the device 
without the risk of large investment. To work with plastic substrates, it is generally 
required to prepare printable materials (inks or pastes) that form a solid - state fi lm 
of high electrochemical activity at processing temperatures below 150    ° C. It is also 
strictly required that high conversion effi ciency and stability be ensured. This 
review will therefore focus on important printable technologies associated with 
the construction of plastic DSSCs.  

   3.2 
Low - Temperature Coating of Semiconductor Films 

 For the glass - to - plastic conversion of electrode substrates, low - temperature prepa-
ration of an adherent mesoporous semiconductor fi lm is the primary requisite. 
In addition, special care should also be taken in handling and optimizing of a 
transparent conductive layer that should exhibit a high conductivity for lateral 
electron transport on a transformable plastic surface. For the very low surface 
electric resistance ( < 15 ohm square  − 1 ) required for the electrodes of solar cells, 
 indium - tin - oxide  ( ITO ) is a unique material available for low - temperature vacuum 
deposition on plastic sheets. ITO fi lms, however, are chemically unstable against 
exposure to low pH ( < 4) so that use of acidic compounds for semiconductor treat-
ment, for example TiCl 4 , cannot be applied. Various methods have been tried for 
TiO 2  coating on an ITO – plastic fi lm. Pichot  et al . examined coating of nanocrystal-
line TiO 2  particles without a sintering treatment to show a low conversion effi -
ciency of 1.2%  [18] . Hagfeldt  et al . demonstrated mechanical compression as a 
post - coating treatment to show relatively high conversion effi ciencies, 3 to 5.5%, 
depending on the intensity of simulated sunlight  [19] . Hydrothermal synthesis of 
mesoporous TiO 2  has proven to be a useful means of achieving high effi ciency 
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(3.3%)  [20] . We have demonstrated a facile method of making a plastic photoelec-
trode by electrophoretical deposition of TiO 2  fi lms  [21] . Post - treatment of fi lms by 
microwave  [22]  and UV  [23]  irradiation has been shown to improve the effi ciency 
by reinforcement of interparticle connections. These methods, however, may not 
be best suited for rapid electrode fabrication processes. Mechanically, the smooth 
surface of ITO makes diffi cult using these methods to achieve strong adhesion of 
TiO 2  by comparison, for example, with the surface of  fl uorine - doped tin oxide  
( FTO ) formed on glass, which has a characteristic roughness. For the design of 
rapid roll - to - roll manufacture, it is desired that all coating processes, including 
TiO 2  coating and catalyst loading on counter electrode, are completed by simple 
printing methods using a ink or paste form of electrode materials. A key to prepar-
ing such pastes is to achieve strong interparticle connection (necking), and to 
ensure high adhesion strength of the electrode material with respect to the conduc-
tive ITO layer, even in the wet condition when immersed in liquid organic 
electrolytes. 

 The mesoscopic TiO 2  paste that works at low temperatures ( < 150    ° C) and simul-
taneously ensures good photoelectric performance should meet some crucial 
requirements. Firstly, the content of a binder material, added to the paste for 
ensuring a suffi cient viscosity for printing, should be minimized for it can block 
carrier transport between particles in a resultant dry fi lm, while the paste should 
have a suffi ciently high viscosity needed for coating work. Secondly, the liquid 
paste should have good affi nity to the surface of a plastic substrate, which is often 
hydrophobic. Thirdly, any liquid components of the paste should be completely 
eliminated by evaporation at low temperature ( < 150    ° C). Fourthly, all components 
of the paste should be inert against the corrosion of the conductive layer (ITO, 
etc.). We have prepared a viscous suspension of nanocrystalline TiO 2 , which is 
suitable for doctor - blade coating or screen printing on an ITO – plastic sheet  [24] . 
Commercial  polyethylene naphthalate  ( PEN ; glass transition temperature of 
121    ° C) fi lm was chosen as a plastic substrate, on which ITO had been coated by 
an ionic plating method with a roll - to - roll manufacture system. To reduce the 
surface tension of the liquid paste, TiO 2  particles were dispersed in a mixed solvent 
of water and alcohol. Among various kinds of volatile alcohols tested, branched 
alcohols such as  iso  - propanol and  tert  - butanol proved to be effective to give a good 
viscosity and coating adhesion in the presence of water and TiO 2  nanoparticles. 
With  tert  - butanol, the viscosity signifi cantly changes with the ratio of water and 
alcohol in the range 20 – 2000   mP   s; the water content is adjusted by addition of an 
aqueous brookite - TiO 2  colloid as an interparticle necking agent. After optimiza-
tion, viscous coating pastes were obtained in which TiO 2  is the sole solid compo-
nent. With this binder - free paste, a TiO 2  fi lm is dried at 100 – 150    ° C for water 
elimination and immediately subjected to dye adsorption. Figure  3.1  shows how 
this paste forms a mesoporous structure by dehydration condensation reaction 
which follows the formation of a hydrogen - bonded network of well - dispersed 
nanocrystalline TiO 2 . The best composition of the binder - free paste for printing 
applications, published elsewhere  [24] , contains approximately 15% of TiO 2  in a 
mixed solvent of  tert  - butanol and water (2   :   1 by volume).    



 186  3 Printable Materials and Technologies for Dye-Sensitized Photovoltaic Cells with Flexible Substrates

   3.3 
Photoelectric Performance of Plastic Dye - Sensitized Photocells 

 With doctor - blade or screen - printer methods, the ITO - coated PEN sheet was 
coated with a 10 – 15    µ m thick TiO 2  fi lm and soaked in a dye solution for sensitiza-
tion at 40    ° C for an hour. A ruthenium complex dye, N719  [21] , was employed as 
the sensitizer. In anti - exfoliation tests, the TiO 2  - loaded ITO – PEN sheet showed 
high stability against bending of the sheet with curvature up to 2   cm  − 2  (a radius of 
0.5   cm) and pencil hardness more than H. For cell performance studies, the dye -
 sensitized ITO – PEN electrode was combined with a platinum - sputtered FTO glass 
counter electrode to compose a mask - attached test cell with 0.24   cm 2  irradiation 
area. The composition of the liquid electrolyte was varied. Typically, it was LiI 
(0.4   M),  tetrabutylammonium iodide  ( TBAI ) (0.4   M), I 2  (0.04   M), and  4 -  tert  - butylpy-
ridine  ( TBP ) (0.3   M) in  3 - methoxypropionitrile  ( MPN ). Figure  3.2  summarizes the 
current – voltage (I – V) characteristic parameters as a function of the average size 
of TiO 2  nanoparticles measured under incidence of 1 sun intensity  [24] . The data 
were obtained with substantially similar conditions of TiO 2  loading in the range 
10 – 12   g   m  − 2  where the TiO 2  layer contained large TiO 2  grains (250   nm) for light 
scattering enhancement and had a porosity of about 60%. Photocurrent density, 
 J  sc , open - circuit photovoltage,  V  oc , and overall effi ciency   η   tend to exhibit peaks 
around an average size of 60   nm. This refl ects the fact that smaller particles and 
pore sizes suppress rapid electrolyte diffusion inside the porous TiO 2 , while larger 
particle sizes reduce the surface area for dye adsorption, both leading to a decrease 
in photocurrent density. The optimized size, 60   nm, is larger than those normally 
employed for sintered TiO 2  electrodes, namely 20 – 30   nm. This difference is appar-
ently due to the use of binders in combination with sintering. Firing of a polymer 
binder and connection of small particles by sintering create new pores which are 
larger than the initial size while, in the binder - free non - sinter process, pore size 
distribution is determined by the initial particle size. It is assumed that a larger 
size distribution is needed for the non - sintered method. However, we found that 

     Figure 3.1     Interparticle connection between TiO 2  by dehydration condensation reaction.  
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     Figure 3.2     Dependence of the  I  –  V  characteristic parameters measured under 1 sun intensity 
on the average size of TiO 2  nanocrystalline particles coated on ITO – PEN fi lm from the 
binder - free paste.  (After  [24] .)   
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the binder - free TiO 2  fi lm never gives a photocurrent density as high as those of 
sintered TiO 2  fi lms. This fact indicates that the sintering treatment in the presence 
of a polymer binder physically reinforces interparticle connection so that the TiO 2  
network is improved to have better electron conductivity and a longer electron 
diffusion length. In effect,  incident photon - to - electron conversion quantum 
effi ciency  ( IPCE ) data measured for the dye - sensitized TiO 2  - coated ITO – PEN 
electrode show a maximum value around 65%, which is lower than the best value 
obtained for sintered TiO 2  glass electrodes (80 – 90%). Figure  3.3  shows typical 
examples of a photocurrent density – voltage ( I  –  V  ) characteristic and IPCE action 
spectrum for an N719 - sensitized TiO 2  - coated ITO – PEN electrode. This plastic cell 
yielded a 6.1% conversion effi ciency. The IPCE action spectrum shows a sharp 
drop in the UV region at wavelengths less than 420   nm, which is due to the intrin-
sic UV absorption of PEN ( < 390   nm). This fi lter effectively reduces the overall 
photocurrent density while it suppresses the photocatalytic activity of TiO 2  that 
leads to dye decomposition.   
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 The photovoltaic performance of the plastic cell made by the coating of the 
specially prepared binder - free paste proved to be good compared to that of cells 
previously made by our group using the electrophoretic deposition method, in 
which all TiO 2  nanoparticles, free of binders, are deposited in a short time on the 
ITO surface to form a relatively thick fi lm. These cells made by the electrophoretic 
method yielded 3.8% effi ciency  [21] . The adhesion of TiO 2  fi lms on ITO, however, 
is not suffi ciently good for practical use, which involves the need to assemble a 
large integrated module, as will be described below. 

 It is assumed that the internal electric resistance of the mesoporous TiO 2  pre-
pared by the present low - temperature coating method is relatively high compared 
to that of high - temperature sintered TiO 2  fi lms. This is due to imperfections in 
developing an extended network of interconnected nanoparticles that allows elec-
tron diffusion for long distances across particles. Measurements of electron dif-
fusivity ( D ) and electron lifetime (  τ   ) for an N719 - sensitized TiO 2  fi lm made from 
the binder - free paste with a 120    ° C treatment demonstrate that electron diffusivity 
is roughly half that of a sintered fi lm prepared at 450    ° C while electron lifetime is 
comparable. The average electron diffusion length defi ned as ( D τ   ) 1/2  was in the 
range 13 – 15    µ m depending on the cell structure and external electric conditions 
(current density and voltage applied), while this value was more than 20    µ m for a 
reference sample of sintered TiO 2 . This situation affects how the electrode struc-
ture is optimized for best photovoltaic performance. For optimization, the relation-
ship between photovoltaic characteristics and TiO 2  thickness clearly involves the 
above issue of electron diffusion. Figure  3.4  shows the dependence of the main 
photovoltaic parameters on TiO 2  loading, where a TiO 2  loading of 20   g   m  − 2  corre-
sponds to a thickness of 12.5    µ m. Figure  3.4  also includes a comparison of data 
taken for high and low incident intensities, 1 sun and 1/8 sun, where 1 sun is 
100   mW   cm  − 2 . For photocurrent density, which is normalized for constant incident 
power, its constant increase with increased TiO 2  thickness is no longer sustained 

     Figure 3.3     Photocurrent density – voltage characteristics under 100   mW   cm  − 2  incident intensity 
of AM1.5 simulated sunlight and IPCE action spectrum for an N719 - sensitized TiO 2  ITO – PEN 
electrode. This cell exhibits 6.1% effi ciency.  
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at a thickness around 12    µ m (20   g   m  − 2 ). This affects overall conversion effi ciency   η   
which shows a saturation at the same thickness. These facts indicate that carrier 
transport tends to be ineffi cient beyond 12    µ m, which is also expected from the 
results of electron diffusion measurements. Another phenomenon to be noted is 
the large difference in effi ciency between high and low light intensities. There is 
always a loss in photocurrent generation at high intensity, that is, high - density 
photocurrent generation, as seen in the comparison of intensity - normalized photo-
currents. The infl uence of high incident intensity becomes maximum for elec-
trodes having a thick (highly loaded) TiO 2  fi lm, which produces a maximum 
photocurrent. This difference indicates the existence of a relatively large internal 
resistance against the fl ow of photocurrent, which brings about a voltage loss (IR 
loss) and reduces the  fi ll factor  (  FF  ) of the  I  –  V  curve. Accordingly, a thick TiO 2  
fi lm which produces a high density of photocurrent undergoes a large light -
 intensity hysteresis. This hysteresis is probably more enhanced in the case of 
binder - free preparation of TiO 2  fi lm. It is interesting that post - sintering of the 

     Figure 3.4     Dependences of photocurrent 
density (  J  sc ), open - circuit voltage ( V  oc ), fi ll 
factor ( FF ), and energy conversion effi ciency 
(  η  ) on the amount of TiO 2  loading on an 
ITO – PEN plastic electrode. Photocurrent 
density is normalized for constant incident 

power ( I  p ) in terms of  J  sc / I  p  (A   W  − 1 ). Solid and 
dashed lines were measured for high 
intensity light (1 sun) and low intensity light 
(1/8 sun), respectively. TiO 2  loading of 
20   g   m  − 2  corresponds to a thickness of 
12.5    µ m.  (After  [24] .)   
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binder - free TiO 2  fi lm (prepared at 120    ° C) to 500    ° C does not cause any essential 
change in  I  –  V  curve and effi ciency. In contrast, the conventional sintering method 
with the use of a binder - mixed TiO 2  paste (using polyethylene glycol, etc.) gives 
an increased photocurrent and IPCE, the latter approaching  > 80%. The difference 
in these results with and without the use of binder in the 500    ° C sintering indicates 
that burning of the binder material helps to create new pores, and a mesoporous 
structure that possesses longer electron diffusion lengths. This result means that 
the interconnection of TiO 2  particles can be completed with the low - temperature 
treatment of the binder - free fi lm at 120    ° C.   

 In order to improve the photocurrent by increasing the electron diffusion length, 
mechanical compression of a binder - free fi lm as a post - treatment is known to have 
a signifi cant effect in effi ciency improvement. Recently, an effi ciency level close 
to 8% was obtained by Arakawa and co - workers based on our binder - free TiO 2  
coating technologies  [25] . 

 To conclude concerning the design of a highly effi cient cell based on the low -
 temperature and plastic technologies, the use of a thinner TiO 2  fi lm in combina-
tion with a dye sensitizer which has a high extinction coeffi cient is desired to 
ensure high - density photocurrents. Additionally, because any fl exible electrode 
substrate causes mechanical deformation, a thinner solid fi lm has better stability 
against physical stresses. In this respect, we are currently assessing different kinds 
of organic sensitizers such as squalilium dyes and oligothiophene - type dyes, some 
of which yield high IPCE values comparable to that of N719 on the TiO 2  - coated 
ITO – PEN electrode. Apart from organic sensitizers, we have employed inorganic 
nanocrystalline particles of quantum dot size (2   nm) as visible - light sensitizers for 
TiO 2  as an alternative to organic dyes. Their strong light absorption ability by 
bandgap excitation is useful for harvesting light with a thinner mesoporous fi lm. 
A TiO 2  electrode sensitized by organo - lead compound perovskite nanocrystals has 
achieved near 4% effi ciency on an FTO electrode  [26] . Use of these quantum dot 
sensitizers is also promising for designing thin - semiconductor - coated plastic 
electrodes.  

   3.4 
Polymer - Based Counter Electrodes with Printable Materials 

 For cost reduction of DSSCs, improvement of the preparation of counter elec-
trodes by a vacuum - free printing method becomes important. Typically the surface 
of a counter electrode substrate is loaded with particles or a thin fi lm of platinum 
as a catalyst. The role of the catalyst is to minimize the overpotential of the elec-
trochemical reduction of an electron acceptor in the electrolyte. High activity of 
this cathodic reaction is particularly required for the iodine/triiodide redox system. 
Although the amount of platinum required is very small, being much less than 
10   nm in terms of average thickness  [27] , preparation processes often employ 
vacuum sputtering and expensive sources. Only a limited number of materials can 
replace platinum. One is a group of carbonaceous materials, the other being a 
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group of p - type conductive polymers. The catalytic activities of these alternatives 
in terms of current density per gram of material, however, are signifi cantly behind 
that of platinum. Therefore, to realize high cathodic activity, high loadings of these 
materials are required. Glass - type DSSCs using carbon black - loaded counter elec-
trodes have been studied by Murakami  et al .  [28] . A thick carbon layer of a thick-
ness of 10    µ m was shown to give a high effi ciency of 9.1% comparable with those 
of platinum fi lms. 

 We have studied the performance of  poly(3,4 - ethylenedioxythiophene) doped 
with polystyrenesulfonate  ( PEDOT - PSS ) as a printable catalyst for counter elec-
trodes. A coating paste was prepared by mixing PEDOT - PSS with various kinds 
of metal oxide nanoparticles in order to immobilize a porous catalytic layer on the 
substrate, and to increase the active surface area. The coating paste comprised an 
aqueous dispersion of PEDOT - PSS (polymer concentration 1.24%) and metal 
oxide nanocrystalline particles selected from a group of Al 2 O 3 , SnO 2 , ZnO, and 
TiO 2 . TiO 2  particles (average size 50   nm, specifi c surface area 30 – 40   m 2    g  − 1 ) showed 
relatively high activity as a cathode catalyst. The PEDOT - PSS/TiO 2  aqueous disper-
sion was added to an aqueous ITO slurry (15 wt%) at a volume ratio of 1   :   1 to 
supply a paste (TiO 2  · ITO/PEDOT - PSS) of suffi ciently high viscosity for coating. 
Using an ITO – PEN fi lm as a plastic substrate, doctor - blade coating of the paste 
was successful and completed by heat - drying at 110    ° C for 5 minutes. The mes-
oporous surface of the counter electrode shows a high roughness factor ( > 1000) 
comparable with the TiO 2  photoelectrode. 

 TiO 2  · ITO/PEDOT - PSS fi lms coated on ITO – PEN exhibit a pale blue to gray 
color and semi - transparency due to the optical characteristics of the nanoparticles. 
Figure  3.5  shows SEM images of the counter electrode. The thickness of the 
TiO 2  · ITO/PEDOT - PSS fi lm is several micrometers to 10    µ m. Figure  3.6  shows an 
example of a semi - transparent plastic electrode prepared based on this technology. 
There are several merits of the technology. Firstly, a simple printable process for 
counter electrode fabrication without vacuum and high temperature is possible. 
Secondly, a transparent counter electrode (cathode) can be designed for fabrication 

     Figure 3.5     SEM images for TiO 2  · ITO/PEDOT - PSS nanocomposite fi lm: (a) cross section; 
(b) surface.  
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of a bifacial - type fl exible photovoltaic cell in combination with a plastic dye -
 sensitized electrode (anode). Thirdly, such a method leads to a large cost reduction 
with use of low - cost materials.   

 For fabrication of a full plastic DSSC, the plastic counter electrode needs to show 
high performance in keeping with a high - density photocurrent, with characteris-
tics close to those of a platinum counter electrode.  I  –  V  characteristics of plastic 
DSSCs have been examined. An electrolyte composition of 0.4   M LiI, 0.4   M TBAI, 
0.04   M I 2 , and 0.3   M   N  - methylbenzimidazole  ( NMB ) in  acetonitrile  ( AN )/MPN 
(1   :   1 by volume) was used and N719 as a dye sensitizer of the TiO 2  photoanode; 
the  I  –  V  curves are compared in Figure  3.7  for PEDOT - PSS - based counter elec-
trodes and a standard platinum sputtered electrode  [29] .   

     Figure 3.7      I  –  V  curves for dye - sensitized 
plastic photocells using various counter 
electrode materials coated on ITO – PEN 
plastic substrate. A, TiO 2  · ITO/PEDOT - PSS 
fi lm; B, ITO/PEDOT - PSS fi lm; C, PEDOT - PSS 

fi lm; D, none (ITO – PEN substrate); E, 
sputtered platinum fi lm on FTO glass as a 
reference. Electrolyte composition: 0.4   M LiI, 
0.4   M TBAI, 0.04   M I 2 , 0.3   M NMB in AN/
MPN (1   :   1 by volume).  (After  [29] .)   
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     Figure 3.6     Semi - transparent body of the PEDOT - PSS - based plastic counter electrode.  



 3.4 Polymer-Based Counter Electrodes with Printable Materials  193

 It is clear from this result that ITO free of catalytic material lacks activity for   I3
− 

reduction. The non - porous PEDOT - PSS fi lm on ITO – PEN is still insuffi cient to 
enhance the  I  –  V  performance of the cell yielding a low short - circuit photocurrent 
density (  J  sc ). Fairly high performance was obtained with ITO/PEDOT - PSS and 
TiO 2  - ITO/PEDOT - PSS fi lms, both having porous surfaces. In effect,  J  sc  of the full -
 plastic cell using the above PEDOT - PSS - based ITO – PEN counter electrode is still 
lower by 8% than that of the sputtered platinum counter electrode. The energy 
conversion effi ciency of the PEDOT - PSS - based cell reached 4.38%  [29] , which 
approaches the level of a cell using a sputtered platinum - coated FTO glass elec-
trode (5.41%). 

 It was found that replacement of TiO 2  with other nanoparticles of metal oxides 
such as Al 2 O 3  and NiO equally improves the performance of the non - porous elec-
trodes. Based on this fact, the role of nanoparticles is to create large surface areas 
for promoting the catalytic reaction activity rather than being involved in improv-
ing the surface conductivity. The best performance, however, is obtained with the 
TiO 2  - based material. Photocurrent densities and fi ll factors of counter electrodes 
of other metal particles tend to be lower than those of TiO 2 . This may be due to 
the high electrochemical stability of titanium oxides against iodine/iodide com-
pared to nanosized nickel and aluminum oxides. In addition, we consider that 
the TiO 2  surface interacts better with PEDOT - PSS for forming a polymer - loaded 
mesoporous structure. 

 PEDOT derivatives as cathode catalysts can also be immobilized by means of 
electrodeposition  [30] . Poly(3,3 - diethyl - 3,4 - dihydro - 2H - thieno - [3,4 - b][1,4]dioxepine) 
(PPDOT - Et2) was employed as an electropolymerizable polymer. Electrolytic poly-
merization of this polymer on glass and ITO – PEN substrates was carried out 
under potentiostatic conditions with an applied voltage of 1.1   V vs. Ag/Ag  +   using 
a 10   mM AN solution of a monomer, 3,4 - (2 ′ ,2 ′  - diethylpropylene)dioxythiophene, 
in the presence of LiClO 4 . The PPDOT - Et2 fi lm showed a wire - like and highly 
porous structure due to the steric effect of the monomer  [31]  and resulted 
in a  root - mean - square  ( RMS ) roughness value of about 83.5   nm, which was 
larger than that of a platinum fi lm of about 23.6   nm over a 5    ×    5    µ m area. The 
PPDOT - Et2 - coated counter electrode is highly transparent compared to the above 
PEDOT - PSS - coated ones. 

 The electrochemical activity of the counter electrode can be checked by  cyclic 
voltammetry  ( CV ) with respect to the triiodide/iodide redox couple in a sample 
electrolyte. Comparison of the peak potentials of reduction and oxidation and 
current densities thereof with those of various platinum electrodes gives pre-
liminary assessment of the cathode material for use in DSSCs. PPDOT - Et2 conter 
electrodes, as well as the above - described PEDOT - PSS counter electrodes, demon-
strated peak potentials and redox current densities close to those of the platinum 
electrode. In Figure  3.8 , the redox behavior of PPDOT - Et2 in a triiodide/iodide -
 based electrolyte (1   mM I 2 , 10   mM LiI, 0.1   M LiClO 4  in AN) is compared with that 
of the sputtered platinum electrode, where a PPDOT - Et2 fi lm was deposited by a 
charge capacity of 40   mC   cm  − 2  for polymerization. The two anodic and cathodic 
peaks in the CV curves represent the following two reactions  [31] :
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   3 23I I e for more negative region− − −↔ + ( )  

   2 3 23 2I I e for more positive region− −↔ + ( )     

 Figure  3.8  reveals that the PPDOT - Et2 fi lm has similar anodic and cathodic peaks 
and associated charge capacities to the sputtered platinum fi lm and possesses high 
performance comparable with that of the platinum - based counter electrode. A 
slightly negative shift of the cathodis peak may indicate the infl uence of the adsorp-
tion of iodide species at the PPDOT - Et2 surface, as reported also in the case of the 
platinum electrode  [32] . 

 Surface morphology of the electrodeposited PPDOT - Et2 fi lm observed by SEM 
is characterized as a random and highly porous network of polymer fi bers, as 
shown in Figure  3.9 . The polymer fi ber size tends to depend on the total charge 

     Figure 3.9     SEM images of a PPDOT - Et2 fi lm prepared with deposition capacities of 
40   mC   cm  − 2  (left) in comparison with a sample of sputtered platinum fi lm (right).  
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     Figure 3.8     Cyclic voltammograms for PPDOT - Et2 fi lm and reference platinum electrode at a 
scan rate of 100   mV   s  − 1 .  (After  [30] .)   
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capacity of electrolytic polymerization. For the 40   mC   cm  − 2  capacity applied to the 
sample of Figure  3.9 , the fi ber thickness is of the order of 10 – 20   nm.   

 From further structural characterization of the PPDOT - Et2 fi lms, it is assumed 
that a dense layer is formed initially, followed by the growth of a porous polymer 
fi lm with increasing deposited charge capacities from 10 to 80   mC   cm  − 2 . Further 
increase in the deposited charge capacity led to signifi cant aggregations of PPDOT -
 Et2 that reduced the active surface area. Based on a  rotating disk electrode  ( RDE ) 
voltammetry, the heterogeneous rate constant ( k  0 ) and active surface area of the 
fi lm are determined from the intercept and slope of Kouteck ý  – Levich plots. It was 
found that the PPDOT - Et2 fi lms have similar  k  0  values of about 5    ×    10  − 5    cm   s  − 1 , 
which is about one order of magnitude lower than that of the platinum electrode. 
On the other hand, the fi lm with a charge capacity of 40   mC   cm  − 2  has the highest 
active surface area, which is also about one order higher than that of platinum. 
This explains why the PPDOT - Et2 fi lm prepared with a charge capacity of 
40   mC   cm  − 2  possesses similar catalytic ability to that of the platinum fi lm. 

 The above observations relate to FTO glass as the substrate for electrodeposition. 
ITO - coated plastic substrates can also be used for electrodeposition under the 
same potentiostatic conditions for polymerization. In this case, however, the 
homogeneity of the polymerized PPDOT - Et2 fi lm tends to be less than those on 
FTO substrate. On application to the plastic DSSC, the PPDOT - Et2 counter elec-
trode shows excellent performance in comparison with platinum - sputtered elec-
trodes. Figure  3.10  shows  I  –  V  characteristics of plastic DSSCs comprising an 
N719 - sensitized ITO – PEN electrode and PPDOT - Et2 - based FTO glass electrodes 
prepared using different conditions of charging capacities for electrodeposition. 

     Figure 3.10      I  –  V  curves of plastic DSSCs with use of PPDOT - Et2 counter electrodes prepared 
with various charging capacities in comparison with platinum counter electrode. Incident 
intensity: 100   mW   cm  − 2  (AM 1.5G).  (After  [30] .)   
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Although the electrolyte composition employed is the same as in Figure  3.7 , the 
two series of counter electrode experiments do not give the same amplitudes of 
photocurrents due to different conditions of TiO 2  thickness on ITO – PEN.   

 It is clear from the comparison of  I  –  V  curves that there is an optimum condi-
tion of charging capacity in regulating fi lm thickness for improving the perform-
ance. The DSSC with a 40   mC   cm  − 2  PPDOT - Et2 counter electrode had the highest 
short - circuit current density (  J  sc ) and open - circuit voltage ( V  oc ), yielding an  I  –  V  
curve close to that of the sputtered platinum electrode. The conversion effi ciency 
of the DSSC with the PPDOT - Et2 counter electrode is 5.20%, which is slightly 
improved over that of the platinum electrode of 5.11% effi ciency by the effect of 
an increased fi ll factor (0.63). The decrease in  J  sc ,  V  oc , and fi ll factor at higher 
deposited charge capacities is assumed to result from the aggregation of PPDOT -
 Et2 and the appearance of large pores in the fi lm, as detected by SEM, which 
reduced the redox rate of   I I− −

3 . IPCE spectra (Figure  3.11 ) of the plastic DSSCs 
based on PPDOT - Et2 (40   mC   cm  − 2 ) and sputtered platinum counter electrodes 
give the same level of amplitude with a maximum of about 60% at 530   nm. That 
in the higher wavelength region (550 – 800   nm) the sputtered platinum - based 
DSSC has a higher value than PPDOT - Et2 indicates an optical effect of light 
refl ection at the platinum surface which improves photon collection at the 
working electrode.   

 Fabrication of counter electrodes by simple coating processes using PEDOT -
 based printable pastes as described here is an important key for DSSC manu-
facture with respect to minimum costs and rapid production. Design of 
semi - transparent counter electrodes also contributes to improved light utilization 
of the fl exible cell and modules.  

     Figure 3.11     IPCE spectra for plastic DSSCs based on PPDOT - Et2 and platinum counter 
electrodes.  (After  [30] .)   
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   3.5 
Investigation of High - Extinction Sensitizers and Co - adsorbents 

 Sensitizing dyes with high extinction coeffi cients are sought after to improve the 
light - harvesting performance of dye - adsorbed TiO 2  fi lms especially when coating 
of a thinner TiO 2  is desired in order to avoid cracking on a fl exible plastic electrode. 
The extinction coeffi cient of the typical ruthenium complex N719 is 1.3    ×    10 4    M  − 1    cm  − 1  
at around 520   nm (ethanol solution), which can normally work best in visible - light 
harvesting with TiO 2  mesopore thickness of more than 15    µ m. As described above, 
the electron diffusion length is relatively short in the TiO 2  fi lm prepared at low 
temperature on ITO – PEN substrate. With the estimated diffusion length of 12 –
 13    µ m, we have to design a plastic electrode loaded with a TiO 2  fi lm of thickness 
less than 10    µ m. Simultaneously, dye sensitizers are required to have high extinc-
tion coeffi cient without losing high effi ciency in electron injection. 

 In collaboration with Ho ’ s group, we have employed an amphiphilic ruthenium 
sensitizer, SJW - E1, as depicted in Figure  3.12 , which has a molar extinction coef-
fi cient of 18.7    ×    10 3    M  − 1    cm  − 1  (at 546   nm)  [33] . The DSSC based on SJW - E1 yields 
a high conversion effi ciency of 9.02% on glass substrate, exceeding that of a DSSC 
based on N3 dye (8.42%) under the same conditions  [33] . While the method of 
sensitizing TiO 2  with N719 is well established, use of other kinds of dyes often 
requires special care for determining optimal conditions for sensitization. One 

     Figure 3.12     Amphiphilic ruthenium sensitizer, SJW - E1.  
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such requirement is the use of a co - adsorbent in the dye - soaking solution. This is 
also a well - established method to suppress molecular aggregation of bulky dyes 
or hydrophobic dyes. In addition to the disaggregation effect, co - adsorbents sup-
press intermolecular energy transfer of sensitizers that leads to thermal deactiva-
tion of excited dyes before electron injection. This energy dissipation matters when 
fl uorescent dyes capable of effi cient F ö rster - type resonance energy transfer (FRET), 
such as cyanine and merocyanine dyes, are employed for sensitization. The other 
requirement is the use of a buffer layer (or blocking layer) on a conductive sub-
strate (FTO, ITO, etc.). The role of such a buffer layer is to suppress electron back 
transfer from the electrode substrate to an ionic acceptor in electrolyte, which is 
  I3

− in the DSSC. This back transfer is considered to be mediated by dye molecules 
that directly adsorb on the substrate surface (FTO, ITO, etc.). Such adsorption does 
not occur for N719. We found, however, that for many other sensitizers, photocur-
rent density tends to be improved by treating the electrode surface with a thin 
buffer layer. For SJW - E1, we applied coating of a buffer layer. A dense, non - porous 
15 nm thick buffer layer of TiO  x   was prepared on the ITO surface by way of reac-
tive sputtering of titanium metal under argon and oxygen atmosphere and subse-
quent anodic oxidation of titanium in a dilute phosphate buffer solution at a bias 
potential of 3.0   V. Optically, the transmittance of ITO – PEN with the TiO  x   buffer 
layer decreases by about 10% compared to that without a TiO  x   layer (as shown in 
Figure  3.13 ).   

 Low - temperature coating of a mesoporous TiO 2  layer followed this buffer treat-
ment using a binder - free mesoscopic TiO 2  paste. The TiO 2  fi lm was sensitized by 
soaking in a dye solution for 2 hours at 40    ° C. A DSSC fabricated with the SJW -
 E1 - sensitized plastic electrode yielded photocurrent performance which was highly 
affected by the presence of the TiO  x   buffer layer. The basic photocurrent perform-
ance shows a TiO 2  thickness dependence that well refl ects the higher extinction 

     Figure 3.13     The optical transmittances of ITO – PEN substrates with and without sputtered 
TiO  x   buffer layer in the region of 350 – 800   nm.  (After  [30] .)   
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coeffi cient of SJW - E1 compared to N719. Figure  3.14  shows this thickness depend-
ence. The increase of photocurrent density (  J  sc ) with the thickness saturates at 
around 5    µ m, and conversion effi ciency, affected by voltage and fi ll factor ( FF ), 
tends to take a maximum at 7    µ m. This thickness proved to be less than that nor-
mally obtained for the N719 dye, which is around 10    µ m. The difference in thick-
ness dependence apparently refl ects the 35% larger extinction of SJW - E1 cmpared 
to N719. Light - harvesting ability of dye molecules plays an important role in the 
case of non - sintered TiO 2  fi lms on plastic substrates having shorter length for 
electron diffusion than in sintered TiO 2  fi lms on glass substrates.   

 It has been reported that FTO and ITO with surface covered by a buffer/blocking 
layer for preventing the electron back transfer to the electrolyte   I I− −

3  redox couple 
can enhance the  FF  and cell performance  [34] . The effect of introducing a TiO  x   
buffer layer to the SJW - E1 - based plastic solar cells was observed from cyclic vol-
tammograms (from  − 1.3 to 1.2   V vs. Ag/Ag  +  ) for the   I I− −

3  redox reaction with the 
ITO – PEN electrode. As shown in Figure  3.15 , a bare ITO – PEN fi lm causes an 
oxidation current at potentials higher than 0.2   V, while the oxidation is well sup-
pressed for the TiO  x   - coated ITO – PEN fi lm. The 15 nm thick TiO  x   layer certainly 
prevents the   I I− −

3  redox reaction and electron back transfer at the ITO – PEN surface, 
and blocks the back current, thereby improving cell performance (Figure  3.15 ).   

  I  –  V  characteristic curves of the corresponding cells with and without the TiO  x   
buffer layer are compared in Figure  3.16 . With the buffer layer, the  FF  value of 
the cell increases effectively from 0.57 to 0.64. In spite of a slight drop occurring 
in  J  sc  ascribed to the transmittance decrease due to the TiO  x   layer, the cell with the 
buffer layer yields a higher conversion effi ciency of 3.84%  [34] .   

 In addition to the buffer layer treatment, sensitization with SJW - E1 dye proved 
to be dependent on the use of co - adsorbent. The use of co - adsorbents in the dye -
 adsorption process is a well - known strategy for solving the problem of dye aggrega-
tion  [35] . We investigated the effect of three co - adsorbents,  deoxycholic acid  ( DCA ), 

     Figure 3.14     Photocurrent density and conversion effi ciency of plastic DSSCs based on SJW - E1 
dye as a function of the thicknesses of TiO 2  fi lms prepared at low temperature.  (After  [30] .)   
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     Figure 3.16     Photovoltaic performances of plastic DSSCs based on ITO – PEN substrates with 
and without TiO  x   buffer layer. The thickness of SJW - E1 - sensitized mesoporous TiO 2  was about 
7    µ m.  (After  [30] .)   
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     Figure 3.15     CV curves of ITO – PEN electrodes with and without the TiO  x   buffer layer 
measured in AN solution containing 10   mM LiI, 1   mM I 2 , and 0.1   M LiClO 4  with Ag/Ag  +   
reference electrode and a scan rate of 100   mV   s  − 1 .  (After  [30] .)   
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 cholic acid  ( CA ), and  chenodeoxycholic acid  ( CDCA ). The structures of these cholic 
acids are shown in Figure  3.17 . In the absence of any co - adsorbent, the dye SJW - E1 
adsorbed on TiO 2  shows an absorption peak which is slightly blue - shifted com-
pared to that of the monomeric state in a dilute dimethylformamide solution as 
shown in Figure  3.18 . This shift is a sign of the H - aggregation behavior. On the 
contrary, use of DCA as co - adsorbent recovers the monomeric absorption peak for 
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the dye adsorbed on TiO 2 , indicating that the dye aggregation is reduced. The 
other co - adsorbents, CA and CDCA, exhibit similar phenomena. Use of these co -
 adsorbents improves the cell performance in every respect. Table  3.1  summarizes 
the infl uence of the co - adsorbents on the  I  –  V  characteristics of plastic DSSCs, in 
which the same electrolyte composition as in Figure  3.7  was used. It is noted that 
all co - adsorbents are capable of improving  J  sc  and  V  oc . Addition of a signifi cant 
amount of DCA (10   mM, hundreds times more than the dye concentration) 
increases  V  oc  by 50   mV to 0.731   V while causing a decrease in photocurrent ampli-
tude. This voltage increase is ascribed to suppression of electron recombination 

     Figure 3.17     Structures of the three co - adsorbents having cholic acid frameworks.  
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     Figure 3.18     Absorption spectra of SJW - E1 dye with or without DCA on TiO 2  fi lms (about 2    µ m 
thick). 1, in dimethylformamide; 2, on TiO 2  with 5   mM DCA; 3, on TiO 2  without co - adsorbents. 
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  Table 3.1    The dye loading on  T  i  O  2  electrodes and photovoltaic performances of plastic 
 DSSC  s  based on  SJW  -  E 1 dye with various conditions of co - adsorbents under illumination of 
100   mW   cm  − 2 . 

        Dye loading (mol   cm  − 2 )      J  sc  (mA   cm  − 2 )      V  oc  (V)       η   (%)      FF   

   —     1.4    ×    10  − 7     8.88    0.68    3.68    0.61  
  2   mM DCA    8.7    ×    10  − 8     9.05    0.700    3.86    0.61  
  5   mM DCA    9.4    ×    10  − 8     11.13    0.708    4.88    0.62  
  10   mM DCA    7.3    ×    10  − 8     4.22    0.731    2.13    0.69  
  5   mM CA    9.2    ×    10  − 8     11.26    0.710    4.96    0.62  
  5   mM DCDA    8.7    ×    10  − 8     10.66    0.705    4.28    0.57  

between the injected electrons and   I3
− ions on the TiO 2  surface. An optimal con-

centration of co - adsorbent is found at 5   mM, which gives the best effect of sup-
pressing the quenching of excited energy by aggregated molecules and promotes 
electron injection to the TiO 2  conduction band. Higher concentration of the co -
 adsorbent reduces the amount of dye adsorbed on TiO 2 , leading to photocurrent 
reduction. The effect of co - adsorbents on cell performance has been studied by 
measurement of pulsed - laser - induced current transients: in the presence of co -
 adsorbents, the dye molecules anchored onto the surface of TiO 2  can increase the 
electron diffusion coeffi cient, relative to the case of a bare electrode  [36] . This 
phenomenon must also be a reason for the improvement of  J  sc . An SJW - E1 - 
sensitized cell prepared by this method achieved a  J  sc  value exceeding 11   mA   cm  − 2  
and a conversion effi ciency close to 5%  [35] .     

 Based on the above system assisted by co - adsorbents, other elements of the 
DSSC structure should be optimized towards fabrication of a cell of best effi ciency. 
Among such elements are TiO 2  thickness and electrolyte composition. Using the 
SJW - E1 and co - adsorbent sensitization system, we have optimized the electrolyte 
composition focusing on the concentration of iodine with respect to iodide. It was 
found that lower concentration of iodine (forming   I3

−) tends to improve the photo-
current density and IPCE value as a result of suppressing back current from TiO 2  
to   I3

− in the electrolyte. An optimum condition for the redox couple was found with 
0.02   M iodine and 0.4   M LiI    +    0.4   M TBAI. After optimization for the thickness of 
TiO 2  on the TiO  x   - coated ITO – PEN, the best plastic cell based on SJW - E1 yielded 
a photocurrent density of 12.7   mA   cm  − 2 , which is 10% higher than the cell contain-
ing 0.04   M iodine.  V  oc  could also be slightly improved. The maximum energy 
conversion effi ciency of the cell is 6.31% with a  FF  of 0.671. In comparison with 
a standard N719 - sensitized plastic DSSC electrode, a higher effi ciency was obtained 
with this dye system, the latter yielding 6.20% for the same conditions of electro-
lyte and TiO 2  fi lm. This relationship is shown in terms of  I  –  V  characteristics and 
IPCE spectra in Figure  3.19 . An enhanced IPCE value of the SJW - E1 - sensitized 
cell over the N719 - sensitized one in the long - wavelength region of 700 – 800   nm 
refl ects the higher extinction coeffi cient of SJW - E1. The 6.31% effi ciency is one of 



 3.5 Investigation of High-Extinction Sensitizers and Co-adsorbents  203

highest obtained by us with the low - temperature coated TiO 2  and ITO – plastic 
substrates.   

 There are other many organic dyes useful for high - effi ciency sensitization on 
TiO 2 . Metal - free organic dyes, in particular as represented by polyene and polyme-
thine dyes, have high extinction coeffi cients as compared to ruthenium complex 
dyes that involve the metal – ligand charge transfer mechanism for photoexcitation, 
which thereby exhibit relatively low coeffi cients. Cyanin and merocyanin dyes, 
popular for sensitizing photographic materials, possess coeffi cients of the order 
of 10 5    mol  − 1    cm  − 1 . However, they undergo concentration quenching of excited 
energy via FRET on semiconductor surfaces and thus require signifi cant dilution 
of adsorbed dyes with use of co - adsorbents to prevent intermolecular energy trans-
fer. H -  and J - aggregates of theses dyes can functions as sensitizers to TiO 2 . Some 

     Figure 3.19     The optimal photovoltaic performances of plastic DSSCs based on SJW - E1 and 
N719. The composition of electrolyte was 0.4   M LiI    +    0.4   M TBAI    +    0.02   M I 2     +    0.3   M NMB in 
AN. (a)  I  –  V  characteristics and (b) IPCE action spectra.  
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families of coumarin dyes have high coeffi cients of more than 5    ×    10 4    mol  − 1    cm  − 1 , 
serving as good sensitizers with conversion effi ciency more than 8% on TiO 2 . 
Among these organic dyes, indoline - type dyes have recently been extensively 
studied for their high performance in TiO 2  sensitization with conversion effi cien-
cies close to those of ruthenium complex dyes. Typically, D102, D149, and D205, 
commercialized by Mitsubishi Paper Mill Ltd, have demonstrated excellent per-
formance on glass - based sintered TiO 2  electrodes yielding IPCEs exceeding 80%. 
We have investigated the behavior of D149 (Figure  3.20 ) on non - sintered TiO 2  
plastic electrodes.   

 D149 has a large extinction coeffi cient in solution of 68   000   mol  − 1    cm  − 1  at 530   nm 
 [37] . It is known that this dye can be an effective sensitizer without use of co -
 adsorbents because of less molecular aggregation involved. Following the method 
described above, a 15 nm thick buffer layer of TiO 2  was coated on an ITO layer by 
low - temperature processes that comprised vacuum sputtering of titanium metal 

     Figure 3.20     Structures of indoline dyes.  
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and subsequent oxidation to TiO 2 . A mesoporous TiO 2  layer was doctor - blade 
coated on the buffer layer, followed by heat - drying at 130    ° C for 5 minutes. Dye 
adsorption was done by immersing the TiO 2  - coated ITO – PEN in an AN/ tert  -
 butanol (1   :   1 by volume) solution of 0.4 mM D149 under slow shaking at 40    ° C to 
give a dye - sensitized photoanode. Electrolyte composition was 0.4   M LiI, 0.4   M 
TBAI, 0.04   M I 2 , and 0.3   M NMB in a mixture of AN and MPN (1   :   1 by volume). 
The plastic DSSC made for assessment of photovoltaic performance basically fol-
lowed the structure and electrolyte composition described above. Optimal condi-
tions for D149 adsorption to the non - sintered TiO 2  fi lm were found to be 1.5 hours 
of soaking at 40    ° C. Use of co - adsorbents such as cholic acid derivatives with a 
concentration range up to 0.1   M caused no improvement in the photocurrent 
density. For a reference ITO – PEN substrate without the buffer layer, it was found 
that D149 adsorbs not only on TiO 2  but also on the ITO surface, indicating strong 
interaction of the dye with ITO. This caused exfoliation of TiO 2  fi lms after a pro-
longed adsorption time; for example, the TiO 2  fi lm was completely removed from 
ITO after 3 hours of adsorption. For the buffer layer - coated ITO – PEN, the dye was 
totally adsorbed to the TiO 2  layer. 

 With this high - extinction dye, an important experimental issue is to optimize 
TiO 2  thickness. Measurements on the thickness dependence of D149 - sensitized 
photocurrent and effi ciency showed that the optimal condition for best perform-
ance is obtained with a TiO 2  loading of around 10   g   m  − 2 , which corresponds to a 
thickness of 6    µ m. For the same conditions, a reference N719 - sensitized electrode 
gives a maximum photocurrent density and effi ciency with a larger TiO 2  loading 
of more than 15   g   m  − 2  ( > 10    µ m in thickness). A D149 - sensitized plastic DSSC yields 
 J  sc  close to 8   mA   cm  − 2  with a thin TiO 2  fi lm. The IPCE action spectrum on an 
ITO – PEN electrode (Figure  3.21 ) shows a peak effi ciency situated at wavelengths 
around 600   nm, 50   nm longer than the peak given by N719 sensitization. The 

     Figure 3.21     IPCE action spectrum of a D149 - sensitized plastic DSSC.  (After  [38] .)   
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longer wavelength edge of the response, however, is 740   nm, which is shorter 
than that of N719 (800   nm) meaning a poorer light - harvesting performance. The 
maximum IPCE value of 50% is not high enough by comparison with the N719 
dye yielding over 70%. The low IPCE value may indicate that, for TiO 2  prepared 
at low temperature, electron injection effi ciency, that is, internal quantum conver-
sion effi ciency, is lower than that achieved by N719. Similar phenomena to this 
are found with other organic dyes. The dyes that can give a high IPCE value on 
sintered TiO 2  fi lm, almost comparable with the family of ruthenium complex dyes, 
do not always give high IPCE values on non - sintered TiO 2  in combination with an 
ITO conductive layer. This difference is possibly associated with the interaction of 
the dye with the non - sintered TiO 2  surface having a considerable amount of 
hydroxyl groups remaining. Electron injection and electron back transfer proc-
esses may be affected by this interface and the kind of dye.   

 D149 - sensitized plastic DSSCs are capable of 3.7% effi ciency with the use of 
buffer layer - coated ITO – PEN electrodes  [38] . Figure  3.22  compares  I  –  V  curves in 
the presence and absence of a TiO 2  buffer layer. Without the buffer layer, the  I  –  V  
curve exhibits a relatively low fi ll factor and the shunt resistance in an equivalent 
circuit is relatively low. Higher fi ll factor and  V  oc  are recovered with the buffer -
 coated electrode keeping the same level of photocurrent density. Despite a high 
extinction coeffi cient, the effi ciency obtained with D149 is much less than that 
obtained with the ruthenium complex dyes due to low IPCE level in addition to 
the shorter spectral region of the dye ( < 740   nm). Another indoline - type dye, D205 
(see Figure  3.20 ), was recently examined for plastic DSSCs based on the above 

     Figure 3.22      I  –  V  curves of plastic DSSC using D149 under 1 sun (100   mW   cm  − 2 ) and dark. 
Solid lines represent a cell with the TiO 2  buffer layer and dashed lines a cell without the buffer 
layer.  (After  [38] .)   
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method without using the co - adsorbent system. With an extinction coeffi cient of 
53   000 at 530   nm, the optical absorption of D205 bound to mesoporous TiO 2  
extends to wavelengths of 770   nm. On sintered glass electrodes, a conversion 
effi ciency of 9.5% has been recently reported  [39] , which is one of highest effi cien-
cies obtained with metal - free organic dye sensitizers. With plastic DSSCs, we have 
also confi rmed that D205 is capable of producing higher  J  sc  than D149 on non -
 sintered TiO 2 . A conversion effi ciency exceeding 5% can be achieved with a buffer -
 coated plastic DSSC with this dye, which is also the highest effi ciency obtained 
with organic dye sensitizers.   

 Finally, in relation to the light - harvesting function of dyes, use of chlorophyll 
derivatives in photoelectrochemical cells has long been a subject of intense study 
in an attempt to simulate the photosynthetic primary processes. Since the fi rst 
trial in 1971 by Tributsch and Calvin  [4] , chlorophyll derivatives have been studied 
as effi cient sensitizers for n - type semiconductors because the excited state of 
chlorophyll is theoretically capable of reducing and oxidizing water similar to TiO 2  
 [6, 40] . The Gr ä tzel group reported several experimental results using chlorophyll 
derivatives in mesoscopic TiO 2  - based DSSCs  [11a,b] . Conversion effi ciency then 
was too small to be accepted as a DSSC that can be compared with those based 
on the ruthenium complex family. We have attempted to improve the performance 
of sensitization using chlorin - e6 on mesoporous TiO 2 . Similar to natural chloro-
phylls, chlorin - e6 (Figure  3.23 ) possesses a high extinction coeffi cient (58   000 at 
660   nm) and spectral sensitivity up to near 700   nm. The photoexcited state of 
chlorophylls, however, is highly fl uorescent with a small Stokes shift and under-
goes signifi cant concentration quenching as a result of F ö rster - type resonance 
energy transfer. This makes it necessary to add a signifi cant amount of diluents 
(inert molecules) to the dye system for sensitization, as has been revealed by our 

     Figure 3.23     Structure of chlorin - e6, a metal - free, water - soluble derivative of chlorophyll.  
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previous work on SnO 2  electrodes  [9] . In this respect, cholic acid derivatives were 
employed as co - adsorbents to the chlorin - e6 - sensitized TiO 2  electrode. The elec-
trode in this study employed FTO glass substrates. After optimization for co -
 adsorbent/dye ratio and electrolyte composition, the conversion effi ciency of the 
chlorin - e6 - sensitized DSSC reached 4.3% with  V  oc  of 0.61   V  [41] , which is to our 
knowledge the highest level with chlorophyll derivatives. The action spectrum of 
the photocurrent, as shown in Figure  3.24 , has a close similarity to the action 
spectrum of the photosynthesis driven by chlorophylls, exhibiting intense Q and 
Soret peaks in the blue (400 – 430   nm) and red (670   nm) regions, respectively. 
Without the light - harvesting antenna dye system, use of the mesoporous medium 
enables light collection also in the green region where chlorophylls have a weak 
absorbance (Figure  3.24 ).    

   3.6 
Durability Development for Plastic  DSSC  s  

 Long - term stability of DSSCs is a key issue for practical applications. Utility - type 
DSSC modules have been manufactured with the use of glass substrates by many 
groups such as AISIN  [42] , Fujikura  [17] , Sharp  [43] , Fraunhofer  [44] , Dyesol, and 
Solaronix  [45] , in which TiO 2  electrodes are prepared by high - temperature sinter-
ing ( > 450    ° C). For these glass - based DSSCs, durability tests in accelerated condi-
tions of high temperature and humidity and under continuous illumination have 
demonstrated thousands of hours of life. Based on these simulations, DSSCs are 
assumed to maintain the output power after several years in outdoor conditions. 
For plastic DSSCs made by the non - sintering process in combination with ITO -
 coated plastic substrates, cell life tends to be associated with a signifi cant reduction 

     Figure 3.24     IPCE action spectra of chlorin - e6 - sensitized photocurrent on TiO 2  with various 
conditions for the kind and concentration of co - adsorbents. Electrode substrate is FTO glass 
in this experiment.  
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in power production, the cause of which is associated with deterioration of the 
ITO fi lm and non - sintered TiO 2  fi lm. We have carried out durability tests for 
plastic DSSCs in an accelerated condition of high temperature under continuous 
exposure to 1 sun irradiation  [46] . A test cell with a somewhat larger active area 
size of about 6   mm in diameter was fi rst examined. This was made with a gasket 
fi lm of Himilan 1702 (thickness 25    µ m) and platinum - sputtered FTO glass as a 
sealing material and counter electrode, respectively. A standard N719 was employed 
in this assessment. Our study focused on the infl uence of liquid electrolytes by 
testing various kinds of electrolyte compositions for improvement of cell durabil-
ity. Table  3.2  gives examples of electrolyte compositions. It is well known that ITO 
is chemically unstable against both strong acid and alkaline solutions, indicating 
that the composition of electrolyte directly affects the durability of ITO - based 
DSSCs. The optimal electrolyte composition for plastic DSSCs seems to differ 
from that for conventional glass - based DSSCs. Electrolyte composition A has been 
used as a standard in our plastic cell fabrication, which is capable of yielding high 
effi ciency under intense 1 sun illumination. Electrolyte B employs  γ  - butyrolactone 
as a less volatile solvent (boiling point of 203    ° C) taking the place of AN. Electrolytes 
C, D, and E are alternatives where one component is removed from electrolyte A 
and B. DSSCs made with electrolyte B, C, D, and E were kept in a constant tem-
perature and humidity chamber at 55    ° C and 95% relative humidity. In order to 
check ITO deterioration, the  I  –  V  characteristics and AC impedance spectra of 
sample cells were monitored.   

 Figure  3.25  shows the change of AC impedance spectra (Nyquist plot) of DSSCs. 
Intercept on the  x  - axis represents series resistance ( R  s ) which includes surface 
resistance of a substrate. Deterioration of the ITO layer causes an increase of  R  s  
with time, which is the case for the electrolyte compositions C and D. Electrolyte 
composition E, which does not contain LiI, shows a different trend. The size 
of the arch with the  x  - axis intercept decreases and a change of  R  s  is small. From 
these results, we deduce that LiI seems to cause a reaction with ITO that leads to 
deterioration of the cell performance. Durability of plastic TiO 2  electrodes is sig-
nifi cantly improved by using LiI - free electrolyte. Figure  3.26  shows the change in 
 I  –  V  characteristics of a plastic DSSC while holding the cell in the dark under 

  Table 3.2    Electrolyte compositions of plastic  DSSC  employed for durability tests. 

   Electrolyte     I 2  (M)     LiI (M)     TBAI (M)     NMB (M)     Solvent a)   

  A    0.04    0.4    0.4    0.3    AN/MPN  
  B    0.04    0.4    0.4    0.3    GBL/MPN  
  C    0.04    0.4    0.4    0    GBL/MPN  
  D    0.04    0.4    0    0.3    GBL/MPN  
  E    0.04    0    0.4    0.3    GBL/MPN  

   a)   GBL,  γ  - butyrolactone.   
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     Figure 3.25     Changes in AC impedance spectra for plastic DSSCs with electrolytes C, D, and E 
in Table  3.2 , under the storage condition of 55    ° C and 55% relative humidity.  (After  [46] .)   
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conditions of high temperature, 55    ° C, and high humidity, 95%, where a LiI - free 
electrolyte based on composition E with a solvent of propylenecarbonate was used. 
Following an initial drop in  J  sn  and  FF , the cell maintained its power maximum 
and initial conversion effi ciency (2%) for over 220 hours. For the same conditions, 
a DSSC using LiI - containing electrolyte (electrolyte A) almost lost photovoltaic 
activity after 48 hours. These data were obtained from test cells without means of 
protection against water and oxygen penetration. When water penetrates into 
plastic fi lms and electrolyte, desorption of sensitizing dyes, especially N719 
dye, from the titania surface and destruction of the TiO 2  fi lm can occur due to 
their hydrophilic interaction. The durability of plastic fi lm - type DSSCs must be 
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     Figure 3.26     Change in  I  –  V  characteristics of a plastic DSSC consisting of propylenecarbonate 
based electrolyte under the storage condition of 55    ° C and 95% relative humidity.  (After  [46] .)   
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signifi cantly improved when the appropriate protection layers are applied, inter-
nally or externally, to the plastic substrate.   

 Durability was also investigated for stability against continuous light exposure 
at 1 sun (100   mW   cm  − 2 ) with a solar simulator. This light soaking causes heating 
of the cell surface up to around 50    ° C. Figure  3.27  shows long - term changes in 
photovoltaic characteristics under continuous irradiation at 1 sun. In Figure  3.28  
are compared  I  –  V  curves of the cell monitored during the light soaking test. This 
test cell reached a maximum energy conversion effi ciency of 3.7% after an aging 
of 58 hours and initial drop in  J  sc  and  FF . This peak effi ciency was reduced to 1.9% 
(half of the maximum) after 880 hours. The current expectation is that further 
improvements in electrolyte composition in combination with the use of protec-
tion (barrier) layers against water penetration are expected to increase drastically 
the cell lifetime.   

 As a second stage of durability testing, we have fabricated large - area plastic 
DSSCs of various sizes to assess the photovoltaic performance as well as lifetime 
on exposure to accelerated high - temperature atmospheres. The processes of 
making these modules, which have a series connection of unit cells to integrate 
currents and/or voltage, are described in the following section. The durability of 
these modules depends not only on the chemical stability of materials but also on 
the mechanical stability of the three - dimensional structure including sealers, elec-
tronic wiring, and circuitry. Given that these mechanical issues to ensure durabil-
ity are overcome, cell lifetimes comparable with those obtained with a small test 
cell can be achieved. With a large full - plastic cell of 10    ×    10 cm in size having a 
series connection of six cells, for example, we could obtain a lifetime exceeding 
200 hours with an accelerated condition.  
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   3.7 
Fabrication of Large - Area Plastic  DSSC  Modules 

 Basic technologies of low - temperature TiO 2  coating and electrolyte improvements 
invented in our laboratory have been applied to fabrication of utility - type modules 
in collaboration with Peccell Technologies, Inc., a Toin University - based venture. 
Some examples of module developments are introduced in this section. 

 High - voltage DSSC modules of series DC connection have so far been developed 
by many groups using FTO glass electrodes  [42 – 45] . In contrast, only a few groups 
have demonstrated fabrication of DSSC modules of full - plastic confi guration. It is 
now widely accepted that one of major goals of the technologies of plastic electron-
ics is industrialization of a low - weight, fl exible, and low - cost device to the con-
sumer electronics market. To this end, for example, a DC voltage of higher than 
5   V is usually needed for powering electric devices with secondary batteries such 

     Figure 3.27     Changes of photovoltaic parameters for a plastic DSSC measured under 
continuous irradiation (100   mW   cm  − 2 ) at 50    ° C.  (After  [46] .)   
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     Figure 3.28     Change in  I  –  V  characteristics of a plastic DSSC under continuous irradiation 
(100   mW   cm  − 2 ) at 50    ° C.  (After  [46] .)   
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as lithium ion - based ones. For the open - circuit voltage of DSSCs in the range 
0.6 – 0.85   V, methods of electrically connecting unit cells become necessary. 

 A method of DC connection that we have previously tried is that long strip -
 shaped unit cells with a size of 3.5   cm    ×    30   cm are connected at the long side with 
double - stick conductive tape. The number of unit cells connected in this fashion 
depends on the output voltage required. Unit cells were fabricated on ITO – PEN 
fi lms. On both edges of the long side of a unit cell, conductive silver grids for 
collecting current were mounted also using a low - temperature process ( < 120    ° C). 
A hot - melt type sealer (polymerizable material) which combines two plastic sub-
strates and prevents leaking of electrolyte was specially developed for operation at 
temperatures around 120    ° C. Also, a light - hardening type sealer that works at UV 
to visible wavelengths was applied to ITO – PEN fi lm substrates of 200    µ m thick-
ness. Various electrolyte compositions were investigated for module construction. 
One of them comprised 0.4   M LiI, 0.04   M I 2 , 0.4   M TBAI, and 0.3   M  tert  - butylpyridine 
in a mixture of MPN and  γ  - butyrolactone (1   :   1). Figure  3.29  shows a full - plastic 
DSSC module of 30    ×    30   cm with series DC connection of 10 unit cells (weight 
60   g, thickness about 450    µ m)  [46, 47] , which employs a highly transparent counter 
electrode bearing a microscale network of Ti – Pt metal alloy as a cathode catalyst 
 [27] . This titanium - based alloy fi lm shows high resistively against corrosion by 
iodine. For a proof - of - concept demonstration, the DSSC module was exhibited at 
the World Exposition (EXPO 2005, Aichi, Japan) by installing it on the green 
(planted) wall for a month during summertime. The module generates 7.2   V as 
 V  oc  and 250 – 300   mA as short - circuit current under exposure to 1 sun. This sample 
was able to power a commercial mobile phone directly under outdoor sunlight. 
Placed on green plants over a month, the module showed the ability to supply 
sunlight to activate photosynthesis with red light passed by the cell body, without 
reducing the growth rate of the plants.   



 214  3 Printable Materials and Technologies for Dye-Sensitized Photovoltaic Cells with Flexible Substrates

 Flexible, bendable DSSC modules can immediately utilize rounded surfaces and 
corners onto which thin bodies can be fi xed. On such curved surfaces, however, 
it matters that the incident light intensity varies greatly depending on the position 
within the module. Figure  3.30  shows time courses of photocurrent output moni-
tored for our plastic DSSC module and a reference a - Si cell module, during a time 
course of sunny and cloudy hours, and the effect of temperature change on the 
output of these modules. It is fi rst noted that in cloudy circumstances character-
ized by weak diffused (scattered) light, the DSSC module shows a much higher 
photocurrent than the a - Si module. This fact indicates the high effi ciency of col-
lecting light of large incident angles (shallow incidence of light). Secondly, while 
photocurrent rapidly decreases with increasing surface temperature for the a - Si 
module, it tends to increase for the DSSC module, due to increased ionic diffusion 
in the electrolyte. Consequently, the DSSC module has good stability against 
fl uctuation of light and change of surrounding temperature. This fact also indi-
cates that integrated electric power by DSSCs can be signifi cantly high and is most 
effectively utilized by storing the generated energy to a rechargeable battery. In 
this connection, we have also conducted a study on the construction of a photo -
 rechargeable cell, which we named a photocapacitor, based on the dye - sensitized 
TiO 2  system. The method of storing solar power (visible light energy) by the dye -
 sensitized photocapacitor is described elsewhere  [48] .   

     Figure 3.29     A full - plastic transparent DSSC module with a size of 30    ×    30   cm 2  supplying 7.2   V 
as open - circuit voltage, made of 10 - cell DC series connection. The module was installed on 
the BioLung (Afforested wall) of EXPO 2005 for outdoor testing.  
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 Durability tests conducted for the full - plastic DSSC modules described above 
show that long - term stability, in particular at high temperature, is still a signifi cant 
challenge to overcome. The DSSC module exhibited at EXPO 2005 was exposed 
to rain, summer - time intense sunlight, and frequent temperature change for 
26 days. After this outdoor installment, the module still maintained the 7.2   V 
maximum voltage but underwent a photocurrent decrease by about 50%. The main 
cause of deterioration was physical damage occurring at the fl exible interface of 
ITO and TiO 2 , and an increased resistance at the ITO layer rather than leakage of 
electrolyte. Apparently, the physical and chemical stabilities at the ITO – TiO 2  and 
ITO – electrolyte interfaces are keys to securing long - term durability. 

 While a series DC connection can be used to produce a high voltage, parallel 
connection of unit cells gives an alternative way for power production by way of 
using an electronic circuit (charge pump) for amplifying voltage. A large - area 
plastic module (Figure  3.31 ) was manufactured for such applications. The module 
outputs a DC voltage of 0.72   V being equivalent to a single cell. It can supply a 
large photocurrent by exposure to sunlight without a large loss in fi ll factor (IR 
loss). High current capability of this type of cell is supported by metal grid patterns 
as current collectors attached on the ITO plastic substrate by printing technology. 
Using this cell, we could confi rm a powerful advantage of DSSCs over other types 
of solid - state photovoltaic devices, in particular crystalline silicon - based devices. 
An advantage is the ability of DSSCs to respond to and utilize low - intensity light 
and weak diffused light. Photovoltage generated by DSSCs is fairly stable in ampli-
tude against the change of light intensity and can be maintained even for exposure 
to weak indoor illumination, which is normally two orders of magnitude lower 
than that of sunlight. Stable voltage output of DSSCs is especially useful for power-
ing or charging batteries of electronic equipment such as computers and mobile 

     Figure 3.30     Time courses of photocurrents 
of a plastic DSSC module (solid line) and of 
an a - Si module (dotted line) placed at the 
window side when exposed to sunlight. The 

temperature change at the DSSC module 
surface, caused by sunshine, is shown at 
the top.  
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phones. It is noted that a visible - light - sensitized DSSC has high conversion effi -
ciency, twice that corresponding to the sunlight spectrum, to light sources such 
as fl uorescent light.   

 Based on the above concept, a large integrated plastic module of 1    ×    2   m in size 
and 0.5   mm in thickness was constructed by combining 96 sheets of a fl exible 
sub - module having a standard size of 10    ×    10   cm. This module, as shown in Figure 
 3.32 , was exhibited for proof - of - concept testing at PVEXPO 2008 in Tokyo. Being 

     Figure 3.32     Full - plastic fl exible DSSC module exhibited at PVEXPO 2008 (Tokyo), producing 
more than 110   V under indoor illumination.  

     Figure 3.31     A plastic DSSC module with parallel connection of 15 cells, capable of supplying 
0.72   V and a large current depending on light intensity.  
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fl exible and lightweight (0.8   kg   m  − 2 ), the bifacial - type module was hung from the 
ceiling of an exhibition booth, which was exposed to indoor light with intensity of 
1000 – 1500   lx (1.5 – 2.3   W   m 2 ) supplied by visible illumination systems. The module 
generated a stable DC voltage of more than 110   V. In the same circumstances, 
crystalline silicon photovoltaic cells tested as references were unable to generate 
normal voltage more than 0.3   V per unit cell. Those devices with the relatively low 
internal resistance of doped silicon crystals do not maintain a high fi ll factor or 
open - circuit voltage for low - density photocurrents under weak light. Large - area 
plastic DSSC modules also showed excellent performance in utilizing (absorbing) 
light incident to the module surface with shallow angles (high incident angles). 
An example of experimental data for the light angle dependence of photocurrent 
is shown in Figure  3.33 , in which the target light source is sunlight. It is clear 
from this result that a large drop in the output power only occurs at incidence 
angles larger than 60 °  for the DSSC, at which signifi cant power reduction occurs 
for the polycrystalline silicon cell. This difference is simply due to low refractive 

     Figure 3.33     Comparison of photocurrent outputs from a plastic DSSC module and a 
crystalline silicon module as a function of incidence angle of sunlight. Amplitude is 
normalized as unity at the right incidence (zero angle).  
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index and low optical refl ectivity of dye - coated mesoporous layers compared to 
polycrystalline silicon. Accordingly, we expect that DSSC modules, especially those 
with plastic substrates having lower refractive index, will exhibit superb perform-
ance in photovoltaic conversion in indoor circumstances or in the outdoor condi-
tion of cloudy and rainy days.    

   3.8 
Concluding Remarks 

 The goal of developing printable materials and technologies is not only to realize 
high - speed and low - cost manufacturing processes, but also to meet various 
demands of users who need freely designed and fi ne patterns of electrodes. The 
combination of plastic substrates and screen printing is one of the best suited 
means for this purpose. Despite relatively low IPCEs (60 – 70%), effi cient power 
generation of DSSCs under indirect diffused light becomes a major advantage for 
fl exible modules, which can be positioned on non - fl at places being exposed to light 
of various incident angles. Intrinsic properties of plastic materials such as thermal 
expansion, water absorption, and gas penetration, however, make it diffi cult to 
ensure long - term stability of DSSCs under high temperature and humidity. These 
issues must be solved by using a composite plastic fi lm and/or a gas barrier coat-
ing as additional components to the commercial substrate. Fortunately, because 
DSSCs are much more stable against water and oxygen contaminations than the 
solid - state organic electronic devices like organic light - emitting diodes, low - cost 
barrier materials and fi lms are expected to be applied to DSSCs, especially those 
for use in consumer electronics. For roll - to - roll printing processes, solidifi cation 
and quasi - solidifi cation of liquid electrolyte layers, which have been much studied 
for glass - type cells, are successfully applied to the cell construction. Printing of 
viscous pastes as electrolyte layers can further simplify DSSC manufacture without 
the need of a liquid injection process. To this end we have developed a carbon and 
ionic liquid - based high - viscosity paste as a quasi - solid electrolyte, which proved to 
work at high effi ciency with a small amount of iodine as oxidant  [49, 50] . These 
methods will contribute to further improve the cost performance of DSSCs towards 
the innovation of green photovoltaic devices.  
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Electrodeposited Porous  ZnO  Sensitized by Organic Dyes    –    
Promising Materials for Dye - Sensitized Solar Cells with 
Potential Application in Large - Scale Photovoltaics  
  Derck     Schlettwein   ,    Tsukasa     Yoshida   , and    Daniel     Lincot        

    4.1 
Introduction 

 The supply of a fast growing world population and an even faster growing world 
economy with energy has become one of the major problems in the world not only 
because of the depletion of fossil fuel resources but also because of the correspond-
ing threats of climate change caused by pollution of the atmosphere by carbon 
dioxide and other greenhouse gases  [1, 2] . In view of limited resources of nuclear 
fuels and the still unsolved questions of nuclear waste storage, the use of renew-
able energy sources has become a major pathway to tackle the problems. Aside 
from the established use of hydroelectric and wind power, an increasing use of 
solar radiation represents an almost mandatory path to solve the problem: the 
world annual energy demand of 2006 (5    ×    10 20    J  [3] ), for example, corresponds to 
only about 1/8000 of the net annual incoming solar radiation of 4    ×    10 24    J on the 
earth. Using this enormous amount of incoming energy at least to a small extent 
would yield a considerable contribution to the solution of one of the major prob-
lems in the world. The two main ways to transform solar radiation to fl exibly 
usable forms are presently seen in photovoltaic converters  [4]  or in solarthermal 
 [5]  converters of solar radiation to electrical power. Both ways are presently merging 
towards economically feasible technologies with large solar parks developing 
 [6 – 8] . As another alternative technology, a direct conversion of solar heat to elec-
tricity realized in thermoelectric converters  [9]  is also discussed with good options 
to close the technological gap between photovoltaic and classic solarthermal con-
version. All present technologies, however, need to decrease the cost of the pro-
duced electrical energy in order to lead to their widespread use and hence 
considerable contributions to solve the human energy problem. Photovoltaics 
presently represents the largest installed power, since photovoltaic cells can easily 
be used in differently sized modules and parks, and since no moving parts are 
needed, represent a very promising technology with potentially low maintenance 
requirements. 

 Photovoltaic cells are typically categorized in terms of development generations. 
The fi rst generation of cells consist of semiconductor wafers ( ∼ 0.3   mm of Ge, Si, 
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GaAs) typically cut from single crystals of the material  [10]  or, more recently, also 
from multicrystalline blocks of Si  [11, 12] . As a second generation, cells were 
developed based on thin fi lms deposited by sputtering or vapor deposition (physi-
cal or chemical) or, more recently, by depositions from solution of the active 
semiconducting layers on an independent substrate. Cells of this type consist of 
amorphous or microcrystalline Si, CdTe, or differently composed chalcopyrites 
based on CuInSe 2  or CuInS including also Ga and Al in different concentrations. 
A third generation of cells are typically summarized as those that tackle the classic 
Shockley – Queisser limit which clearly stated from theory that the maximum pos-
sible effi ciency of any cell concept that utilizes non - concentrated solar radiation 
and one absorber material with one bandgap and hence one absorption edge 
cannot exceed 31% because of thermal losses for energies larger than the absorp-
tion edge of the semiconductor and transmission losses for energy lower than the 
absorption edge  [2, 10] . Aside from optical up - conversion of the radiation other-
wise not absorbed or optical down - conversion of the radiation that otherwise would 
be transformed to heat, which are economically barely feasible, many concepts are 
followed that utilize multiple absorbers or materials with multiple optical transi-
tions and separate electrical harvest  [10] . Tandem cells using two absorber layers 
of different bandgaps use this concept, and increasing the number of absorber 
layers of different bandgaps can further increase the maximum possible effi ciency 
 [10] . In a single semiconductor material, quantum confi nement is needed to 
realize multiple effi cient transitions  [10] . 

 Organic dye and pigment molecules represent a class of materials by means of 
which clearly enhanced optical absorption coeffi cients can be realized caused by 
increased oscillator strengths in aromatic systems. Therefore the fi lm thickness 
needed for effi ciently absorbing cells can be further reduced beyond the level 
already reached for the classic thin - fi lm technologies discussed above  [2] . Never-
theless the loss of generated carriers in initially tested bilayer cells was too large 
to realize effi cient cells since only a very narrow interfacial zone of two materials 
was active in either Schottky - type or p/n - type cells  [13, 14] . Two very successful 
approaches  [15]  have developed recently: (i) the use of multiple ultrathin fi lms of 
high structural control using doping of layers to decrease the series resistance  [16, 
17]  and (ii) the use of bulk heterojunctions consisting of a conductive pathway of 
a crystalline organic acceptor with large interfacial contact area to a matrix of a 
donor conductive polymer, prepared from a mixed solution of both constituents 
 [18] . Also, hybrid approaches of layered structures with mixed interlayers  [19, 20]  
or interpenetrating interfaces  [21]  were successfully studied. An alternative way to 
make use of the strong absorption of organic dye molecules is realized in  dye -
 sensitized solar cell s ( DSSC s)  [22, 23]  consisting of a porous wide - bandgap semi-
conductor as electron - conducting phase, the organic dye as absorber, and a 
hole - conducting contact phase, typically an iodine - containing electrolyte, which 
are discussed in this chapter (Figure  4.1 ). Their development although presently 
focused on TiO 2  as the wide - bandgap component indeed started following funda-
mental work of dye - sensitized photocurrents at ZnO single crystals  [24]  in which 
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only dyes adsorbed at the surface of ZnO worked as sensitizers  [25] . Sintered ZnO 
with a larger surface area already led to improved performance of about 2% under 
weak monochromatic illumination  [26] . A DSSC based on electrodeposited porous 
yet crystalline ZnO which combines the benefi ts of both these historic approaches 
recently reached 5.6% effi ciency under AM 1.5 white light conditions  [27] . The 
three different classes of cells based on organic dye or pigment molecules as 
absorbers are often referred to as a new generation of photovoltaic cells because 
of new conversion principles, new ways of preparation, an extended variety of 
substrate materials, and hence a largely changed cost structure of prospective 
technologies based on these cells.   

 Photoelectrochemical cell concepts based on light absorption in a semiconduc-
tor and charge transfer to a redox - active electrolyte (Figure  4.1 a) have been studied 
extensively as an alternative to the cells based on semiconductor junctions  [23, 28] . 
Such junctions could be useful in particular to generate chemical fuels and hence 
provide easy storage, although corrosion reactions have severely limited the use 
of such concepts in technical cells. As an important example TiO 2  has proven to 
be a very stable semiconductor even under illumination with very high oxidative 
power of holes in the valence band and reductive power of electrons in the conduc-
tion band because of its large bandgap. Electrodes of TiO 2  can therefore be used 
in a number of reactions, mainly useful in water cleaning and the decay of toxic 
pollutants. The large bandgap of TiO 2 , however, requires ultraviolet light to elec-
tronically excite it, which is still possible to drive some of these reactions but which 
hinders an effi cient use of such junctions in the conversion of solar radiation into 

     Figure 4.1     Working principle of regenerative photovoltaic cells based on photoelectrochemical 
reactions (a) using an optically absorbing bulk semiconductor and (b) using a sensitized 
nanoporous wide - bandgap semiconductor ( “ dye - sensitized solar cell ” ).     
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forms usable by households or industry. Sensitization by strong absorbers is 
therefore needed to effi ciently utilize such junctions for the conversion of solar 
light (Figure  4.1 b). Sensitization consists of light absorption in the sensitizer, 
electron transfer to the conduction band of TiO 2 , recovery of the neutral sensitizer 
by oxidation of a redox electrolyte, and subsequent reduction of the redox electro-
lyte at a counterelectrode. 

 In order to provide an effi cient injection into the conduction band of the semi-
conductor, a monolayer of sensitizer is needed on the semiconductor surface. A 
monolayer on a fl at surface, however, would not absorb suffi ciently, and therefore 
nanostructured porous materials are needed as wide - bandgap semiconductors. A 
very well - established approach to realize such a matrix is the preparation of nanoc-
rystalline TiO 2  fi lms based on sol – gel techniques followed by annealing to provide 
suffi ciently conducting thin fi lms by sintering together the grain boundaries of 
the initially formed TiO 2  nanoparticles, even protected against agglomeration by 
surface modifi cations in the starting solution. These processes have been widely 
optimized and effi cient cells are reproducibly prepared that provide conversion 
effi ciencies   η   of up to 10.4% in stable cells when contacted by the classic acetonitrile -
 based iodine/iodide - containing electrolyte  [23] . Since this arrangement still poses 
some problems in module engineering and long - term stability, alternative arrange-
ments are sought that replace the redox electrolyte by organic hole conductors as 
contact phases, and in such cells   η   values of 0.5%  [29] , 1.1%  [30] , 1.8%  [31]  or 4% 
 [32]  in strongly differing cell concepts and at strongly differing level of develop-
ment were reached. When looking at these last examples, the close relationship 
to the concept of the organic bulk heterojunction  [18]  (see above) becomes obvious 
in the large interfacial area of two interpenetrating conductive solid networks and 
the future development of such cells will be accompanied by intense cross -
 fertilization among these concepts. 

 Another optimization direction in the present research and development of 
DSSCs consists of an extension of the preparation conditions toward lower tem-
peratures. Two reasons are seen for this strategy: (i) high processing temperatures 
generally mean high energy consumption and therefore high costs and (ii) low 
processing temperatures allow the use of fl exible, low - weight, and low - cost sub-
strates like polymers, textiles, or perhaps even paper. To avoid expensive glass 
substrates is already a good motivation but the option to prepare solar cells 
in completely new geometries, to keep mechanical fl exibility even after cell prepa-
ration and during their use would allow the exploration of new application 
fi elds for solar cells  [33 – 36] . In this context recently prepared DSSCs based on 
ZnO as semiconductor and prepared from aqueous solution by electrodeposition 
represent a very attractive new way to prepare effi cient new solar cells, which may 
open new fi elds of application  [27]  and which represent attractive candidates for 
very large - scale (and hence low - cost) applications of photovoltaics since they are 
based on easily scalable preparation techniques and on abundant sources of mate-
rials. In this chapter the underlying principles, basics of the strategy, and recent 
success will be discussed to provide an overview and motivate the conclusions 
and outlook.  
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   4.2 
Electrodeposition    –    A Well - Established Technology 

 Electroplating rather noble metals like Pt, Au, Ag, and Cu but also less noble ones 
like Zn from aqueous solutions is one of the classic methods of metal coating on 
conductive preferably metal surfaces dating presumably back as far as 2000 years 
into the Parthian period  [37]  in arts and manufacturing. The process was opti-
mized empirically with respect to a very well - defi ned surface fi nishing long before 
a scientifi c basis of these procedures was established by controlled potential or 
controlled current techniques and by the use of appropriate additives like brighten-
ers or electrocatalysts  [38 – 41] . More recently the electrodeposition of metals has 
seen a remarkable renaissance because it was very successfully used in the recent 
generations of microelectronic processors to contact individual layers and contact 
sites by electrodeposited Cu rather than by the hitherto established vapor - deposited 
Al contacts  [42 – 44] . This success was reached by adjustments in the electrodeposi-
tion technology that allowed the fi lling of even very narrow holes and trenches. 
Thereby contact could be made through small vias by use of appropriate electro-
catalytic and blocking additives which allowed such superconformal growth of Cu. 
The detailed mechanistic description of electrodeposition on an atomic level is 
therefore still the subject of very active research in modern electrochemistry. Excel-
lent books  [45, 46]  and reviews  [42 – 44]  are available and it is certainly beyond the 
scope of this chapter to even try to give an overview. 

 Less established than the electrodeposition of metals but nevertheless known 
for quite some time are processes to electrodeposit compound semiconductors 
 [47 – 49] . Caused by the basic need of charge transport across the growing fi lm 
during electrodeposition, such depositions are of interest that use a cathodic reac-
tion to electrodeposit n - type materials or an anodic reaction to electrodeposit p - type 
materials because an applied negative potential favors the presence of donor sites 
and an applied positive potential favors the formation of acceptor sites in the 
electrodeposited compound semiconductors. Examples of electrodeposited n - type 
conductors are CdSe, ZnO, and CuInSe 2  among a large number of other oxides, 
sulfi des, and chalcopyrites  [49] . CdTe, CuSCN, and CuI represent examples of 
electrodeposited p - type semiconductors  [49] . Depending on additives and coupled 
chemical reactions, compact fi lms, porous structures, or assemblies of individually 
crystallized nanoparticles can be formed  [50 – 52] . Highly ordered crystal growth 
was shown in the epitaxial deposition of single - crystalline thin fi lms, when suitable 
single - crystal substrates were chosen  [53 – 57] . Because of the high crystallinity of 
chemical bath - deposited CdS and its epitaxial growth onto the surface of CuInSe 2  
 [58] , the use of such chemically grown CdS as a buffer layer for Cu(In,Ga)Se 2  
thin - fi lm solar cells signifi cantly improved their conversion effi ciency  [59, 60] . 
Light absorbers in thin - fi lm photovoltaic cells such as CdTe and Cu(In,Ga)Se 2  
were also prepared by electrodeposition and achieved promising effi ciencies  [61 –
 63] . Because cost reduction and large - scale production have to be achieved in 
order to successfully implement photovoltaics on a level needed to signifi cantly 
contribute to a sustainable supply of energy to a growing human population, 
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electrodeposition processes of compound semiconductors can become large - scale 
key technologies.  

   4.3 
Electrodeposition of  ZnO  Thin Films 

 The attractive way of fi lm preparation by electrodeposition can be used to realize 
an economic technology for DSSCs. In this context it is important to note that 
ZnO can serve as an alternative to TiO 2  in DSSCs and that ZnO can be prepared 
by electrodeposition. DSSCs can be realized based on porous ZnO as a wide -
 bandgap semiconductor  [27, 64 – 68] . Since typically an annealing step is not needed 
to obtain well - crystallized electrodeposited ZnO the use of new substrate materials 
becomes possible, leading to a number of new options in the applications of solar 
cells. The use of mechanically fl exible, lightweight, and low - cost substrate elec-
trodes is of special interest to increase the range of application for photovoltaics 
and/or to reduce costs and thereby increase the overall effi ciency of the technology. 
ZnO as a material is further especially interesting since  Al - doped ZnO  ( AZO ) 
typically prepared by magnetron sputtering can serve as a transparent conductive 
oxide to replace indium tin oxide (ITO) which has become very costly because of 
a limited supply of In  [69] . Since very well - controlled homoepitaxial growth of ZnO 
can be obtained not only by  chemical vapor deposition  ( CVD )  [70]  but also by 
aqueous chemical growth  [71]  or directly by electrodeposition  [72] , the combination 
of a compact AZO back electrode with electrodeposited porous ZnO layers as 
sensitized electrodes represents a very promising combination of materials with 
the prospect of minimized interface defects despite low production costs  [72] . 

 Different precursor routes exist to cathodically electrodeposit ZnO from aqueous 
electrolytes with either O 2   [73, 74] ,   NO3

−  [75 – 77] , or H 2 O 2   [78, 79]  as oxygen precur-
sors in solution. In general, the reactions can be best described as electrochemi-
cally induced precipitation reactions rather than simple Faradaic reactions to 
convert soluble, typically ionic, species into solids as is the case for the electrodepo-
sition of metallic fi lms. The respective precursor is reduced at the cathode accom-
panied by a pH increase:

   
1

2
2 22 2O H O e  OH+ + →− −  

   NO H O e NO OH3 2 22 2− − − −+ + → +  

   H O e OH2 2 2 2+ →− −   

 This increase in pH leads to a situation in which the solubility product of Zn(OH) 2  
or ZnO is exceeded and a supersaturation situation is reached  [49] . In the presence 
of appropriate crystallization seeds ZnO crystals nucleate and grow under very 
well - controlled conditions close to equilibrium at a growth rate approximately fi ve 
times faster on the {0001} plane compared to the {10 - 10} or {01 - 10} planes  [80] . 
As a consequence, precipitation on the cathode is observed since here the concen-
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tration of OH  −   is highest and since typically crystallization seeds exist on the 
electrode to allow facile growth of the fi lms (Figure  4.2 a). The conditions are 
further chosen such that crystalline ZnO rather than a hydroxide, hydroxychloride, 
mixtures, or amorphous ZnO is formed. An increased temperature of 70 – 80    ° C is 
a key parameter in this respect. The difference in growth rates on the different 
crystal faces leads to a pronounced texture of the fi lms. Adsorbates can be further 
used to either block or catalyze the crystal growth on a given face and thereby tune 
the observed texture of fi lms.    

   4.4 
Sensitization of  ZnO  

 To use ZnO as an electrode material in DSSCs, porous rather than bulk material 
is needed. A pathway in parallel to that established for TiO 2  consists of the prepa-
ration of ZnO nanoparticles, fi lm formation, and subsequent conditioning 
 [64, 81] . As in the case of TiO 2 , high temperatures have to be applied in order to 
decompose the capping layers typically needed to stabilize the nanoparticles and 
to establish good electrical contact among the particles by sintering. Using such 
a strategy, cells were obtained with remarkable 4.7% effi ciency  [81] . As an alterna-
tive, a nanoparticulate powder was ground and attached as an electrode onto a 
conductive foil by a high - pressure method, reaching a similar conversion effi -
ciency of about 5%  [82, 83] . It turned out that nanoparticulate ZnO could compete 
well with TiO 2  in a number of semiconductor characteristics and even showed a 

     Figure 4.2     Electrodeposition of (a) bulk ZnO 
induced by the reduction of oxygen in the 
presence of an aqueous zinc salt solution 
and (b) porous ZnO in the presence of the 

above solution and in addition a structure -
 directing agent to bind to the growing ZnO 
surface, terminate the growth locally, and fi ll 
the pores.  
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higher average lifetime of electrons in the conduction band, promising for further 
developments  [64] . 

 As a redox electrolyte, although Co complexes were also suggested as viable 
alternatives  [84] , solutions of the   I /I2 3

− redox couple in either organic solvents or 
ionic liquids or mixtures despite the diffi culties they pose to effi cient sealing of 
the cells still provide the best available contact phases for dye - sensitized electrodes. 
  I /I2 3

− provides a strongly attenuated back reaction relative to the forward reaction 
leading to a low degree of back transfer of injected electrons from the conduction 
band of the semiconductor to the electrolyte  [85 – 90] . A Grotthu ß  - like transport 
mechanism for this couple leads to a low series resistance in completed cells 
 [91 – 93] . 

 ZnO provides an increased surface reactivity when compared, for example, with 
TiO 2  which can be nicely utilized to establish the equilibrium conditions needed 
for a highly ordered growth during the electrodeposition reactions (Figure  4.2 ). 
On the other hand, however, this increased surface reactivity also leads to an 
increased threat of corrosion reactions. ZnO is less stable under acidic as well as 
alkaline conditions compared with TiO 2 , the established wide - bandgap semicon-
ductor used in a number of dye - sensitized solar cell studies and developments. In 
these developments the path has been paved for a number of sensitizers, surface 
blocking agents, or other adsorbates for their use in DSSCs. Because of the 
increased chemical sensitivity of ZnO, however, these molecules and conditions 
are not always suitable for ZnO, and can lead to corrosion reactions and therefore 
not function as they do on TiO 2   [94] . Therefore alternative molecules and condi-
tions have to be established for ZnO to make best use of ZnO as a semiconductor 
in DSSCs and take full advantage of electrodeposition as a preparation route.  

   4.5 
Alternative Sensitizer Molecules 

 Since the use of ZnO as active semiconductor electrodes asks for the design of 
specifi cally suitable sensitizer molecules, an opportunity is given to either adapt 
the Ru complexes that had been optimized for TiO 2  - based DSSCs to the specifi c 
needs of ZnO, or search for an optimum sensitizer from a broader choice of 
molecules. The goal is to fi nd an even better sensitizer and good prospects to base 
it upon abundant sources rather than the limited supply of Ru which presently 
leads to high costs of sensitizers. The working principle of a DSSC is shown 
in Figure  4.3  to discuss the photoelectrochemical requirements of a suitable 
sensitizer.   

 To provide a stable attachment of a sensitizer to a wide - bandgap oxide semicon-
ductor and to allow for a fast electron injection from the excited state of a sensitizer 
molecule to the conduction band of the oxide, covalent links are preferable as 
opposed to simple coordination or van der Waals bonds  [22] . On the other hand, 
very acidic sensitizer molecules favor corrosion of ZnO and thereby lead to inef-
fi cient charge transfer at the interface and to a low cell stability  [94] . Carboxylic or 
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sulfonic acid side groups at the sensitizer molecules are suitable as a chemical 
anchor to the presumably hydroxide - terminated oxide surface during growth from 
an aqueous electrolyte but the overall sensitizer acidity has to be kept in a range 
so as not to corrode the ZnO surface. 

 A further fundamental prerequisite is a high extinction coeffi cient in the visible 
range of the solar spectrum. The absorption spectrum has to be chosen such that 
either a broad band is provided by a given sensitizer or more than one sensitizer 
has to be used to effi ciently cover the solar spectrum (panchromatic sensitization) 
 [95 – 97] . 

 Last but not least, the electronic energy levels of the sensitizer have to fi t to both 
the semiconductor and the contact electrolyte, to allow facile and effi cient electron 
transfer. In the excited state, the electron to be transferred should be best posi-
tioned in a level just slightly above the conduction band edge of ZnO to still provide 
suffi cient driving force for its injection but not sacrifi ce too much energy upon its 
transfer (Figure  4.3 ). In the thereby oxidized sensitizer molecule, the electronic 
hole to be fi lled by transfer from the redox electrolyte should be in an energy level 
just below the redox potential of the redox electrolyte for the same reasons. If these 
criteria are missed, a large portion of the available open - circuit photovoltage is lost. 
Since a number of factors will infl uence the line - up of energy levels on a chemi-
cally reactive surface by interactions with the sensitizer itself, adsorbed water, 

     Figure 4.3     Schematic diagram of the DSSC 
working principle with the individual steps of 
light absorption (1), electron transfer to the 
conduction band of the semiconductor (2), 
electron diffusion in the semiconductor (3), 
collection of electrons at the back electrode 
(4), electron transfer to the oxidized species 
in the redox electrolyte at the 

counterelectrode (5), charge transport in the 
electrolyte (6), and regeneration of the 
neutral dye molecule by the reduced species 
of the redox electrolyte (7) for which the rate 
constants have to be optimized. Also shown 
are the major loss mechanisms (dotted 
lines) which have to be suppressed to reach 
a high effi ciency of the solar cell.  
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blocking agents or constituents of the redox electrolyte calculated values, photo-
electron spectroscopy data, or redox potentials can be used as a guide. But in most 
cases the preparation of the electrode and a photoelectrochemical characterization 
accompanied by spectroscopic measurements is the best way to fully understand 
the sensitizer/surface interactions and to judge about the applicability of a given 
sensitizer  [98 – 101] . The recombination reaction by charge transfer of an electron 
back from the semiconductor conduction band to the sensitizer molecule was 
found to be strongly suppressed by an increased tunneling distance between 
semiconductor and the electronic system of the sensitizer providing another opti-
mization parameter in the length of electronically insulating linker groups between 
sensitizer core and chemical anchor group  [102] . 

   4.5.1 
Porphyrins and Phthalocyanines as Alternative Metal Complexes 

 Aside from an attractive variety of Ru complexes as sensitizers with different 
complexing groups, different degree of electronic asymmetry, and different 
anchoring groups to bind to an oxide surface  [22, 103 – 106] , mainly porphyrins 
 [107 – 113]  and phthalocyanines (Pc)  [96, 114 – 123]  have been investigated as alter-
native metal complex sensitizers in DSSCs (Figure  4.4 ). Whereas initially these 
alternative metal complexes often showed poor performance in DSSCs they have 
recently been become quite competitive to the established Ru complexes. The Ru 
complexes show an advantageous broad absorption spectrum in the visible range 
of the solar spectrum and have been widely optimized in their ligand structure to 
provide fast injection of an electron from the excited state of the sensitizer to the 
semiconductor conduction band and widely suppressed recombination of such 

     Figure 4.4     Structural formulae (zinc complexes) of (a) tetrasulfonated phthalocyanine (TSPc; 
different isomers present) and (b)  tetrasulfonated tetraphenylporphyrin  ( TSTPP ).  
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electrons to the oxidized sensitizer. Porphyrins and, in particular, phthalocyanines 
on the other hand provide record molar extinction coeffi cients of up to  ε  (680   nm)     =    
1.6    ×    10 5    l   mol  − 1    cm  − 1   [124, 125]  in an attractive wavelength range at about 650   nm 
 [115] , about 11 times that of the typically used Ru sensitizers at their absorption 
maximum around 540   nm  [126]  at, however, signifi cantly decreased widths of the 
absorption bands. In concepts that use more than one sensitizer these dyes there-
fore can play a signifi cant role. By such increased absorption the overall thickness 
of the porous sensitized semiconductor fi lm can be decreased at still suffi cient 
overall absorbance which offers good chances to increase the conversion effi ciency 
of DSSCs. This is because of a reduced series resistance for charge transport 
through the porous semiconductor network and a reduced probability of back 
electron transfer from the semiconductor to the electrolyte  [127] . Porphyrins and 
phthalocyanines like the Ru complexes have to be optimized with respect to the 
appropriate chemical anchors and linker groups in order to reach a fast injection 
of an electron from the excited state of the sensitizer to the conduction band of 
the semiconductor at widely suppressed back reaction to the oxidized sensitizer 
molecule  [98, 99, 101, 102, 121] . The molecules also have to be adjusted mainly 
by appropriate choice of the central metal group for a suppression of the back 
electron transfer reaction to the redox electrolyte  [119] .   

   4.5.1.1    Frontier Orbital Positions 
 Knowledge of the  highest occupied molecular orbital  ( HOMO ) and  lowest unoc-
cupied molecular orbital  ( LUMO ) positions of a given molecule on a semiconduc-
tor electrode is crucial to evaluate and predict feasibility of charge injection, back 
transfer, as well as catalysis of recombination (Figure  4.3 ). Experimental methods 
to elucidate these positions aim at ionization of the sample and analysis of the 
energetic change involved. Two different methods are frequently used: either 
redox electrochemistry (Figure  4.5 ) or  ultraviolet photoelectron spectroscopy  ( UPS ) 

     Figure 4.5     Redox potential for the fi rst reduction of zinc complexes of phthalocyanines 
dissolved in DMF and Hammett  ∑   σ   values determined for a variety of differently substituted 
ligands.  Reprinted with permission from  [160] .   
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and  inverse photoemission spectroscopy  ( IPES ). In UPS, pure materials are ana-
lyzed by measuring the kinetic energy of photoelectrons from occupied orbitals 
following ionization by irradiation of the sample molecule in the vacuum UV (e.g., 
He I  21.2   eV) or soft X -  ray (e.g., synchrotron) regimes. Molecules can either be in 
the gas phase or in a thin fi lm on a conductive substrate. The choice of central 
metals, axial atoms at the metal, and substitutions in the ligand showed clear 
consequences for the frontier orbital positions in thin fi lms  [128 – 130] . A clear 
stabilization of the HOMO position by up to about 1   eV was caused by electron -
 withdrawing substituents. Compared to this strong infl uence of the ligand, the 
infl uence of the central metal and axial atoms was rather weak ( ≤ 0.2   eV), of the 
same order as differences in the solid - state structure would cause  [131] . Gas - phase 
data were found at about 1 – 1.3   eV higher binding energy than the solid - state data. 
This apparent destabilization of the solid is caused by stabilization of the intermit-
tently produced ions by a polarization energy of the solid well consistent with 
values of typically 1 – 1.5   eV reported earlier for aromatic materials  [132 – 134] . UPS 
is further well suited to analyze details of the energetic alignment of molecules in 
semiconductor contacts  [22, 135 – 138] . An analysis of interfacial energy level line -
 up of phthalocyanine thin fi lms with organic or inorganic semiconductors (Figure 
 4.3 ) as opposed to energy levels in individual molecules  [128, 132 – 134, 139]  can 
help to understand the effect of sensitizer aggregation in dye - sensitized semicon-
ductor electrodes, beyond a decreased electron injection probability into the con-
duction band of the semiconductor because of competing radiationless decay in 
aggregates. Aside from the establishment of a space charge in such aggregates, 
an interface reaction will typically occur and lead to surface states, a surface dipole, 
and hence a shift of the vacuum level across the junction. Adsorbed traces of water, 
solvents, ions from the electrolyte, and blocking agents will further contribute to 
such relative shifts of energy levels across the photoelectrochemically active inter-
face. Complementary to UPS, IPES by irradiation of the sample with an electron 
beam and spectral analysis of emitted photons allows a direct analysis of unoc-
cupied states, but is rather limited in its applicability due to frequent radiation 
damage of the samples. Electrochemical redox potentials on the other hand refl ect 
free enthalpies of ionization of the molecules either in a solvent environment or 
as a thin fi lm, then accompanied by intercalation of charge - balancing counterions. 
For a number of phthalocyanines, only the redox potential of reduction (charac-
teristic for unoccupied levels) or oxidation (characteristic for occupied levels) can 
be obtained in common solvents because of a limited stability of the solvents 
towards reduction or oxidation. To allow a discussion about both HOMO and 
LUMO despite these experimental limits, optical absorption, emission, or  electron 
energy loss spectroscopy  ( EELS ) were used to estimate the frontier orbital gap. A 
rather constant gap of about 1.6   eV was determined for most phthalocyanines  [128, 
140 – 143] .   

   4.5.1.1.1    Infl uence of Ligand Substitutions 
 It is well known that ligands strongly infl uence the electrochemical properties of 
phthalocyanines  [143] . Electron - withdrawing groups lead to a positive shift of the 
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redox potentials and electron - donating groups to a negative shift. These effects are 
most clearly seen in solution and for complexes with a central metal like Cu or 
Zn which have a closed d - shell and hence are widely redox - inactive. The equilib-
rium potentials of octa -  n  - butoxyphthalocyaninatozinc ((OBu) 8 PcZn), for example, 
with electron - donating alkoxy groups were shifted negatively by about 200   mV 
compared to the unsubstituted  phthalocyaninatozinc  ( PcZn ) for the fi rst oxidation 
as well as for the fi rst two reductions  [144] . The opposite direction was found for 
octacyanophthalocyanines, (CN) 8 Pc, where the equilibrium potentials for the fi rst 
four reductions of the complexes of Cu and Zn were shifted positively by about 
700   mV, again compared to the unsubstituted Pc  [145, 146] . To understand the 
role of phthalocyanine aggregates in DSSCs, the redox properties of thin fi lms can 
be studied and interactions with intercalating counterions have to be considered, 
a signifi cant difference compared with the study of their photoelectrochemical 
activity. Films for electrochemical studies were either drop - coated or vapor -
 deposited on conductive back electrodes. The unsubstituted phthalocyanines PcFe, 
PcCo, PcNi, PcCu, and PcZn undergo stoichiometric oxidation and re - reduction 
in aqueous electrolytes of neutral pH, however, under a loss of charge in subse-
quent cycles  [147] , which could be avoided by limiting the potential range and by 
a proper choice of counteranions  [148, 149] . Films of (CN) 8 PcH 2 , (CN) 8 PcCu, and 
(CN) 8 PcZn were reversibly reduced and re - oxidized in acidic aqueous media under 
conditions where unsubstituted Pc could not be reduced, pointing towards a posi-
tive shift of the redox potential as also observed in solution  [150] . Redox reactions 
at the  π  - system of Pc and related macrocycles are accompanied by characteristic 
changes in the optical spectra due to changes in the population of electronic levels 
 [151] . This electrochromic behavior further stimulated interest in thin - fi lm elec-
trochemistry of these materials in view of device applications as smart windows 
or color displays, especially as the absorption coeffi cients of Pc and therefore the 
observed spectral changes are relatively large. 

 Redox reactions of thin fi lms require charge balancing by counterions from the 
contacting electrolyte solution. Therefore the rate - limiting step for the overall reac-
tion can be either the diffusion of electrons (electron hopping) in the electrode 
material characterized by their diffusion constant  D  e , or the diffusion of counteri-
ons in the fi lm characterized by their diffusion constant  D  i   [152 – 156] . A low mobil-
ity of ions in the fi lms will lead to irreversible redox processes as in the case of 
unsubstituted Pc  [147 – 149] . Less kinetic hindrance was obtained for fi lms of sub-
stituted Pc that could be reduced in aqueous acidic electrolytes. Proton intercala-
tion turned out to be rapid enough to ensure reversibility of the redox process. 
Consequently, large spectral changes could be observed for fi lms of (CN) 8 Pc  [150] , 
octacyano - tetrapyrazino - tetraazaporphyrines (TPz(CN) 8 TAP)  [157] ,  tetrapyrazino -
 tetraazaporphyrine s ( TPzTAP )  [157, 158] ,  tetrapyrido - tetraazaporphyrine s ( TPyTAP ) 
 [159] , and hexadecafl uorophthalocyaninatozinc (F 16 PcZn)  [160, 161] . The observed 
shifts in redox potential can be compared to shifts in photoelectron spectra 
 [128, 161]  but also to chemical reactivity (Figure  4.5 ) as refl ected in Hammett 
coeffi cients  [128, 162, 163] . A value of  − 0.6   V vs. SCE was determined for the 
redox potential of the fi rst reduction to the radical anion of F 16 PcZn  •  −   in 
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  N , N  ′  - dimethylformamide  ( DMF ) and  − 0.9   V vs. SCE for the second reduction to 
F 16 PcZn 2 −  . Both potentials were shifted about 0.4   V positive when compared to the 
unsubstituted PcZn caused by stabilization of the  π  - system due to the electron -
 withdrawing fl uorine atoms in the ligand  [161] . The electrode kinetics were studied 
in detail by cyclic voltammetry under variation of the intercalating ionic species, 
fi lm thickness, and sweep rate. Charge uptake and the dependence of peak current 
densities on the square root of the sweep rate showed that the reaction rate is 
limited by the diffusion of intercalating cations and a diffusion constant  D  i  for 
K  +   in F 16 PcZn in the range 1.6    ×    10  − 12  to 8.0    ×    10  − 12    cm 2    s  − 1  was calculated and 
confi rmed by potential step experiments. Such rather slow diffusion of coun-
terions was caused by strong intermolecular interaction in the fi lm. A fast and 
rather complete reduction of fi lms could only be achieved for thin fi lms and slow 
sweep rates  [160, 161] . Those reactions which allow the use of protons as interca-
lating ions therefore have clear technical benefi ts over those requiring slower 
counterions.  

   4.5.1.1.2    Infl uence of the Central Metal Group 
 Phthalocyanine complexes of central metals with open d - shells (e.g., Mn, Fe, Co) 
showed additional reduction and oxidation reactions due to changes in the oxida-
tion state of the metal  [143, 164, 165] . A number of the catalytic properties observed 
in homogeneous solutions of these complexes were preserved when adsorbed to 
an electrode surface leading to rich electrocatalytical properties, for example, in 
the oxidation or reduction of organohalides but also other reactants like phenols, 
thiols, O 2 , CO 2 ,   NO2

−, or   SO3
2− to be kept in mind when these molecules are dis-

cussed as sensitizers  [119, 166 – 171] . In a study on the infl uence of the ligand on 
the redox properties of thin fi lms of, for example, Co complexes  [172] , unsubsti-
tuted phthalocyaninatocobalt(II) (PcCo) and the cobalt complexes of the substi-
tuted ligands octabutoxyphthalocyanine ((OBu) 8 PcCo), octacyanophthalocyanine 
((CN) 8 PcCo), phthalocyaninetetracarboxylic acid ((COOH) 4 PcCo), and tetrapyri-
dotetraazaporphyrine (TPyTAPCo) were adsorbed on the  basal plane of pyrolytic 
graphite  ( BPG ) from solutions in organic solvents to form ultrathin fi lms. The 
fi lms were studied by cyclic voltammetry in the presence of an inert aqueous 
electrolyte. The observed peak separations, the widths at half height, and the 
charge in each cycle indicated complete reduction and re - oxidation of an adsorbed 
monolayer in the cases of (CN) 8 PcCo and TPyTAPCo. An incomplete reduction 
found for (OBu) 8 PcCo and PcCo was caused by formation of fi lms thicker than a 
monolayer and hence hindered transport of electrons and/or ions. The fi lms 
underwent reduction and re - oxidation in the ligand inner  π  - system (L/L  −  ) as well 
as in the metal center Co(II)/Co(I). The potentials were shifted according to the 
stabilization or destabilization of the frontier orbitals by the respective substituents 
in the ligand. Protons from the electrolyte interacted with the fi lms during reduc-
tion and were desorbed during re - oxidation which led to the expected pH depend-
ence (0.059   mV per pH unit in the case of a reversible reaction involving one 
proton for each electron) of the redox potential. Different slopes, however, were 
observed in the dependence of the redox potentials of the metal center and the 
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ligands on the pH of the electrolyte in different pH ranges. The acid/base proper-
ties of the ligands determined a threshold pH above which the potential of the 
metal - centered fi rst reduction was no longer dependent on pH, indicating that 
protons could no longer be stabilized in the fi lm. The ligand - centered second 
reduction, however, led to interaction with protons over the whole accessible pH 
range. The basicity of the outer aza nitrogen atoms in the ligand ring was decreased 
by electron - withdrawing substituents as seen in the threshold pH up to which 
protons were the only cations to compensate the electronic charge to provide 
electroneutrality. Only under acidic conditions and in the fi rst reduction was the 
electronic charge balanced by a stoichiometric number of protons. Under more 
alkaline conditions other cations from the electrolyte participate in this reaction. 
In the second reduction, protons compensated the charge over the whole pH 
range, but the increased slope pointed towards a number larger than stoichiomet-
ric indicating the additional interaction with anions  [172] . 

 In summary, the position of the frontier electron energy levels (HOMO and 
LUMO) of porphyrins and phthalocyanines can be fi nely tuned by the appropriate 
combination of central metal and substituted ligand as detected in photoelectron 
spectroscopy or in the redox potentials. A rich redox chemistry in interplay with a 
number of reactants and counterions has been established. A systematic consid-
eration of the electrochemical and photoelectrochemical characteristics of por-
phyrins and phthalocyanines as individual molecules in solution, as molecules 
adsorbed at surfaces, and as molecular thin fi lms serving to mimic the character-
istics of molecular aggregates is of much relevance to the choosing or designing 
of optimized porphyrin or phthalocyanine sensitizers for DSSCs.   

   4.5.1.2    Photosensitization by Porphyrins and Phthalocyanines 
 Following absorption of a photon in a molecule, this molecule in general is a 
stronger reducing agent due to an electron in a state of higher energy (LUMO in 
the case of the Q band of phthalocyanines), but also a stronger oxidizing agent 
due to the electron vacancy in a state of lower electron energy (HOMO in the case 
of the Q band of phthalocyanines) when compared with the molecule in the 
ground state  [173, 174] . Therefore an increased driving force for both reduction 
and oxidation reactions is expected. Photosensitization of a semiconductor elec-
trode as discussed in this chapter therefore is only one of the many chemical 
reactions that can be driven by molecular centers in an electronically excited state. 
Since the reactions are then becoming dependent on illumination, the role of the 
molecular center is generally referred to as  “ photosensitizer ” . The support of the 
chemical reaction can consist of an increased thermodynamic driving force stem-
ming from an increased gradient of the (electro)chemical potential as in the pres-
ently discussed examples, or in a facilitation of reaction kinetics through an 
increased reaction rate by photocatalysis. Porphyrins and phthalocyanines are of 
special interest as photosensitizers because they absorb with high extinction coef-
fi cients in the visible range, they can have quite extended lifetimes of the excited 
state  [124, 125, 173, 174] , and the phthalocyanines in particular have proven to be 
very stable against chemical oxidation or reduction, also under illumination  [175] . 
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Through an infl uence of different central metal groups and substituents on the 
electronic structure of the macrocyclic ligand in porphyrins and phthalocyanines, 
the optical absorption spectra are infl uenced by these groups, but the principal 
characteristics of a  π  –  π   *   transition in the ligand are widely preserved  [125, 176] . 
The subsequent steps of fl uorescence emission, internal conversion, intersystem 
crossing, and phosphorescence emission (Figure  4.6 ), are very strongly infl uenced, 
in particular by the choice of the central metal group  [173, 174, 177]  with spin – orbit 
coupling as the main mechanism  [178] . In particular for the Mg, Al, Si, and Zn 
complexes long lifetimes of the fi rst excited singlet state of the order of 5   ns and 
of the fi rst excited triplet state of up to 2   ms were observed  [177, 178] . Consequently 
a large number of reactions were reported that were facilitated by porphyrins or 
phthalocyanines as photosensitizers in solution, mainly based upon charge trans-
fer, radical formation, or energy transfer from the fi rst excited triplet state because 
its lifetime allows for a large probability of interaction with a reactant  [173, 174, 
177, 179] . Aggregation of porphyrins and phthalocyanines  [180]  signifi cantly 
enhanced the rate of internal conversion and thereby led to decreased lifetimes of 
the fi rst excited singlet state, decreased probability of intersystem crossing, and 
decreased lifetimes of the fi rst excited triplet state with the consequence of 
decreased fl uorescence and phosphorescence yield as well as decreased photosen-
sitization effi ciency  [173, 174, 177, 178] . Despite this decreased quantum effi ciency 
in the solid state, however, porphyrins and phthalocyanines are (and this is of 
particular interest in the context of this chapter) also well known as active photo-
sensitizers when adsorbed to an electrode surface  [166] . This is of particular inter-
est since the photostability of the already quite stable individual molecules is 
signifi cantly altered in the solid state  [175] . Depending on the central metal, axial 
atoms, ligand substitutions, and solvent environment chosen, either photo -
 oxidative or photoreductive activity was observed  [166] . These reactions are also 
used in a number of applications, mainly in chemical sensing of such different 
reactants as phenols, organohalides, pesticides, thiols, SO 2 , sulfur oxoanions, CO 2 , 
CO,   NO3

−,   NO2
−, cyanides, thiocyanades, hydrazine, and hydroxylamine  [166] . This 

list of examples shows the great potential of porphyrins and phthalocyanines as 
photosensitizers, also in the context of DSSCs, but it also shows that catalytic and 
photocatalytic processes that may interfere in a negative way with the desired 
direction of net electron transfer from the electrolyte to the sensitizer to the wide -
 bandgap semiconductor have to be kept in mind and under control.     

   4.5.1.2.1    Photoelectrochemistry at Phthalocyanine Thin Films 
 In view of a quite pronounced tendency of phthalocyanines towards dimer and 
aggregate formation, the photoelectrochemical characteristics of such phthalocya-
nine molecular aggregates have to be considered when phthalocyanine - sensitized 
semiconductors are studied. Experiments at phthalocyanine thin fi lms can serve 
as a good model system of such reactions  [181] . Following light absorption in a 
solid molecular thin fi lm, the fi lm should be both more oxidizing and more reduc-
ing than the fi lm in the dark as was also seen for molecules in solution (see pre-
ceding paragraph). For thin fi lms, however, partial oxidation or reduction of the 
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molecular thin fi lms has to be considered. Molecules that are easily oxidized, for 
example, will constitute a p - type semiconducting electrode rather than an intrinsic 
one if the fi lms were exposed to ambient conditions. The opposite holds for 
molecular thin fi lms that are easily reduced which can easily lead to n - type conduc-
tion. At such doped molecular semiconductor electrodes, the relative changes in 
the concentrations of excess electrons (LUMO) and electron vacancies (HOMO) 
will occur unsymmetrically, leading to preferentially cathodic photocurrents at 
p - type electrodes and anodic photocurrents at n - type electrodes  [182] , a rule well 
established in semiconductor photoelectrochemistry  [183, 184] . 

 In an early comparison of the catalytic activity of thin fi lms of PcH 2 , PcCu or 
PcFe in the dark and under illumination  [185] , it was found that the photocatalytic 
activity was barely correlated to the catalytic activity in the dark and this difference 
was discussed as arising from a photoconductivity effect in the bulk of the phthalo-
cyanine fi lms. A photocurrent and also photovoltage observed at H 2 Pc  [186]  was 
discussed as being due to a photovoltaic effect at the phthalocyanine fi lm. Phthalo-
cyanine thin fi lms used in early photogalvanic cells  [187]  were described as p - type 
semiconducting electrodes that established a region of space charge at the Pc/
electrolyte interface. Nevertheless small anodic photocurrents were also observed 
and explained by light - induced changes in the concentration of both types of 

     Figure 4.6     Diagram of excited states (ground state S 0 , fi rst excited singlet state S 1 , lowest 
triplet state T 1 , and higher triplet states T  n  ) and transition processes between these sates for a 
phthalocyanine with a closed - shell central metal.  Reprinted with permission from  [178] .   
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charge carriers in a weakly doped semiconductor  [188, 189]  or by a weak sensitiza-
tion effect at the back electrode in the case of SnO 2  substrates  [190, 191] . This 
reaction at the SnO 2  back contact was characterized in detail by the analysis of 
experiments at varied illumination conditions and a thickness of the photoactive 
layer on the electrolyte side of 35   nm was established, a narrow zone but signifi -
cantly increased above direct molecular interaction  [192] , in agreement with 
potential - dependent impedance measurements at electrochemical contacts with 
fi lms of PcH 2 , PcNi, and PcZn  [193] . It was noticed that the role of acceptor mol-
ecules in the volume of the fi lms is crucial for the observed characteristics and 
that oxygen from air in most cases caused the observed p - doping and hence 
cathodic photocurrents. Also attempted was a more controlled doping by reactions 
with halogen molecules like iodine, or organic molecules like  ortho  - chloranil, 
tetracyanoquinodimethane, tetrafl uorenone, etc. This work quickly led to the need 
for a detailed investigation of the electrical properties in the solid state which have 
been reviewed in great detail earlier  [194]  and also recently  [195] . 

 The photoelectrochemical characteristics of thin fi lms of phthalocyanines with 
higher - valent central metals carrying additional electron - withdrawing axial ligands 
like PcAl(OH), PcAl(Cl), PcGa(F), PcGa(Cl), PcIn(Cl), PcTi(O), and PcV(O) were 
also investigated in great detail  [196 – 204] . For this group of materials, although 
all fi lms were vapor - deposited, large differences in fi lm characteristics were 
observed with either anodic or cathodic photocurrents dominating the photoelec-
trochemical behavior. The role of oxygen as a dopant leading to the typically 
observed p - type characteristics of phthalocyanines could be clearly elucidated in 
these studies  [197, 202, 203] . An optimized orientation of crystals led to larger 
exciton diffusion lengths and charge carrier mobilities as shown in an increased 
photoelectrochemical effi ciency  [204] . A detailed analytical investigation of differ-
ent ways of chemical treatment of PcAl(Cl) as compared to PcGa(Cl) and PcIn(Cl) 
revealed the hydrolysis of the Al – Cl bond as the key step towards the formation 
of more effi cient electrode materials  [196] . 

 Chemical substitution at the phthalocyanine ligand with electron - withdrawing 
substituents led to a dominance of anodic photocurrents as opposed to that of 
cathodic photocurrents observed for the unsubstituted materials. This was shown 
for (CN) 8 PcZn  [140, 205] , TPyTAPZn  [140, 206, 207] , and TPzTAPZn  [140, 206] . 
Based on these results, n - type conductivity was assigned to these materials of 
molecules with electron - withdrawing substituents based on the argument outlined 
above  [129, 140, 205 – 209] . Electrodes of F 16 PcZn showed photocurrents of almost 
identical signifi cance in both photocurrent directions  [209, 210] . Since fi lms of 
F 16 PcZn investigated directly following the preparation still showed n - type charac-
teristics, the photoelectrochemical behavior was explained by compensation of 
n - dopants by air. The assignments were supported by studies of the electrical 
properties of the materials  [129, 130, 207, 211 – 213]  and in solid heterojunctions 
 [128, 214, 215] . 

 Phthalocyanines show two distinct absorption bands in the visible range, namely 
the Q band around 650 – 700   nm and the B or Soret bands around 300 – 350   nm 
(Figure  4.7 ). These bands correspond to a transition from the HOMO to the LUMO 
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in the case of the Q band and to a transition from the  second highest occupied 
molecular orbital  ( SHOMO ) to the LUMO in the case of the B band (Figure  4.9 c) 
 [125] . In the solid state these optical transitions of Pc molecules are preserved, just 
slightly shifted and broadened considerably (Figure  4.8 )  [125] . Most of the light of 
a white light source that leads to the observed photocurrents will be absorbed in 

     Figure 4.7     UV – visible absorbance spectrum 
of a solubilized PcZn in an organic solvent. 
Clearly seen are the range of the B or Soret 
band at 300 – 400   nm and the range of the Q 

band at 600 – 700   nm. Also seen is the 
vibrational fi ne structure of the Q band at 
600 – 650   nm.  Reprinted with permission 
from  [178] .   

     Figure 4.8     Optical absorbance spectra of 
PcZn thin fi lms in the two most easily 
obtained crystal structures  α  and  β  as 
indicated in the plots compared to a solution 
spectrum of PcZn in DMF solution. Clearly 

seen is the prominent splitting of the Q band 
in the solid state caused by resonance 
coupling of the molecular electronic systems 
dependent on the packing in the crystals.  



 240  4 Electrodeposited Porous ZnO Sensitized by Organic Dyes

the Q bands. Excitation in the B band of PcZn (about 340   nm), however, led to a 
strongly contrasting behavior to the situation described above for Q band illumina-
tion (Figure  4.9 ). Caused by the separate character of the resulting excited elec-
tronic states, phthalocyanine electrodes showed the specifi c characteristics of a 
switchable photocurrent direction (Figures  4.9 a and  4.9 b) and showed the possibil-
ity of electron transfer from a state higher than the fi rst excited state  [209] , a 
concept well suited to realize a third - generation concept (see Section  4.1 ) based 
on molecular materials since such effects are not easily observed in classic 
semiconductors.   

     Figure 4.9     Current at 100   nm vapor -
 deposited thin fi lms of PcZn on ITO (1   cm 2 ) 
measured upon illumination either in the B 
band (3    ×    10 15    photons   cm  − 2    s  − 1 ) or in the Q 
band (7    ×    10 15    photons   cm  − 2    s  − 1 ) during 
potentiostatic polarization in contact with 
aqueous electrolytes with either (a) 0.1   M 

EDTA at  + 460   mV vs. SCE or (b) 10  − 3    M O 2  at 
 − 300   mV vs. SCE. (c) Summary of observed 
photocurrents upon changing occupation of 
the frontier energy levels by the different 
wavelengths.  Reprinted with permission 
from  [209] .   
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 In studies of electrochemical photocurrents obtained at molecular semiconduc-
tor thin fi lms (PcZn, (CN) 8 PcZn, TPyTAPZn) and their dependence on the con-
centration of the reactant in the electrolyte (O 2 , ethylthiolate (RS  −  ), hydroquinone/
benzoquinone (HQ/BQ),   Fe CN /( )6

3 4− −), a saturation behavior of the photocurrents 
was found arising from reactant adsorption prior to charge transfer  [205, 216, 217] . 
Often functions according to Langmuir ’ s adsorption isotherm based on the pres-
ence of only one kind of independent adsorption sites and a maximum coverage 
of a monolayer of reactant were found to give a reasonable fi t to the observed 
concentration dependence of the photocurrent data. Reaction kinetics were found 
that support the formation of chargeable surface states (adsorbates) at the molecu-
lar semiconductor surface (Figure  4.10 )  [182, 210, 214] .    

   4.5.1.2.2    Sensitization of Semiconductor Electrodes by 
Porphyrins and Phthalocyanines 
 The investigation of the photoelectrochemical properties of phthalocyanine thin 
fi lms discussed in the preceding paragraph originated from studies in which 
phthalocyanine fi lms had been deposited on inorganic oxide electrodes to investi-
gate their role as sensitizers and protecting layers against photocorrosion. Anodic 
sensitization could be achieved by vapor - deposited PcCu and by surface - bound 
tetrasulfonated copper phthalocyanine on n - SnO 2  conducting glass  [218]  and also 
by vapor - deposited thin fi lms of PcH 2  on single - crystal electrodes of n - TiO 2 , 
n - SrTiO 3 , n - WO 3 , n - ZnO, n - CdS, n - CdSe, n - Si, n - GaP, or slides of SnO 2  conducting 
glass  [219] . The sensitization capability of the phthalocyanine layers could clearly 
be shown by anodic photocurrents that followed the absorption spectrum in their 
spectral dependence but the quantum effi ciency of the sensitization was generally 
low and photocorrosion of the semiconductor substrate electrodes (evident for 
those materials of smaller band gap) could not be suppressed suffi ciently. The 

     Figure 4.10     Schematic representation of different observed reactions involved in the 
light - induced charge transfer at phthalocyanine surfaces with adsorbed reactant species.  
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same conclusion was drawn from an extended study in which also fi lms of PcMg, 
PcZn, PcAl(Cl), PcTi(O), PcCo, and PcFe on single - crystalline n - TiO 2  or n - WO 3  
were investigated  [220] . In more recent studies it was found that although surface 
defects on TiO 2  quenched the photocurrent from light absorption in the oxide 
electrode, the (sensitized) photocurrents following light absorption in the phthalo-
cyanine were left widely unchanged  [221]  and details of the energy level alignment 
were discussed. It was also shown that the fi lm morphology of PcTi(O) or PcV(O) 
played a crucial role. Closed layers of the materials led to the occurrence of cathodic 
photocurrents originating from the phthalocyanine as active semiconductor mate-
rial as discussed in the preceding paragraph, whereas islands of the materials led 
to sensitized anodic photocurrents  [222] . 

 The photoelectrochemical properties of PcIn(Cl) thin fi lms were also investi-
gated on single - crystalline layered semiconductor electrodes of SnS 2  or MoS 2   [223, 
224] . These surfaces turned out to provide a suitable substrate to deposit highly 
ordered epitaxial phthalocyanine fi lms by organic molecular beam epitaxy and also 
to allow the study of such fi lms as sensitizers for n - type semiconductors. Very 
narrow absorption spectra and also photocurrent action spectra could be obtained 
speaking for a well - defi ned crystallization of PcIn(Cl) on n - SnS 2  and injection of 
electrons from the excited state of the dyes in the crystallites into SnS 2 . A quite 
constant quantum effi ciency of about 10% was found when such highly ordered 
fi lms were compared with polycrystalline fi lms indicating a direct injection of 
charge from molecules adjacent to SnS 2  since otherwise more pronounced differ-
ences should have been observed among the different crystalline modifi cations 
 [224] . An increased quantum effi ciency of up to 44% was obtained for fi lms of 
phthalocyanines carrying eight dodecylamide or dodecylester functions drop -
 coated from solutions on SnS 2   [225] . These fi lms showed liquid - crystalline proper-
ties and small chromophore interaction. The high quantum effi ciency was reached 
for fi lms of sub - monolayer coverage and decreased for thicker fi lms pointing 
toward effi cient injection again only from molecules close to the interface with 
SnS 2 . Consequently the  incident photon to current conversion effi ciency  ( IPCE ) 
for sub - monolayer or thicker fi lms (up to 30 equivalent monolayers) was found 
quite constant at only 0.8%. 

 Higher effi ciencies of phthalocyanine - modifi ed oxide semiconductor electrodes 
could be achieved if nanoparticulate oxide fi lms were used since the electrode 
surface and hence the interface area of the phthalocyanine with the oxide could 
be increased signifi cantly. In these cases a monolayer of phthalocyanine on the 
nanoparticles provided suffi cient light absorption. A high quantum effi ciency can 
be maintained if aggregation of the phthalocyanines can be suppressed. Vapor 
deposition of the phthalocyanines therefore turned out to be not appropriate. The 
chromophores were typically adsorbed from solutions and preferably of phthalo-
cyanines that carried a chemical substituent that provided good anchoring to the 
oxide surface. Tetrasulfonated metal - free phthalocyanine and the complexes of Zn, 
Ga(OH), Co, In(OH), and Ti(O) were adsorbed to nanocrystalline fi lms of TiO 2  
prepared by the sol – gel technique and their photoelectrochemical activity was 
measured under monochromatic illumination  [226] . Among these, the zinc 
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complex showed the highest IPCE at a sensitization quantum yield of still only 
5.7%. Also investigated was the Al complex of tricarboxymonoamidephthalocya-
nine adsorbed on commercial TiO 2  particles and photocatalytic oxidations of 
organic molecules like phenols or hydroquinone could be achieved  [227] . A com-
posite electrode of TiO 2 /phthalocyanine could also be prepared by spray pyrolysis 
of a mixed solution of titanium oxyacetylacetonate and the Cu complex of a tet-
rasulfonated phthalocyanine with a sensitized photocurrent obtained in the 
phthalocyanine Q band absorption range. However, the photocurrents reached 
only a few  µ A   cm  − 2  under illumination with 100   mW   cm  − 2  of white light  [228] . Also, 
attempts have been made to prepare very complex materials of TiO 2  particles 
modifi ed by quantum - sized CdS on the surface and then further modifi ed by 
Ga(OH), Zn, In(OH), or V(O) complexes of tetrasulfonated phthalocyanines. Effi -
cient sensitization by monomers of the Ga(OH) complex was claimed  [229]  at an 
IPCE of up to 10%, but photocorrosion was a severe problem for such electrodes 
as reported earlier. Signifi cantly more effi cient electrodes sensitized by phthalocy-
anines have been prepared by use of an Ru complex of octamethylphthalocyanine 
with two additional axial ligands of pyridine - biscarboxylic acid to bind to the oxide 
surface grafted to nanoparticulate TiO 2   [114] . An IPCE of 60% and photocurrents 
of 10   mA   cm  − 2  were reached under illumination with white light under AM 1.5 
conditions. In a study using a number of differently carboxylated or sulfonated 
phthalocyanine complexes of Zn or Al(OH), similar values were reached with the 
Zn complexes of tetracarboxyphthalocyanine or tetrasulfophthalocyanine. These 
showed the best performance within this group of materials reaching an IPCE of 
30 – 45% and a conversion effi ciency of about 1% under AM 1.5 (100   mW   cm  − 2 ) 
conditions  [115] . Recently the conversion effi ciency of phthalocyanine sensitizers 
for TiO 2  could be increased to 3.5% at an IPCE of 80% by use of a zinc phthalocya-
nine with a carboxylic acid group as anchor at one of the four benzo groups of the 
ligand and a tertiary butyl group attached to each of the other four benzo groups 
 [121] . Among electrodes sensitized by phthalocyanines these are very promising 
values, but it should be kept in mind that around 10% effi ciency is typically 
reached by dyes of the Ru trisbipyridyl class when adsorbed at TiO 2 . Also, zinc 
tetraphenylporphyrins have been widely optimized by additional substituents in 
the phenyl group of the ligand and by the choice of an additional carboxylate 
anchoring group  [110 – 112] . A zinc tetraphenylporphyrin with a styrylbenzoic acid 
anchor led to a conversion effi ciency of 4.2% under AM 1.5 conditions and at an 
IPCE in the Soret band maximum of 80%  [110] . The same anchor group, but with 
four xylyl groups instead of the phenyl groups in the ligand led to an increase of 
4.8% conversion effi ciency at 75% maximum IPCE. A zinc tetraphenylporphyrin 
with a cyanoacrylic acid anchor provided a conversion effi ciency of 5.6%  [111] . 
Recently, a zinc tetraphenylporphyrin with a toluyl group instead of the phenyl 
group and a malonic acid anchor group was reported as having reached a conver-
sion effi ciency of 7.1%  [112] . It was found that the substituted phenyl groups acted 
as electron donor and the conjugated anchor groups as electron acceptor and that 
this push – pull arrangement led to such excellent values compared to other sensi-
tizers of the porphyrin and phthalocyanine type with respect to the effi ciency and 
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also when compared to the Ru - sensitized cells with respect to cost, availability, 
and environmental benignity  [112] .    

   4.5.2 
Purely Organic Dyes 

 Aside from porphyrins and phthalocyanines, classic organic dyes without any 
metal center are also suitable candidates for effi cient sensitizers in DSSCs. A 
number of molecules from different classes of dyes have been studied adsorbed 
to nanoparticulate TiO 2  as established semiconductor material. Results have been 
summarized in two recent reviews  [127, 230] . Xanthene dyes, and particularly 
coumarin - based dyes have been studied, reaching incident photon - to - current effi -
ciencies of IPCE    =    70 – 80% in their absorption maximum around 470   nm  [231] . 
By covalent attachment of methine bridges to a substituted coumarin moiety, an 
IPCE of 84% at 540   nm and a conversion effi ciency of   η      =    6.7% could be reached 
 [232] , extended to   η      =    7.4% by use of an oligothiophene bridge to the carboxylate 
anchor group  [233] . Oligoene systems with substituted dialkylaniline or diary-
laniline instead of coumarin moieties have also been studied and reached   η      =    6.6 –
 6.8%  [234, 235]  at IPCE    >    80%  [236] . Dialkylaniline substituents were also used to 
introduce asymmetry into squaraine dyes leading to increased effi ciency compared 
to the symmetric analogs and even providing injection from aggregated sensitizers 
 [237] . Indoline dyes have been successfully optimized as sensitizers for TiO 2   [238]  
with effi ciencies claimed of up to   η      =    8.0%, at, however, unrealistically high photo-
currents of 18.5   mA   cm  − 2  at IPCE    <    90%. Thienylfl uorene dyes with arylaniline 
donor and cyanoacrylic acid acceptor and anchor substituents in conjugation led 
to sensitized photocurrents at   η      =    5.5%  [239] , and hemicyanine dyes also per-
formed at IPCE    =    74% and   η      =    5.2%  [240] , indicating the great potential of a 
variety of organic dyes as sensitizers for DSSCs when appropriately substituted 
with electronic donor and acceptor as well as chemical binding groups.   

   4.6 
Electrodeposition of Hybrid  ZnO /Organic Thin Films 

 Motivated by the great potential of electrodeposition as a technology (Section  4.2 ) 
  and for the preparation of active ZnO semiconductor electrodes in particular (Section 
 4.3 ) and in view of the applicability of ZnO as sensitized photoelectrode (Section 
 4.4 ), electrodeposition of hybrid ZnO/dye materials was developed as an alternative 
to prepare dye - sensitized electrodes, to make optimum use of ZnO as a material, 
and to avoid the high processing temperatures otherwise used that are disadvanta-
geous in view of a free choice of substrate and optimized energy effi ciency in cell 
preparation. The need of a chemical anchor group (carboxylates, sulfonates, etc.) at 
the sensitizers (Section  4.5 ) leading to water solubility in a number of cases  [177]  
allowed the addition of the prospective sensitizers to the deposition bath of ZnO, 
allowing them to adsorb to the growing ZnO fi lm and thereby produce hybrid 
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materials of ZnO with the prospective sensitizers. This work has been thoroughly 
reviewed  [241] , also more recently  [27] . In the presence of water - soluble dyes, 
porous but still crystalline ZnO semiconductor thin fi lms were deposited (Figure 
 4.2 b) that contained the dye molecules in their pores leading to organic/inorganic 
hybrid materials  [242] . Such materials were successfully grown in the presence of 
tetrasulfonated phthalocyanines (TSPcMt)  [243 – 246] , xanthene dyes such as  eosin 
Y  ( EY ) or phloxine B (PB)  [247 – 250] ,  tetrabromophenol blue  ( TB )  [251, 252] , ribo-
fl avin phosphonate (R5P)  [253] , and  cis  - dithiocyanato - bis(4,4 ′  - dicarboxylic acid -
 2,2 ′  - bipyridine)ruthenium(II) (N3)  [254]  as shown in Figure  4.11 . This one - step 
preparation with the dye in the nitrate - based bath for the ZnO electrodeposition 
led to simultaneous self - assembly of ZnO and the adsorbed dye and thereby 
yielded homogeneously colored crystalline ZnO fi lms with porous morphology. 
The dyes showed good compatibility with the aqueous deposition conditions and 
a suitable range of redox potentials to allow proper alignment of the energy levels 
in the contact to ZnO. Adsorption of dye molecules onto the growing surface of 
ZnO strongly affected the crystal growth of the ZnO and led to a signifi cantly 
higher surface area when compared to pure ZnO fi lms formed without addition 
of the dyes, opening up a new synthetic route to photoactive materials for 

     Figure 4.11     Scanning electron microscopy 
analysis of ZnO/dye hybrid thin fi lms 
electrodeposited at  − 0.9   V and 70    ° C for 
60   min from a 0.1   M Zn(NO 3 ) 2  aqueous 
solution: (a) pure ZnO; (b) ZnO/TSPcZn 

hybrid; (c) ZnO/TSPcAl hybrid; (d) ZnO/
TSPcSi hybrid; (e) ZnO/EY hybrid; (f ) ZnO/
PB hybrid; (g) ZnO/TB hybrid; (h) ZnO/N3 
hybrid; (i) ZnO/R5P hybrid.  Reprinted with 
permission from  [241] .   
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dye - sensitized semiconductor electrodes. Strongly differing crystal sizes, mor-
phologies, textures of fi lms, and porosities of the crystalline ZnO, as well as differ-
ent degrees of aggregation of the dye molecules could be obtained dependent 
upon the adsorbed dye molecules and proper choice of the deposition conditions 
(Figure  4.11 )  [241, 244, 247] . For TSPc, for example (Figures  4.11 b – d), the choice 
of the central metal group allowed the growth of fi lms of quite remarkably different 
morphology and relative orientation of the ZnO nanocrystals  [244] . The formation 
of ester - like bonds through the sulfonic acid groups of a TSPcMt molecule to the 
surface of ZnO was assumed to play a decisive role in this assembly, since a forma-
tion of such bonds was also seen in TSPcCo/TiO 2  composites  [255] . The adsorption 
of TSPcMt preferentially occurred onto the  a / b  - plane of ZnO crystals, since crystal 
growth predominantly along the  a  - axis and  b  - axis was observed. The overall growth 
direction is defi ned vertical to the electrode. Therefore those ZnO crystallites 
with their  a  - axis and  b  - axis perpendicular to the substrate grew faster and repre-
sented the preferential crystal orientation of the fi nal fi lm as detected by X - ray 
diffraction  [244] . Differences in the stability of TSPcMt adsorption to different 
crystallographic faces of ZnO led to a signifi cant anisotropy of the crystal growth.   

 The dye molecules in the hybrid materials not only adsorbed to ZnO but also 
formed well - defi ned intermolecular structures which were studied by UV – visible 
absorption spectroscopy. The interaction of the chromophores in condensed dye 
assemblies led to specifi c changes of the electronic structure  [125, 177, 180, 181]  
discussed in detail for the electrodeposited ZnO/TSPcZn hybrid thin fi lms  [244, 
245] . Films electrodeposited at  − 0.7 (slow growth) or  − 0.9   V vs. SCE (faster growth) 
showed characteristic differences. Both fi lms were blue and less scattering than 
the pure ZnO, but the fi lm deposited at  − 0.7   V obviously contained a higher 
amount of dye and showed formation of  π  - stacking aggregates of TSPcZn by a 
split spectrum in the Q band range as opposed to the fi lm deposited at  − 0.9   V 
which was pale blue and showed only the peak expected for monomeric TSPcZn 
 [256] . Washing the ZnO/TSPcZn hybrid thin fi lm deposited at  − 0.7   V with a sur-
factant solution led to partial desorption of TSPcZn molecules from the composite 
fi lms and converted their absorption spectra to those very similar to those of the 
hybrid thin fi lm deposited at  − 0.9   V  [244] . Formation of dye multilayers due to dye/
dye interaction in the fi lms deposited at  − 0.7   V was thereby indicated. 

 Photocurrent spectra, time - resolved photocurrent measurements, and  intensity -
 modulated photocurrent spectroscopy  ( IMPS ) revealed sensitized photocurrents 
at these electrodes in contact with an organic   I /I2 3

− electrolyte. In line with typical 
homogeneous photosensitization effi ciencies (Section  4.5.1.2 ) it was found that 
increased aggregation led to decreased electrode effi ciencies  [245, 246, 257] . A 
considerably higher quantum effi ciency of monomeric dye when compared with 
aggregated dye was thereby shown (Figure  4.12 ). The achieved IPCE values were 
generally low. TSPcSi(OH) 2  showed the highest quantum effi ciency of the studied 
compounds, a factor of about 3 higher compared with monomeric TSPcZn and a 
factor of about 17 higher than TSPcAl(OH). More effi cient electron injection from 
the excited state of the dye to the conduction band of ZnO was explained by a more 
suitable relative position of the electron energy levels combined with a strong 
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chemical interaction of TSPcSi(OH) 2  with ZnO  [246, 257] . Aggregates of TSPcMt, 
however, showed a more facile regeneration of the neutral dye, i.e., faster transfer 
of electrons from   I3

− to the aggregates compared to the monomers  [245, 257] . In 
these experiments it was also found that TSPcSi(OH) 2  provided faster and more 
effi cient electron injection into ZnO compared with TSPcZn or TSPcAl(OH)  [245, 
246, 257] .   

 The interplay of different dye molecules present during the electrodeposition 
reactions of dye - modifi ed ZnO was studied for zinc complexes of tetrasulfonated 
phthalocyanine (TSPcZn, Figure  4.4 a) and tetraphenylporphyrin (TSTPPZn) in 
which case both dyes (Figure  4.4 b) were simultaneously adsorbed to form a hybrid 
material with ZnO  [258] . The typical absorption bands for both dyes were detected. 
Films of TSPcZn/ZnO consisted of larger particulate domains when compared 
with TSTPPZn/ZnO or (TSTPPZn    +    TSPcZn)/ZnO. The presence of the porphy-
rin stabilized the phthalocyanine on the ZnO since a greater amount of TSPcZn 
was adsorbed. In the photosensitization of ZnO, TSPcZn and TSTPPZn worked 

     Figure 4.12     Spectral dependence of the IPCE 
(circles) in the oxidation of iodide at  − 0.2   V 
vs. Ag/AgNO 3  and optical absorption spectra 
(solid curves) of TSPc/ZnO hybrid materials 
grown from a 0.1   M Zn(NO 3 ) 2  aqueous 
solution maintained at 70    ° C: (a) TSPcZn/

ZnO grown at  − 0.7   V vs. SCE; 
(b) TSPcZn/ZnO grown at  − 0.9   V vs. SCE; 
(c) TSPcAl(OH)/ZnO grown at  − 0.9   V vs. 
SCE; (d) TSPcSi(OH) 2 /ZnO grown at  − 0.9   V 
vs. SCE.  Reprinted with permission from 
 [257] .   
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in parallel using light in their respective absorption range  [259] . The presence of 
TSPcZn led to a threefold increase of the photoelectrochemical quantum effi ciency 
of TSTPPZn  [259] . An increased rate constant of electron transfer to oxidized 
TSPcZn (regeneration reaction) suppressed the competing recombination via 
TSTPPZn and TSPcZn took over a role as charge mediator in the regeneration 
reaction of oxidized TSTPPZn. Nevertheless only poor IPCE in the 0.1% range 
could be reached for these electrodes with aggregates of TSPcZn and an overall 
small surface area of the hybrid material. 

 Hybrid electrodes of ZnO with EY deposited in one step from such nitrate - based 
solutions already showed higher effi ciency than those with TSPcZn, TSTPPZn, or 
other dyes mentioned above  [247, 249, 257] . The current decreased throughout the 
potential range upon addition of EY during electrodeposition of ZnO and highly 
porous, large grains of ZnO were formed by specifi c hindrance of crystal growth 
at the predominant face of ZnO for the adsorption of EY  [241] . A systematic broad-
ening of the nucleation peak in the chronoamperogram occurred: it was shifted 
to later times and a decrease of the steady - state current was observed upon 
increased concentrations of EY. Furthermore, when the dye concentration was 
higher than 100    µ M, no fi lm was deposited, confi rming the hindrance of growth 
by adsorbed EY  [249] . The fi lms were colorless following deposition but gradually 
turned to red when kept in air afterwards, indicative of an electrochemical reduc-
tion of EY during fi lm deposition and subsequent re - oxidation. EY was present in 
these fi lms as aggregates in a remarkably increased concentration but nevertheless 
led to similar photosensitization quantum yields as the most effi cient TSPc in the 
lowest concentration. Photocurrents a factor of about 100 higher in the 1   mA   cm  − 2  
range under white light illumination were thereby obtained and facile electron 
transfer from EY to ZnO and from   I3

− to oxidized EY was concluded from time -
 resolved photocurrent measurements  [247, 249, 257] . An almost rectangular 
photocurrent response was obtained with almost no overshoot above the stationary 
value, indicating only a small amount of surface charging. When the illuminating 
beam was shut, a small cathodic current was observed, suggesting a slightly 
hindered electron transfer from   I3

− to the oxidized EY. From IMPS and  intensity -
 modulated photovoltage spectroscopy  ( IMVS ) it was concluded that no electric 
fi eld existed in the porous electrodes that would change with the applied potential 
and thereby would lead to changes in the concentration of free electrons at the 
surface. The observed transient time showed a fast diffusion of electrons in the 
porous single - crystalline ZnO. Values of the electron lifetime of about two seconds 
were determined. Compared with previous data, it was concluded that the lifetime 
of the free electrons in the porous single crystal of ZnO electrodeposited in the 
presence of EY was considerably larger than that in nanoparticulate ZnO  [260]  and 
comparable to TiO 2  typically used in the most effi cient DSSCs  [85] . Also from this 
analysis, the thin fi lms of porous single crystals of ZnO as obtained by electrodepo-
sition of ZnO under structural control by EY can be considered promising elec-
trode materials  [249] . 

 The role of EY as a  structure - directing agent  ( SDA ) in the electrodeposition of 
ZnO could be developed to an even greater extent (Figure  4.2 b) when the deposi-
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tion was performed from deposition solutions with O 2  as oxygen precursor for 
ZnO rather than   NO3

−  [27, 261, 262] . Also hybrid materials of TSPc with ZnO were 
deposited from O 2  - based solutions as in the example of TSPcNi leading to a range 
of materials stretching from monomers of TSPcNi embedded into ZnO crystals 
to amorphous networks of TSPcNi with corresponding contrasting optoelectronic 
properties  [263] . The EY/ZnO hybrid materials consisted of well - adhering hybrid 
thin fi lms with a high content of EY and excellent crystallinity. The reaction 
allowed such precise control that even epitaxial growth could be achieved on the 
(0001) face of GaN  [264]  as well as ZnO  [72]  substrates. The adsorption of EY 
during fi lm growth was shown to have a strong infl uence on the lattice constant 
of the growing highly porous sponge - like crystals by an expansion of the ZnO 
lattice by 3.6% in the  c  - direction  [72] . Hybrid EY/ZnO thin fi lms could be obtained 
over a wide potential range, even at potentials more positive than the reduction of 
the dye. If the electrodeposition was carried out at potentials where EY was 
reduced, a signifi cantly larger amount was incorporated into the fi lms caused by 
an increased stability by formation of a complex between the reduced dye and Zn 2 +   
 [249] . In contrast to the situation during depositions from nitrate - based solutions, 
the addition of EY accelerated the reduction of O 2  and the subsequent fi lm growth 
 [261] . Addition of EY even at a concentration as low as 1   mM largely enhanced the 
cathodic current. With increasing additions of EY, the current systematically 
increased. The increase of current was caused by electrocatalysis of EY in the O 2  
reduction to different extent, however, when different electrode potentials were 
discussed  [27]  and led to an increased rate of ZnO deposition with a Faradaic 
effi ciency of 100%  [265] . Quite different mechanisms of electrocatalysis for the 
reduction of O 2  were found relevant for EY in its neutral or reduced state  [27] . EY/
ZnO electrodes prepared by these means from O 2  - saturated solutions showed 
photoelectrochemical sensitization characteristics towards ZnO in standard 
iodine - containing electrolytes of 2.3   mA   cm  − 2  under illumination by 200   mW   cm  − 2 . 
But with this performance their effi ciency was only slightly higher than for those 
from the nitrate deposition solutions despite the clearly improved electrode struc-
ture combining high crystallinity and high surface area, also leading to good 
accessibility of the sensitizer in the electrode and fast electrode kinetics as seen in 
time - resolved photocurrent measurements  [261] . If Coumarin 343 (C343) was 
used as SDA instead of EY during electrodeposition, signifi cantly different textures 
of the growing porous crystalline ZnO were observed  [27] . Whereas ZnO was 
oriented with its  c  - axis parallel to the substrate surface normal in the case of EY/
ZnO, it was oriented with its  c  - axis perpendicular to it in the case of C343/ZnO.  

   4.7 
Porous Crystalline Networks of  ZnO  as Starting Material for 
Dye - Sensitized Solar Cells 

 The good accessibility of EY incorporated in the porous ZnO crystalline network 
detected in the photoelectrochemical characteristics was used to desorb the dye 
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and dissolve it in aqueous KOH solution (Figures  4.13 a – c). This reaction was 
originally performed to determine the amount of EY in the fi lms and to provide 
a lower estimate of the pore volume within the ZnO fi lms. A complete desorption 
of the dye was observed for hybrid fi lms deposited at potentials at which EY was 
present in reduced form. The amount of dye desorbed from the fi lms corresponded 
to a volume of 40% of the total volume of the hybrid fi lm  [265] . The porous crystal-
line structure was preserved after extraction of EY  [27, 247, 249] . These elec-
trodeposited fi lms therefore were found to consist of well - defi ned ZnO crystals 
stretching over a few micrometers in size with a large internal surface area because 
of the formation of nanopores within the grains, originally created by incorporated 
EY during electrodeposition but then empty following its desorption  [27] .   

 This porous crystalline network of ZnO was used as a matrix to adsorb a variety 
of sensitizer molecules (Figures  4.13 d – e). Electrodes prepared this way performed 
at signifi cantly higher effi ciency than the electrodes sensitized by dyes in the 
as - deposited fi lms  [266 – 269] , and also reached the presently achieved record 
effi ciency for cells based on electrodeposited ZnO  [27]  sensitized by a well - adapted 

     Figure 4.13     Optimized utilization of (a) electrodeposited ZnO/eosinY by (b) desorption of 
eosinY leaving the (c) pure porous ZnO matrix to which the (d) sensitizer is adsorbed from 
solution to yield the (e) optimized sensitized ZnO with accessible inner surface.  

a

b

desorption of EY
in KOHaq

adsorption of sensitizer
from solution

d

c e

electrodeposited
ZnO/eosinY film

~1 cm2 / cm2

porous crystalline
ZnO film

~100 cm2 / cm2

sensitized ZnO film

~20 cm2 / cm2 - 120 cm2 / cm2
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indoline sensitizer  [270] , that is, reaching IPCE    >    80% close to the absorption 
maximum. The best performing indoline dye (D149, Figure  4.14 )  [270]  achieved 
a short - circuit photocurrent of  I  SC     =    12.23   mA   cm  − 2 , an open - circuit voltage of 
 V  OC     =    691   mV, a fi ll factor of FF    =    0.658, and an overall conversion effi ciency of 
  η      =    5.56% (Figure  4.15 )  [27] . Electrodes based on ZnO deposited in the presence 

     Figure 4.14     Structural formula of 5 - [[4 - [4 - (2,2 - diphenylethenyl)phenyl] - 1,2,3,3a,4,8b -
 hexahydrocyclopent[b]indol - 7 - yl]methylene] - 2 - (3 - ethyl - 4 - oxo - 2 - thioxo - 5 - thiazolidinylidene) - 
4 - oxo - 3 - thiazolidineacetic acid (D149).  

     Figure 4.15     Current – voltage curve (left axis) 
and achievable power density (right axis) of a 
state - of - the - art photoelectrochemical cell 
consisting of electrodeposited porous ZnO 

sensitized by D149 in contact to a standard 
iodine - based electrolyte.  Reprinted with 
permission from  [27] .   
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of EY combine a high internal surface area for suffi cient sensitizer adsorption 
securing a good light - harvesting effi ciency with rapid electron transport in the 
crystalline ZnO fi lms proven by time - resolved photocurrent and photovoltage 
measurements as well as IMPS and IMVS experiments  [268, 269, 271, 272]  leading 
to the observed collection effi ciency close to unity  [27] . These electrodes offer good 
prospects to study other sensitizers of the organic dye or metal complex type  [266, 
270, 273]  to investigate their suitability for ZnO as semiconductor material. This 
work has been thoroughly reviewed recently  [27] .    

   4.8 
Adaptation of Electrodeposition Towards Specifi c Demands of 
Alternative Substrate Materials 

 Active semiconductor structures consisting of electrodeposited porous yet crystal-
line ZnO sensitized by organic dyes were prepared from precursor solutions under 
moderate temperature and using techniques that are easily scalable to large - area 
applications. In most of the cited studies, a  transparent conductive oxide  ( TCO ) 
on glass was used as substrate electrode because of good availability and conven-
ient working conditions in preparation and analysis. Glass, however, is a rather 
costly material, heavy, mechanically fragile, and therefore not fl exible. Further, 
glass can economically be produced as fl at sheets, but the variety of shapes and 
structures is quite limited. Electrodeposition, on the other hand, does not require 
the high processing temperatures that glass is often applied for, and can be per-
formed for a variety of shapes and structures. The technology of electrodeposition 
and subsequent sensitization as well as the dye - sensitized cells as assemblies are 
perfectly compatible with glass as substrate material, but electrodepoosition does 
not fully utilize the potential of glass as a substrate material and, vice versa, glass 
as a substrate material does not allow to fully benefi t from the advantages of elec-
trodeposition as a truly three - dimensional coating technique. New applications can 
therefore be created and the potential of electrodeposition fully utilized if adapted 
to alternative substrates. 

   4.8.1 
Plastic Solar Cells 

 Although plastic foils are limited in their thermal stability, and hence the prepara-
tion of conductive oxide fi lms on plastic substrates is still a challenge, TCO on 
plastic foils have now become available  [274 – 278] . In the present context it may 
be of special relevance that also ZnO - based coatings on plastic are available  [277, 
278] , presumably good substrates for the electrodeposition of ZnO. Demonstrator 
DSSCs based on electrodeposited ZnO on plastic substrates  [27]  have been pre-
sented by Gunze Ltd, Japan, as part of a wearable solar charger for mobile electron-
ics (Figures  4.16 a and  4.16 b) and by Sekisui Jushi Corporation, Japan, within 
concepts of illuminated road signs whose batteries could be charged by these cells 
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(Figures  4.16 c and  4.16 d). A conversion effi ciency of   η      =    1.4% was achieved in the 
demonstrator but was driven to 4% for miniature cells. These demonstrators 
clearly showed the feasibility of such plastic DSSCs and large - area applications 
will largely depend on the availability and quality of these or other conductively 
coated transparent plastic foils.    

   4.8.2 
Textile - Based Solar Cells 

 To allow direct human access to mobile electronics, their integration into textiles 
is very attractive because of the ruggedness and fl exibility of textiles and hence 

     Figure 4.16     Demonstrator objects of 
photoelectrochemical cells based on 
porous ZnO (see text) on plastic substrates: 
(a) star - shaped individual cell; (b) cells 
mounted on a wearable belt and connected 

to charge the battery of a mobile phone; 
(c) triangular cells mounted into a stop - sign; 
(d) triangular cells mounted into a directional 
arrow road sign.  Reprinted with permission 
from  [27] .   
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increased comfort of use. In particular, sensors that monitor body functions or 
the environmental conditions of mobile work places (fi refi ghters, etc.) are needed 
in direct contact to the user, preferably integrated into textiles. Sensors and elec-
tronic components have been miniaturized and have become very modest in their 
demand of energy. The ideal energy supply, however, would be independent of 
the electric grid and would not demand any replacement of parts. Such independ-
ent supply could be provided by photovoltaic cells if the user will be occasionally 
exposed to light. 

 Textiles have become attractive electrode materials. Metalized threads and 
threads of fi ne steel wires show remarkable conductivity and mechanical fl exibility. 
Good integration of conducting pathways into textiles could thereby be achieved 
using spatially well - controlled positioning of individual threads in textiles by tra-
ditional textile technologies, for example, weaving or stitching  [279 – 282] . Textile -
 based electronic and sensor devices are therefore sought that realize their function 
on textile threads to be integrated into textile structures with their extreme fl exibil-
ity and ruggedness and maintain the attractive functionality of textiles and wearing 
comfort also for such functionalized textiles. Photovoltaic cells by nature of their 
function need to cover a considerable area and hence the presence of classical 
photovoltaic devices considerably interferes with the textile characteristics of a 
garment. Foil - based cells are preferred to bulk devices in this respect (Figure  4.16 ) 
but even they represent a clear alteration of the wearing comfort. Therefore textile -
 based photovoltaic cells, directly realized on threads and garments, will represent 
a big step forward. Photovoltaic active junctions are therefore sought that can be 
prepared at temperatures low enough to be compatible with textile structures and 
that are compatible with electrode distances in the 100    µ m range, a typical distance 
of threads in ultrafi ne woven textiles  [279, 280] . 

 DSSCs represent a technology which can routinely use electrode distances in 
the cells already of about 50    µ m  [283] . Following further optimization such cells 
should be compatible with the electrode distance that can be realized by the dis-
tance of threads in textiles. Recently DSSCs based on porous TiO 2  prepared on 
wires of stainless steel  [284 – 286]  or titanium  [287]  have been reported and their 
function could be proven. TiO 2 , however, required annealing temperatures far 
beyond the stability range of typical textile substrates. ZnO as discussed above 
(Section  4.3 ) can be prepared as a porous semiconductor for DSSCs in low -
 temperature processes well compatible with textile electrodes ( < 150    ° C). Elec-
trodeposition occurs to all exposed conductive sides of a three - dimensional object 
and is technically well compatible with typical textile fi nishing technologies. It 
therefore represents a straightforward strategy to prepare, study, and optimize 
sensitized ZnO on textile threads and on thin wires that are compatible with the 
manufacturing of textiles to realize textile - based photovoltaic cells. Aside from the 
motivation to provide a grid - independent energy supply for textile - based electron-
ics, the development of textile - based photovoltaics may turn out to be an attractive 
strategy towards mechanically very fl exible and rugged solar cells. 

 As a conductive textile electrode, Shieldex ® , an Ag - coated polyamide yarn pro-
duced by Statex Produktions  &  Vertriebs GmbH (Bremen, Germany) represented 
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     Figure 4.17     Optical microscopy image of an ELITEX ®  thread and a waver structure thereof 
(inset).  Reprinted with permission from  [279] .     

a reasonable textile starting point. Electroplating of additional Ag  [279, 280]  led to 
highly conductive ELITEX ®  fi laments, yarns, and knitted fabrics (Figure  4.17 ). 
ELITEX ®  fi laments (typically 27    µ m in diameter), threads (consisting of 34 fi la-
ments), or knitted fabrics of either threads or fi laments were connected as a 
working electrode but sealed between laminating foil as mechanical support and 
electrical insulation to electrodeposit highly porous ZnO fi lms at 70    ° C from 
oxygen - saturated aqueous zinc salt solutions containing EY as a structure directing 
agent (Figure  4.18 b)  [288] . The current density during deposition was increased 
compared with planar electrodes by enhanced diffusion at the fi laments operating 
as cylindrical microelectrodes (Figure  4.18 a). The fi lm morphology was strongly 
infl uenced by geometrical constraints within the threads and by the hydrodynamic 
fl ow rate in the deposition solution. EY was desorbed from the electrodes and N535, 
an established Ru sensitizer, was adsorbed (Figure  4.18 c). The photocurrent 
observed for such textile electrodes increased to a peak value of 1.3   mA   cm  − 2  in the 
beginning of a white light pulse (AM 1.5) indicating facile electron injection from 
the photoexcited sensitizer (Figure  4.18 d) but then signifi cantly decreased accom-
panied by corrosion of the Ag electrode in the iodine - containing electrolyte  [288] .   

 Considerably improved morphology and uniformity were achieved by the use of 
a nitrate - based deposition bath for EY/ZnO under pulsed potentiostatic control 
 [289] . These conditions turned out advantageous to control the conditions of mass 
fl ow and to suppress parasitic currents which otherwise severely interfered with 
the desired fi lm growth. Homogeneous porous fi lms of ZnO were formed from 
which EY could be desorbed in a method adapted from the one developed for fi lms 
from O 2  - based solutions (Figure  4.19 ). The textile - supported ZnO electrodes were 
then sensitized by D149, one of the best indoline sensitizers for ZnO  [27]  but still 
showed negligible photovoltaic parameters of   η      <    0.1%, still caused by electron 
back transfer from the Ag electrode and by its corrosion  [289] .     
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     Figure 4.18     Results of electrodeposition of 
sensitized ZnO on ELITEX ®  conductive 
textiles. (a) Current density during 
electrodeposition at 70    ° C from a resting 
oxygen - saturated aqueous 0.1   M ZnCl 2  
solution with 50    µ M eosinY (squares 
averaged by the dashed line) compared to 
the current density observed at a planar 
substrate rotating at 500   rpm under 
otherwise identical conditions (solid line). 

(b) Optical microscopy of a knitted fabric of 
an ELITEX ®  bundle covered by ZnO/eosinY. 
(c) Knitted fabric of an individual ELITEX ®  
fi lament following desorption of eosin Y 
and adsorption of N3 as sensitizer. 
(d) Photocurrent observed at the 
N3 - sensitized electrode (see (c)) in an 
iodine - containing standard organic 
electrolyte.  Reprinted with permission 
from  [288] .   
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 Signifi cant progress in the fi eld towards effi ciencies at least in the region of 1% 
was achieved when textile - compatible threads and fi laments were used with a 
protective passivation layer (Figure  4.20 ) which provided decreased rates of 
electron back transfer and corrosion  [290] . Suitable conditions for electrodeposi-
tion on such surfaces are being developed and their optimization is being 
undertaken.     

   4.9 
State of the Art and Outlook 

 Electrodeposition not only of metals but also of compound semiconductors has 
reached a level of quality and control that large - scale applications have become 
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     Figure 4.19     Results following 
pulsed electrodeposition of ZnO/
eosin Y on ELITEX ® . (a) Current 
density (solid curve) during 
controlled potential (dashed 
curve) polarization pulses of 
individual fi laments at 70    ° C 
immersed into 0.1   M aqueous 
Zn(NO 3 ) 2  with 50    µ M eosin Y as 
structure - directing agent, (b, c) 
Scanning electron micrographs 
showing the homogeneous 
coverage of the textile electrodes 
with porous composite material. 
(d) Refl ectance spectra of 
electrodeposited ZnO/eosin Y 
(open squares) and D149 -
 sensitized ZnO (open triangles) 
on ELITEX ®  (right axis) and of 
ZnO/eosin Y (fi lled squares), 
ZnO following desorption of 
eosin Y (circles), and D149 -
 sensitized ZnO (fi lled triangles) 
on Ag - coated FTO (left axis). In 
the inset, photographs of 
as - deposited ZnO/eosin Y, fi lms 
after desorption of eosin Y, and 
fi lms after adsorption of D149 
are shown on Ag - coated FTO 
(upper left) and on ELITEX ®  
(lower right) to provide a 
visual impression.  Reprinted 
with permission from  [289] .   
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achievable. ZnO is a very attractive candidate for large - area applications of 
semiconductors because of only small toxicity problems and abundance of the 
materials. ZnO therefore has good potential to contribute to photovoltaics on the 
very large scale with a perspective to signifi cantly contribute to a regenerative 
energy supply of a growing world population. The crystallographic and morpho-
logic control of electrodeposited ZnO has increased tremendously over the last 
decade and now devices have been proposed on the prototype level which reach 
energy conversion effi ciencies of about 5.6% under AM 1.5 conditions. Given the 
fast progress thus achieved and given the fact that no reason in principle can be 
seen why ZnO should not reach the 11% at which cells with TiO 2  can presently 
work, good prospects are seen for ZnO electrodes. With a considerably decreased 
input of energy needed to realize the cells in all - low - temperature processes, the 
economic feasibility seems promising. ZnO is presently investigated on a large 
scale also as a transparent conductive oxide and these two technologies might 
favorably merge in the production of DSSCs for the very large - scale photovoltaic 
market. Aside from this main line, electrodeposition of ZnO provides such unique 
features that a number of niche applications can be developed which may further 
assist to promote the fi eld.  

     Figure 4.20     Results following pulsed 
electrodeposition of ZnO/eosin Y on a 70    µ m 
diameter tungsten wire and subsequent 
sensitization by D149. (a) Confocal laser 
microscopy image following a pulsed 
electrodeposition from aqueous 0.1   M 
Zn(NO 3 ) 2  and 50    µ M eosin Y at 70    ° C under 
0.5   s pulsed potential alternating between 
 − 1.26   V and  − 0.86   V vs. Ag/AgCl for 500   s, 
measured following desorption of eosin Y 
and adsorption of D149. (b) Current – voltage 
characteristics in the dark (dashed curve) 
and under illumination by 100   mW   cm  − 2  close 
to AM 1.5 conditions by a xenon arc lamp 

equipped with a water fi lter (solid curve) of 
the D149 - sensitized ZnO on the tungsten 
wire, measured as working electrode in 
(1   :   4 by volume) acetonitrile and ethylene 
carbonate with 0.5   M tetra -  n  - butylammonium 
iodide with a Pt wire as counterelectrode 
and an Ag/AgNO 3  reference electrode. 
0   V in the plot refers to the rest potential 
of the electrode in the dark, as illuminated 
cell area the product of diameter and 
length of the electrode (0.018   cm 2 ) was 
chosen.  Reprinted with permission 
from  [290] .   
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Thin - Film Semiconductors Deposited in Nanometric Scales by 
Electrochemical and Wet Chemical Methods for Photovoltaic 
Solar Cell Applications  
  Oumarou     Savadogo          

    5.1 
Introduction 

 The world net electricity generation has been estimated to increase 77% from 18 
trillion  kilowatt hour s ( kWh ) in 2006 to 31.8 trillion kWh in 2030 with a value of 
23.2 trillion kWh in 2015 1) . On the other hand, the world market capacity of solar 
photovoltaic power systems escalated from 1.3  gigawatt s ( GW ) in 2001 to 15.2   GW 
in 2008 for systems which have been installed. In particular, market installations 
reached a record high of 5.95   GW in 2008 corresponding to a growth of 110% from 
2007. The contribution of solar energy to the world net electricity generation is 
estimated to be 6% by 2050. 

 The production of  photovoltaic  ( PV ) modules is still based mainly on crystal-
line silicon (Si) (94%) while 4% of modules are based on thin - fi lm amorphous 
Si solar cells and 2% are polycrystalline compound solar cells based on CdTe 
and CuIn 2 Se  [1] . Despite the tremendous progress in all aspects of production 
of Si - based solar cells and the rapid decrease of production cost for PV modules 
from $5 per peak watt at the beginning of the 1990s to $2.5 per peak watt in 
2009, or $0.7 per kWh, this remains effectively too high. Subsidies from some 
government policies and/or the carbon dioxide market to increase the utilization 
of clean energy for sustainable development can contribute to reduce the PV 
energy cost to $0.25 – 0.40 per kWh during the fi rst year of the system installa-
tion. This cost is similar to that of classic energy where energy cost is higher 
than $0.25 – 0.30 per kWh. For economic viability of this energy without subsidies, 
the development of ultralow - cost PV systems is one of the important issues to 
ensure a smooth transition to sustainable energy development. According to a 
recent US Department of Energy study in the USA  [2] , a major research effort 
is needed to close the huge gap between the current use of solar energy and 
its enormous underdeveloped potential. One of the identifi ed thrusts of the 

  5 

Advances in Electrochemical Science and Engineering. Edited by Richard C. Alkire, Dieter M. Kolb, 
Jacek Lipkowski, and Philip N. Ross
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32859-8

    1)     Sources 2006: Energy Information Administration, (Energy International Annual 2006 
(June - December 2008): www.eia.doe.gov/iea , 2009. Projections: World Energy Projections Plus 
(2009).  



 278  5 Thin-Film Semiconductors Deposited in Nanometric Scales

required research is to bridge this gap by  “ more effi cient solar cells created using 
nanotechnologies ” . 

 The main idea of thin fi lms is to use mostly low - cost materials (glass, metals, 
and plastics) and very little high - cost semiconductors. This is because the few -
 micrometers - thick semiconductor thin fi lms deposited on a substrate surface take 
typically about 2 – 6   g   m  − 2 , so even very expensive semiconductors (say, $1000 
per kg) can cost very little at this level leading to an energy cost of a few cents per 
kWh  [1] . 

 The signifi cant challenge for solar light conversion to electricity or fuel is to 
develop PV, photoelectrochemical, or photochemical systems that exhibit com-
binations of effi ciency and capital cost per unit area that result in a total power 
cost of less than $0.50 per peak watt hydrogen produced by PV electrolysis. 
What is needed is to bring hydrogen cost down to $0.05 per kWh, which is 
similar to the present cost of hydrogen from steam reforming of natural gas. A 
cost level of $0.50 per peak watt would make solar light conversion very attrac-
tive for large - scale application of solar light conversion devices. A total solar cell 
cost of $130   m  − 2  with a light conversion effi ciency of 50% are necessary to reach 
this peak watt cost. There is no current solar cell technology which meets these 
two requirements. From basic scientifi c principles, these requirements are 
feasible but the development of related commercial devices is facing major 
scientifi c as well as engineering development challenges. Based on the above 
discussion on the related cost reduction of thin - fi lm solar cell systems, the 
development of devices based on nanoscale fi lms should help respond to these 
challenges. Thin - fi lm materials and nanomaterials are based on material 
layers the thicknesses of which range from monolayers of nanometers to 
several micrometers. Semiconductor materials based on electronic and solar 
devices and optical coatings are the main applications benefi ting from thin - fi lm 
fabrication. 

 Polycrystalline thin fi lms can be prepared by  chemical vapor deposition  ( CVD ), 
as well as vacuum evaporation  [3, 4] , sputtering  [5] , molecular beam epitaxy  [6] , 
layer - wise chemisorptions  [7] , chemical vapor deposition  [8, 9]  and liquid - phase 
atomic layer expitaxy  [10] ,  physical vapor deposition  ( PVD )  [11] , spray pyrolysis 
 [12] , molecular beam epitaxy  [13 – 15] ,  low - pressure metal organic vapor - phase 
epitaxy  ( LPMOVE )  [16, 17] ,  successive ionic layer adsorption and reaction  ( SILAR ) 
 [18] ,  pulsed layer deposition  ( PLD )  [19] ,  traveling heater  ( TH )  [20] ,  radiofrequency 
diode sputtering  ( RDS )  [21] , chemical wet deposition, and electrodeposition  [22 –
 25] . Each thin - fi lm deposition technique has its own advantages and disadvan-
tages. But  chemical bath deposition  ( CBD ),  chemical solution deposition  ( CSD ) 
or chemical  wet deposition  ( WD ), and electrodeposition are easier process methods 
for depositing thin - fi lm semiconductors. 

 This chapter describes (i) materials and composite materials fabrication includ-
ing some fundamental considerations of the fabrication conditions of some thin 
fi lms; (ii) the development of thin fi lms deposited with additives; (iii) the develop-
ment of thin - fi lm solar systems; and (iv) perspectives on thin - fi lm solar cell 
technologies.  
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   5.2 
Materials and Composite Materials Fabrication 

   5.2.1 
Fundamental Considerations 

 Three approaches can be used to prepare uniform fi lms of semiconductor nano-
particles based on wet chemistry for solar applications. The fi rst, CDB, takes place 
in a solution containing both atomic components (e.g., Cd 2 +   and Se 2 −  ) from cation 
and anion sources with complexing agents in an electrolyte with controlled pH 
and temperature, or by chemical reaction of a second component (e.g., chalcogen 
or halogen) from its ion source following an electrodeposited layer of metal parti-
cles. In favorable cases, particularly when there is a good epitaxial match between 
the substrate and the semiconductor lattice, well - crystallized fi lms can be formed. 
The second method, electrodeposition, involves particle self - assembly, in which 
preformed colloidal particles are attached layer - by - layer to a growing surface from 
cation and anion sources mixed in an electrolyte including complexing agents if 
necessary. In this case, the quality of the fi lm depends on the properties of the 
nanoparticles used, as well as the attachment chemistry and, of course, the experi-
mental conditions including current and/or potential control. The third method, 
sol – gel fabrication, is a direct layer - by - layer synthesis from the chemical compo-
nents (e.g., anion and cation) of the semiconductor. This method offers the poten-
tial for achieving the fi nest control over the fi lm growth process. The sol – gel 
method typically involves a two - step chemisorption/chemical activation cycle. One 
component is adsorbed or reacted chemically with molecules on the surface, but 
the reaction is self - limiting at the extent of a single monolayer. The chemisorbed 
monolayer is then activated in the second step, by reaction with an appropriate 
reagent or by redox reactions in the liquid phase. 

   5.2.1.1    Chemical Bath Deposition 
 Chemical bath deposition is a technique in which thin semiconductor fi lms are 
deposited on substrates immersed in dilute solutions containing metal ions and 
a source of hydroxide, telluride, sulfi de, selenide, etc., ions. One of the fi rst chemi-
cally deposited semiconductors, reported in 1869, was a PbS thin fi lm  [26] . During 
the ensuing 140 years, CBD has been used to deposit fi lms of metal sulfi des, 
selenides, and oxides, and various other compounds. While it is a well - known 
technique in a few specifi c areas (notably photoconductive lead salt detectors, 
photoelectrodes, and, more recently, thin - fi lm solar cells), it is by and large an 
under - appreciated technique. 

 The more recent interest in all things nano has provided a boost for CBD, since 
it is a low - temperature, solution - phase (almost always aqueous) technique, which 
often results in very small crystal sizes. This is evidenced by the existence of size 
quantization commonly found in CBD semiconductor fi lms. The intention of this 
review is to provide an overview of how the technique has been used to fabricate 
nanocrystalline semiconductor fi lms, as well as some of the properties of these 
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fi lms. Since CBD fi lms are usually porous, surface effects can be very important 
with the result that various surface - dependent properties as well as surface modifi -
cations must be considered in fi lm preparation. For CBD fi lms used as photoelec-
trodes in photoelectrochemical cells and solid - state solar cells, it has been found 
that fi lm structure, morphology, patterning, porosity, crystal shape, and method of 
preparation may have important effects on system performances and lifetime. The 
equipment, materials, and chemicals needed are relatively modest and less costly 
compared to the other methods (low - cost vessels, aqueous solutions containing few 
chemicals at very low concentrations, and substrates on which deposition is carried 
out). However, in comparison to the other thin - fi lm technologies, the CBD method 
requires improved reproducibility in the properties of the materials that are obtained. 

 Accordingly, the number of materials produced by this method has increased 
steadily to include CdS (Eg    =    2.4 – 2.6   eV), FeCdS 3  (Eg    =    2.30   eV), AgAlS 2  (Eg    =    
2.54   eV), CdTe (Eg    =    1.4 – 1.5   eV), CdSe (Eg    =    1.7 – 1.8   eV), ZnS (Eg    =    3.2 – 3.6   eV), 
ZnO (Eg    =    3 – 3.3   eV), ZnSe (Eg    =    2.70   eV), ZnTe (Eg    =    2.25   eV), PbS (Eg    =    0.37   eV), 
PbSe (Eg    =    0.27   eV), PbTe (Eg    =    0.29 – 0.4   eV), SnS (Eg    =    1.2 – 1.6   eV), Bi 2 S 3  (Eg    =    
1.70 – 2.35   eV), Bi 2 Se 3  (Eg    =    0.8 – 1.2   eV), Sb 2 S 3  (Eg    =    1.6 – 2.48   eV), Sb 2 Se 3  (Eg    =    
1.46   eV), Cu 2 S (Eg    =    1.7   eV), CuS (Eg    =    2.2 – 2.4   eV), and CuSe (Eg    =    2.0 – 2.2   eV) 
among others. The ability to produce a wide range of materials is due primarily 
to the feasibility of producing multilayer fi lms by this technique followed by 
annealing. The methods of CBD and electrodeposition most used in practice 
involve an aqueous solution. These chemical and electrochemical processes 
proceed through complicated and usually incompletely understood reaction mech-
anisms that involve the co - deposition of each element of the semiconductor mate-
rial. Different types of wet chemical synthesis techniques are based on precipitation 
 [27, 28] , sol – gel  [29] , and colloidal systems  [30, 31] . 

 The solubility product ( K  s ) is the key parameter for understanding the basic 
aspects of CBD of thin - fi lm semiconductors  [12, 23] . The solubility product of a 
material is defi ned as the product of the concentrations of the ions of this material 
dissolved in a given electrolyte. In general the dissolution of an A  x  B  y   material is 
expressed according to

   A B A Bx y
n mx y� + −+     (5.1)   

    K  s  is defi ned from the dissolution of this compound as

   K n x m y
s A B= + −[ ] [ ]     (5.2)   

 This indicates that  K  s  increases with the solubility of the salt. 
 We may keep in mind that  K  s  is a thermodynamic parameter derived from the 

free energies of formation ( ∆  G  0 ) of the species involved in the dissolution of the 
solid compound A  x  B  y  (s) into its ions in solution ( x A  n    +  (aq) and  y B  m    −  (aq)) at ther-
modynamic equilibrium according to

   A B s A aq B aqx y
n mx y( ) ( ) ( )� + −+     (5.3)   

 for which the free energy of dissolution at equilibrium is given by

   ∆ ∆ ∆G x G x y G yn m0 0 0= ++ −( ( )) ( ( ))A aq B aq     (5.4)   
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 Since

   ∆G RT K0 = − ln s     (5.5)   

 then

   K G RT
s e= −∆ 0/     (5.6)   

 As a thermodynamic parameter,  K  s  will indicate the range of ion concentrations 
in which the compound precipitates. This serves to defi ne what concentrations of 
ions are required in the deposition electrolyte to ensure (or avoid) compound 
precipitation. For example, for CdTe the  K  s  value is 10  − 42 , and therefore

   [ ][ ]Cd Te M2 2 4210+ − −=     (5.7)   

 This product means that if we want the dissolution of the solid to occur, we may 
consider situations where the concentration of each ion is equal. But for the for-
mation of the solid compound, we may consider the product of the ion concentra-
tions. For example, if the electrolyte contains 0.05   M of tellurium ions and 10  − 41    M 
of Cd 2 +  , CdTe will not precipitate, in principle, because the ion product is smaller 
than  K  s ; for an electrolyte containing 0.5   M of tellurium ions and 10  − 41    M of Cd 2 +  , 
CdTe will precipitate, in principle, because the ion product is greater than  K  s . 

 Because  K  s  is a thermodynamic value, it may happen that, for kinetic reasons, 
the ion product which is supposed to result in precipitation may not actually result 
in solid formation. That is, the  K  s  value should be regarded as an indicator for 
conditions under which solid formation is, in principle, feasible. 

 In almost all cases, CBD is a technique for controlling the homogeneous precipita-
tion of water - insoluble compounds and their solid solutions. Thus, for depositing 
thin fi lms of a compound M  n  X  m  , a solution of M  n  +   ions, with a complexing agent (or 
ligand) L added to it, is prepared. Ligands that are generally used are NH 3 , CN  −  , 
 ethylenediaminetetraacetic acid  ( EDTA ),  triethanolamine  ( TEA ), and trisodium 
citrate, among others. The formation of complex ions [M(L)  i  ]  +     is the key factor in 
reaction control since they avoid the immediate precipitation of the metal ions in 
the solution when the precipitating anions are added to it. Moreover, because most 
of these processes are carried out in an alkaline medium, the metal - ion complexation 
process also avoids precipitation of OH  −  , thus making fi lm deposition possible. The 
precipitating agent of the complex is a compound which, upon hydrolysis, slowly 
generates the anions in the solution. For example, sulfur ions (S 2 −  ) can be generated 
from thiourea or  thioacetamide  ( TAM ), and selenium ions (Se 2 −  ) from Na 2 SeO 3  or 
H 2 SeO 3 . The cations are, of course, generated by decomposition of the complex ions:

   [ ( ) ]M L M Li
m n i+ + +�     (5.8)   

 In the case of CdS, complex anion decomposition is described by

   Cd L Cd L( )n n2 2+ + +�     (5.9)   

 when the solution is heated, for example. In all cases, compound nucleation 
starts when the ionic product [M  n    +  ]  m  [X  m    −  ]  n   exceeds the solubility product. It may 
continue to deposit slowly as a fi lm in the immersed deposited ions in an aqueous 
ammonia medium on the substrates. For two non - interfering, independent 
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complexing agents used to complex the two cations, the ions dissociates in an 
aqueous solution to give metal ions according the reactions  [32] 

   M A M A( )n n2 2+ + +�     (5.10)  

and

   M B M B( )n n2 2+ + +�     (5.11)   

 When one complexing agent is used, only one of the above equations correctly 
applies; however, in the report cited, two non - interfering complexing agents 
were used. 

 Since thiourea has a higher dissociation constant, the fraction of S 2 −   ions in the 
solution is expected to be more than the fraction of thiourea in the solution. As is 
the case in an atom - by - atom deposition process, the solubility conditions of mul-
ticomponents in an ion - by - ion condensation process are relaxed  [32] . 

 Depending on the deposition experimental conditions, CBD can occur in the 
bulk solution by homogeneous nucleation, or on a substrate by heterogeneous 
nucleation. Undesired homogeneous nucleation is characterized by precipitate 
formation in the deposition electrolyte, which is to be minimized because it is 
detrimental to formation of the surface fi lm. Heterogeneous nucleation occurs 
when ions are adsorbed onto the substrate, creating a site for reactions and pro-
moting further growth of the fi lm. The energy required for the homogeneous 
reaction is higher than that required to form an interface between the substrate 
and the ions. In optimal experimental conditions, heterogeneous nucleation is 
energetically preferred over homogeneous nucleation. In general heterogeneous 
nucleation is the fi rst nucleation process to occur during CBD. 

 The different basic mechanism pathways shown above clearly suggest that the 
kinetics of CBD can vary from one chemical system to another depending on the 
material to be deposited and the experimental conditions. But in all cases the vari-
ation of the fi lm thickness with time (e.g., Figure  5.1  shows the fi lm growth of 
Sb 2 S 3   [33] ) is characterized by three main stages: induction, linear growth, and 
termination. The behavior of these stages depends on the reaction pathways. 
During the induction process, no fi lm is deposited on the substrate. After a certain 
time of reaction, linear growth of the fi lm with time is observed on the substrate, 
where most of the fi lm is deposited, followed by a termination stage where no fi lm 
growth is observed. In many cases, the color of the fi lms is used to determine the 
starting of the linear growth stage because during the induction period, no fi lm 
is deposited and the electrolyte is colorless. In the case, for example, of CdS forma-
tion, the yellow color of the fi lm appears when its deposition on the substrate 
starts. During this linear stage some precipitates of CdS also form in the electro-
lyte, and its translucence is reduced and it becomes progressively cloudier. This 
corresponds to the occurrence of both homogeneous and heterogeneous nuclea-
tion processes during fi lm growth on the substrate. For this system, the termina-
tion stage is characterized by a dark brown color of the electrolyte with large 
clusters of precipitates. The fi lm - covered substrate is generally left in the electro-
lyte until the termination is over. Optimized experimental conditions are those 
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which promote heterogeneous nucleation, leading to high - quality fi lms with very 
low defect density.   

 As typical examples, we present in the following the mechanisms related to the 
CBD of cadmium sulfi de and of antimony sulfi de. 

   5.2.1.1.1    Case of  CdS  
 Chemical bath deposition of CdS thin fi lms was fi rst reported by Mokrushin and 
Tkachev  [34]  and later by many other authors  [35 – 41] . The basic mechanism of 
fi lm formation was supposed to be either (i) an ion - by - ion condensation of Cd 2 +   
and S 2 −   on the substrate from an aqueous basic medium, containing thiourea and 
cadmium ions in the form of a complex species, as indicated in Equation  5.11 , or 
(ii) the result of the adsorption of colloidal particles of CdS onto the substrate 
surface. CdS fi lm formation may be achieved using one of the following three 
complexing methods  [42] . 

  1)     The tetraamine complex method  [35 – 40] , in which fi lm formation follows the 
reaction

   [ ( ) ] ( ) ( )Cd NH SC NH OH CdS NH OC NH H O3 4
2

2 2 3 2 2 22 4+ −+ + → + + +     (5.12)    

  2)     The cyano complex method  [39] :

   [ ( ) ] ( ) ( )Cd CN SC NH OH CdS CN OC NH H O4
2

2 2 2 2 22 4+ − −+ + → + + +     (5.13)    

  3)     The TEA (C 6 H 12 N(OH) 3 ) complex method  [41] , in which fi lm formation is 
based on the reaction

   [ ( )] ( ) ( )Cd TEA SC NH OH CdS TEA OC NH H O.2
2 2 2 2 22+ −+ + → + + +     (5.14)      

     Figure 5.1     The variation of fi lm thickness with time during the CBD of Sb 2 S 3   [33] .  
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 It has been shown that the TEA process leads to high - quality fi lms  [43 – 45] . The 
mechanism involving the CBD of CdS thin fi lms from the ammonia – thiourea 
system have been studied  in situ  by means of the  quartz crystal microbalance  
technique ( QCM )  [25] . The formation of CdS was assumed to result from the 
decomposition of adsorbed thiourea molecules via the formation of an intermedi-
ate surface complex with cadmium hydroxide. This mechanism is different from 
the dissociation mechanism involving the formation of free sulfi de ions in solu-
tion, and which had previously been reported  [46 – 49] . Thus, the infl uence of 
growth parameters such as bath temperature, deposition rate, bath composition, 
etc., on various fi lm properties has been studied  [37, 39, 41, 50, 51] , and the main 
parameters which determine the quality of the fi lms were deduced. The chemical 
deposition of CdS thin fi lms generally consisted of the decomposition of thiourea 
in an alkaline solution containing a cadmium salt. The deposition process was 
based on the slow release of Cd 2 +   and S 2 −   ions in solution which then condensed 
on an ion - by - ion basis on the substrate. The reaction process for the formation of 
CdS may be described by the following steps  [25, 35, 36, 43, 52 – 54] . 

  1)     Ammonium ion formation:

   NH H O HN OH ;3 2 4
51 8 10+ + = ×+ − −� K .     (5.15)    

  2)     Cadmium salt reaction with the anions to form the complex compound:

   Cd OH Cd OH ;2
2

142 1 88 10+ −+ = ×� ( ) .K     (5.16)  

   Cd Ac NH Cd NH Ac( ) [ ( ) ] ( )2 3 3 4 24+ �     (5.17)    

  3)     Diffusion of the complex ion, OH  −  , and thiourea on the catalytic surface of 
CdS. In the case where thiourea is the S 2 −   source in an alkaline medium, the 
sulfi de ions are released as follows  [25, 37, 52, 55, 56] :

   SC NH OH NH CO HS( )2 2 3 3
23 2+ + +− − −�     (5.18)  

   HS OH S H O− − −+ → +2
2     (5.19)   

 In the case where H 2 S is the S 2 −   source in an acid medium, the dissociation 
proceeds as follows  [51] :

   H S H O HS H O ;2 2 3 1
71 10+ + = ×− + −� K     (5.20)  

   HS H O S H O ;− − + −+ + =2
2

3 2
1410� K     (5.21)    

  4)     Formation of CdS:

   Cd NH S CdS NH ;( ) . .3 4
2 2

3 3
284 7 1 10+ −+ + = ×� K     (5.22)      

 Thus, the deposition of CdS occurs when the ionic product of [Cd 2 +  ] and [S 2 −  ] 
exceeds the solubility product ( K  s ) of CdS. The very low value of the solubility 
product of CdS (1.4    ×    10 29  at 25    ° C)  [52]  implies that CdS precipitation can take 
place even at the lowest S 2 −   ion concentration that it is possible to obtain in solu-
tion. They are many ways of obtaining suitable complex species of Cd 2 +   ions in 
solution, but most of the literature dealing with the chemical bath deposition 
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process is based on the tetraamine complex method where ammonia is the com-
plexing agent and the hydroxide source, and NH 4 Ac/NH 3  serves as a buffer. Thus, 
the global reaction for the process is given by

   Cd NH SC NH OH CdS NH CO H O( ) ( )3 4
2

2 2 3 3
2

24 6+ − −+ + → + + +     (5.23)   

 At a given temperature, the rate of formation of CdS is determined by the concen-
tration of Cd 2 +   provided by   Cd NH( )3 4

2+ and the concentration of S 2 −   from the 
hydrolysis of (NH 2 ) 2 CS. The rate of hydrolysis of (NH 2 ) 2 CS depends upon the pH 
and the temperature of the electrolyte. For example, at 80    ° C, the rate constant of 
hydrolysis is at least twice as high at a pH of 13 (3.8    ×    10  − 3 ) than at a pH of 13.7 
(8.2    ×    10  − 3 ). These constants increase signifi cantly at 100    ° C to 1    ×    10  − 2  and 
2.5    ×    10  − 2  at a pH of 13 and 13.7, respectively  [57] . From the various equations 
indicated above, the presence of an ammonium salt in the electrolyte will increase 
the concentration of   Cd NH( )3 4

2+ and reduce the concentration of Cd 2 +   and S 2 −   and, 
as a result, decrease the rate of CdS formation. By contrast, an increase in the 
concentration of ammonia will increase the pH of the solution, promoting the 
formation of S 2 −  . This will also increase the concentration of   Cd NH( )3 4

2+ and reduce 
the concentration of Cd 2 +  , and thus the rate of CdS formation. 

 As a result of these considerations, the rate of deposition of CdS may be control-
led by varying the concentration of ammonia as well as the ammonium salt and 
the temperature of the electrolyte. 

 Solution - grown CdS fi lms can occur on the substrate (heterogeneous deposi-
tion) or in solution (homogeneous precipitation). Homogeneous precipitation 
makes poorly performing fi lms because they are formed from the adsorption of 
CdS particles, and not by ion  -  ion deposition directly onto the surface. The homo-
geneous process may be suppressed by choosing the conditions such that the 
formation of CdS occurs at low rates, such as low concentrations of Cd(Ac) 2  and 
(NH 2 ) 2 CS, high concentrations of NH 3  and NH 4 Ac, low temperature, vigorous 
stirring, etc. The heterogeneous process may be optimized by adequate prepara-
tion of the substrate surface for nucleation by cleaning and etching the conductive 
glass surface. For example, an  indium tin oxide  ( ITO ) glass substrate may be 
cleaned in ultrasonic baths of acetone, methanol, and isopropanol, followed by 
isopropanol vapor degreasing, a 60   s ultrasonic rinse in 50% HCl, and then a 120   s 
rinse in fl owing deionized water. This nucleation is more effective on a crystalline 
substrate than on an amorphous substrate. As a result, fi lm quality is strongly 
affected by the initial nucleation process. Thus, a SnO 2  - coated glass substrate with 
a smooth surface may lead to discontinuous fi lms, whereas a glass surface etched 
with hydrofl uoric acid will signifi cantly improve the continuity of fi lms. The resist-
ance of CdS fi lms may be controlled by the addition of appropriate dopant salts. 
For example, during electrodeposition, indium chloride (InCl 3 ), boric acid (H 3 BO 3 ), 
cuprous iodide (CuI), and cuprous chloride (CuCl), among others, may be used 
as the donor dopant. But the solubility of the dopant salt in the deposition elec-
trolyte may lower the effi ciency of the doping process. Based on the above consid-
erations, CdS chemical deposition is infl uenced by various parameters. However, 
the CdS fi lm properties may be improved by surface treatment activation in an 
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appropriate electrolyte. For example, a CdCl 2  solution saturated in methanol may 
be used to activate the CdS surface before annealing in air at 200 – 400    ° C for 
5 – 30   min. By contrast, the stability of the deposited fi lms still needs to be improved. 
This lack of stability is the key problem to be solved in the development of CdS -
 based thin - fi lm solar cells. As a result, attempts to entirely eliminate the CdS layer 
in CIS/CdS solar cells are under way.  

   5.2.1.1.2    Case of  Sb 2 S 3   
 The steps of the mechanism related to the formation of Sb 2 S 3  fi lms are based on: 
(i) slow release of Sb 3 +   and S 2 −   ions from their respective sources, (ii) their respec-
tive precipitation into an aqueous ammonia medium, and (iii) their subsequent 
condensation on the substrate. The following successive chemical equations for 
the formation of the fi lms have been suggested  [33] . 

  1)     Complexation of the antimony cation:

   SbO TEA SbO TEA+ ++ →n n( )     (5.24)    

  2)     The tautomerization reaction of TAM:

   

S                                          SH 

CH3  C NH2                 CH3  C  NH    (5.25)    

  3)     The formation of the SH  −   species:

   

SH

CH3  C  NH  + OH-                 CH3  C  NH  +  SH-

OH

    (5.26)    

  4)     The formation of S 2 −  :

   SH OH S H O− − −+ +� 2
2     (5.27)    

  5)     The formation of the Sb 2 S 3  fi lms according to:

   2 3 2 42
2 2 3SbO TEA S H O Sb S TEA OH+ − −+ + + +( )n n�     (5.28)      

 The tautomerization reactions  (5.25)  should proceed from left to right for the next 
step of the reaction  (5.26) . 

 In the case of antimony sulfi de  [33] , we have shown that the thickness of the 
n - Sb 2 S 3  thin fi lm increased with the concentration of the metal cations, for example 
 potassium antimonyl tartrate  ( PAT ) (Figure  5.2 ). It also increased with the anion 
sources, for example TAM (CH 3 CSNH 2 ) (Figure  5.3 ) and the concentration of the 
complexing agent, for example ammonium (Figure  5.4 ). It was shown that the rate 
of the fi lm deposition increased regularly or linearly up to a concentration of (i) 
0.25   M PAT, (ii) 0.2   M TAM, and (iii) 1.4   M NH 4 OH. All these curves are also 
characterized by three main stages: induction, linear growth, and termination. It 
was also shown that the rate of the fi lm growth is slow at 40    ° C (1.89   A   min  − 1 ), and 
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     Figure 5.2     Effect of PAT concentration on the growth of Sb 2 S 3  fi lms at two different 
temperatures  [33] .  
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     Figure 5.3     Effect of TAM concentration on the growth of Sb 2 S 3  fi lms at two different 
temperatures  [33] .  
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the growth rate is higher at 60    ° C (2.8   A   min  − 1 ) in the linear stage region of the 
kinetics. This was explained on the basis of higher rates of release of Sb 2    +    and 
S 2 −   ions into the solution. These results are in agreement with the various points 
addressed above.     
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    5.2.1.1.3    Case of  FeCdS 3   and  AgAlS 2   
 The reaction bath for the deposition of FeCdS 3  (band gap  =  2.30   eV)  [58a]  contained 
5   ml of 0.2   M ferrous nitrate, 5   ml of 0.2   M cadmium chloride, 2   ml of 14   M 
ammonia, 2   ml of 0.01   M EDTA, 10   ml of 0.1   M thiourea, and 21   ml of distilled 
water which were added in that order and a deposition time of 20 hours was 
allowed for. The pH after mixing was controlled in the range 9 – 10 using drops of 
ammonia. If, during deposition, the semiconductor cations and anions precipitate 
rapidly by homogeneous reaction, then a thin fi lm cannot form on the substrate 
immersed in the solution. However, if the homogeneous precipitation reaction is 
slow, which the additives like NH 3  and EDTA promote, then thin solid fi lms of 
neutral atoms could form on the substrate. The complexing agents used slow down 
the precipitation action and enables the formation of FeCdS 3  according to the fal-
lowing steps:

   Fe NO H O EDTA Fe EDTA NO( ) [ ( )] ( )3 3 2
2

39⋅ + ++ −�     (5.29)  

   [ ( )]Fe EDTA Fe EDTA2 2+ + +�     (5.30)  

   CdCl NH Cd NH Cl2 3 3 4
24 2. [ ( ) ]+ ++ −�     (5.31)  

   [ ( ) ]Cd NH Cd NH3 4
2 2

34+ + +�     (5.32)  

   ( )NH CS OH CH N H O HS2 2 2 2 2+ + +− −�     (5.33)  

   HS OH H O S− − −+ +� 2
2     (5.34)  

   Fe Cd S FeCdS2 2 2
33+ + −+ + �     (5.35)   

     Figure 5.4     Effect of NH 4 OH concentration on the growth of Sb 2 S 3  fi lms at two different 
temperatures  [33] .  
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 Sulfi de ions are released by the hydrolysis of thiourea, but Fe 2 +   and Cd 2 +   ions form 
ferrous – EDTA complex and tetraamine – cadmium complex ions by combining 
with EDTA and NH 3  respectively in the pH range of 9 – 10. The [Fe(EDTA)] 2 +   and 
[Cd(NH 3 ) 4 ] 2 +   complexes adsorb on the glass, then a heterogeneous nucleation and 
growth takes place by ionic exchange of reaction S 2 −   ions. This process is referred to 
as an ion - by - ion process and in this way brownish (reddish) yellow FeCdS 3  was depos-
ited on a glass slide in the form of a transparent, uniform, and adherent thin fi lm. 

 Similarly, non - interfering, independent complexing agents with a pH adjust-
ment can be used to complex the two cations as shown in the following case  [58b] . 
Thin fi lms of AgAlS 2  (Band gap of 2.54   eV)  [58b]  have been prepared by the 
CBD technique from aqueous solutions of AgNO 3  · 5H 2 O, Al 2 (SO 4 ) 3  · 14H 2 O, and 
(NH 2 ) 2 CS and in which sodium hydroxide solution was used as pH adjuster and 
EDTA as complexing agent. The thin fi lms were coated on commercial microscope 
glass substrates by the reaction of a solution of 0.2   M AgNO 3  · 5H 2 O, 1.0   M 
(NH 2 ) 2 SC, 0.1   M Al 2 (SO 4 ) 3  · 14H 2 O, 1.0   M EDTA, and 2.0   M NaOH and enables the 
formation of AgAlS 2  according to the following steps:

   AgNO H O EDTA Ag EDTA NO3 2 35⋅ + ++ −( ) [ ( )] ( )�     (5.36)  

   Ag EDTA Ag EDTA( )+ + +�     (5.37)  

   Al SO H O EDTA Al EDTA SO2 4 3 2
3

4
214 2 3( ) [ ( )] ( )⋅ + ++ −�     (5.38)  

   ( )NH CS OH CH N H O HS22 2 2 2+ + +− −�     (5.39)  

   2 2 2 2
2HS OH H O S− − −+ +�     (5.40)  

   Ag Al S AgAlS+ + −+ +3 2
22 �     (5.41)   

 The reaction bath was allowed to stand for about 44 hours and thereafter the 
substrate was removed, washed with distilled water, and dried in open air at room 
temperature.   

   5.2.1.2    Electrodeposition 
 In principle, both anodic and cathodic deposition may be used for the creation of 
II – VI compounds. It has been shown that CdS can be made by the anodic deposi-
tion of sulfur from a solution containing S 2 −   ions on a cadmium anode  [59] . We 
have applied a similar method to CdS creation  [60] ; however, the stoichiometry of 
the deposit is not easy to regulate. By contrast, if each element of a semiconducting 
material (e.g., Cd and Te for CdTe, or Cd and S for CdS) can be deposited cathodi-
cally, it may be possible to deposit this semiconductor cathodically. Cathodic depo-
sition can occur either by deposition of the individual components in the required 
ratio in a multi - step process, or by deposition resulting from discharge and decom-
position of a complex containing the two components. The former process has 
been proposed for the electrodeposition of CdS  [61] , CdSe and Ag 2 S  [62] , CdTe 
 [63] , CuInSe 2   [64] , and Sb 2 S 3   [65] . The latter process has been proposed for the 
cathodic deposition of Ni 3 S 2  from a nickel thiosulfate solution  [66] :

   Ni S O e Ni S S O SO3 2 3 3 3 2 2 3
2

3
26 2( ) + + +− − −�     (5.42)   
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     Figure 5.5     Pourbaix diagram showing corrosion, passivation, and immunity domains of CdSe 
 [23] .  
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 The two different cathodic deposition processes can be differentiated by studying 
the current effi ciency of deposition and the secondary products formed in solution 
 [67] . The Pourbaix diagrams for CdS, CdTe, CuInSe 2 , CdSe, and Sb 2 S 3  based on 
thermodynamic considerations (Figures  5.5 – 5.9  respectively) show clearly that the 
voltage – pH region where stability of the corresponding materials can be obtained 
is very limited. In particular, thermodynamics considerations for the case of CdTe 
and CuInSe 2  electrodeposition are discussed below.   

   5.2.1.2.1    The Case of  CdTe  
 The thermodynamic electrochemical reactions for the electrodeposition of CdTe 
and the corresponding potentials on the hydrogen scale are  [63, 68 – 89]  as follows. 

 For

   TeO H e Te H O2 24 4 2+ + ++ − �     (5.43)   

 or

   HTeO H e Te H O2 23 4 2+ + −+ + +�     (5.44)  

   VTeO /Te2 HTeO pH= + −+0 560 0 015 0 045. . log[ ] .     (5.45)   

 The equilibria associated with CdTe stability include

   Te Cd e CdTe+ ++ −2 2 �     (5.46)  

   VTe/CdTe Cd= + +0 074 0 030 2. . log[ ]     (5.47)  
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     Figure 5.6     Pourbaix diagram showing corrosion, passivation, and immunity domains of 
Sb 2 S 3   [23] .  
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     Figure 5.7     Pourbaix diagram showing corrosion, passivation, and immunity domains of 
CdS  [23] .  
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     Figure 5.9     Pourbaix diagram showing corrosion, passivation, and immunity domains of 
CuInSe 2   [23] .  
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     Figure 5.8     Pourbaix diagram showing corrosion, passivation, and immunity domains of 
CdTe  [23] .  
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   Cd e Cd2 2+ −+ �     (5.48)  

   VCd /Cd2+ Cd= − + +0 4025 0 059 2. . log[ ]     (5.49)  

   Te H e H Te+ ++ −2 2 2�     (5.50)  

   VTe /H Te2 H Te pH= − − −0 740 0 0295 0 0592. . log[ ] .     (5.51)  

   CdTe H e Cd + H Te+ ++ −2 2 2�     (5.52)  

   VCdTe/H Te2 H Te pH= − − −1 217 0 0295 0 0592. . log[ ] .     (5.53)   

 For

   Cd Te CdTe+ �     (5.54)   

 the free energy of reaction may be as much as  − 99.7   kJ   mol  − 1   [68] . In practice, CdTe 
is electrodeposited essentially from aqueous solutions  [63, 68, 69] . Due to its com-
plexity, various reaction mechanisms have been proposed in the literature. The 
majority of authors  [72, 73, 82, 85, 87]  assume that, in the fi rst mechanism, the 
fi rst step is the four - electron reduction of   HTeO2

+ to Te, according to Equations 
 5.43  and  5.44 , followed by Equation  5.46 . 

 The second mechanism  [77]  assumes that reactions  (5.43)  and  (5.44)  are fol-
lowed by reaction  (5.50) , which produces H 2 Te corresponding to a direct six -
 electron reduction:

   HTeO H e H Te H O2 2 25 6 2+ + −+ + +�     (5.55)   

 which then reacts with Cd 2 +   in a chemical step to precipitate CdTe:

   H Te Cd CdTe H2
2 2+ ++ +�     (5.56)   

 The third mechanism involves a solid - state reaction between electrodeposited Cd 
and Te  (5.37) . A reaction mechanism which involves the presence of free sites with 
adsorbed species such as Cd 2 +  ,   HTeO2

2+, Te, and CdTe on the surface has been 
proposed  [86] . 

 This is similar to the fi rst mechanism described above, where surface sites, s, 
are involved. The fi rst step is the reduction of   HTeO2

+  at a site:

   HTeO ,s H e Te,s H O2 23 4 2+ + −+ + +�     (5.57)   

 The Te,s is then reduced to Te 2 −  , forming CdTe with Cd 2 +  , according to

   Te,s Cd e CdTe,s+ ++ −2 2 �     (5.58)   

 If reaction  (5.58)  is not fast enough, the following competing reaction will occur, 
which leads to the formation of an excess of Te in the fi lms:

   Te,s Te s� +     (5.59)   

 This model was developed to explain the decrease of limiting current when excess 
CdSO 4  is added to the solution. A model based on the assumption that Cd atoms 
are only incorporated at Te sites and Te atoms at Cd sites has been developed  [71]  
to explain the case where the substrate is completely covered with CdTe. This last 
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model supports the third mechanism of a solid - state reaction between electrode-
posited Cd and Te. The fi rst mechanism was obtained for electrodes that strongly 
adsorbed   HTeO2

+  [90 – 92] . Subsequently, Cd 2 +   reacts with the electrochemically 
crystallized Te via reaction  (5.46) . 

 The second mechanism appears to be important only for electrode surfaces that 
are more electrocatalytic than graphitic carbon. Thus, this route has been identi-
fi ed on Pt  [67]  and Au  [90] . This direct six - electron route plays a dominant role in 
CdSe electrodeposition chemistry  [93, 94] . The competition between the different 
reactions will control the overall composition of the fi lm from stoichiometric tel-
lurium -  or cadmium - rich fi lms  [70] , depending on both the nature of the substrate 
and the applied potential. For example, a sensitization (cathodic reduction) of thin 
oxide showed an improvement in the stoichiometry, optical properties (transmis-
sion), quantum effi ciency, etc., of the fi lms, but CdS was found to be an appropri-
ate substrate for CdTe electrodeposition. The type (n - type or p - type) of the CdTe 
fi lms depends on the electrodeposition potential. The electrolyte composition may 
have an important effect on fi lm quality (uniformity, adherence, freedom from 
pinholes, etc.). Sulfate - based electrolytes furnish better quality fi lms than chloride -
 based electrolytes. An appropriate   Cl /SO− −

4
2  ratio may give good - quality fi lms. After 

heat treatment, CdTe surface preparation with bromine/methanol etching, fol-
lowed by etching in (K 2 Cr 2 O 7 )/H 2 SO 4 , removes surface CdO layers to leave a highly 
Te - rich surface. Subsequent treatment by a reducing agent leaves an essentially 
oxide - free, Te - rich surface with a Cd:Te (reduced) ratio which can be 0.3. This 
surface must yield a good ohmic contact when Au is deposited onto it. However, 
there is still a fundamental problem of stability with CdTe grown on CdS, which 
is due to (i) the formation of CdTe 1 −    x  S  x   at the interface, (ii) the degradation of the 
CdTe backcontact due to atmospheric interactions and/or corrosion, (iii) the dif-
fusion of impurities in the fi lms, and (iv) the lack of stability of the fi lms them-
selves. These points have to be addressed to allow further improvement and long 
term stability of CdS/CdTe thin - fi lm solar cells for practical applications.  

   5.2.1.2.2    The Case of  CuInSe 2   
 The conditions for electrodeposition of CuInSe 2  are fi rst and foremost related to 
the basic individual electrochemical reactions involved in the deposition of Cu, In, 
and Se, and to their corresponding Nernst equations, listed below  [64, 95] .

   Cu e Cu2 2+ −+ �     (5.60)  

   V V RT F a a aCu /Cu Cu /Cu
0

Cu Cu Cu/ /2 2 22 0 34 0 0295+ + += + = +( )ln( ) . . log( 22+ / Cua )     (5.61)  

   In e In3 3+ −+ �     (5.62)  

   V V RT F a a aIn /In In /In In In I/ /3 3 3
0 3 0 34 0 0197+ + += + = − +( )ln( ) . . log( nn In/3+ a )     (5.63)  

   HSeO H e OH H SeO H e Se H O2 2 3 24 4 4 4 3+ + − − + −+ + + + + +� �     (5.64)  

   

V V RT F a a RT F CH SeO /Se H SeO /Se HSeO Se2 3 2 3 / / /= + ++
0 4 3 42( )ln( ) ( )ln( HH

HSeO Se/ pH

+

+= + −
)

. . log( ) .0 74 0 0148 0 04332a a     (5.65)  
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where the electrode potential  V  is with respect to the normal hydrogen electrode, 
 a  Cu2 +  ,  a  In3 +  , and  a  HSeO2 +   are the activities of the respective ions in the solution, and 
 a  Cu ,  a  In , and  a  Se  are the activities of the respective atoms in the electrodeposits, 
which are equal to 1 for pure elemental deposition. 

 According to the Nernst equations, the electrode potentials for Se and Cu are 
more positive than that of In. Thus, the deposition of Se and Cu will, of course, 
precede the deposition of In. Consequently, for the simultaneous deposition of 
Cu, In, and Se, we may adjust the pH and the concentration of the electrolyte such 
that the electrode potential of all the individual deposits may come closer to each 
other. For example, a higher concentration of In makes the electrode potential of 
In closer to that of Cu and Se. The presence of Cu in the electrolyte may enhance 
the deposition of Cu with Se. 

 By contrast, the dependence of the electrode potentials on the pH of the elec-
trolyte may be used to determine the immunity and passivity domains of Cu, In, 
and Se. To obtain pure corrosion - free electrodeposits the experimental conditions 
should be permitted to be in the respective immunity domains of Cu, In, and Se. 
Thus, the governing factors in the co - deposition of the alloy compounds at any 
given temperature and current density are (i) the standard electrode potential of 
the electrode/electrolyte, (ii) cathodic polarization caused by a difference in deposi-
tion potentials, (iii) relative ion concentrations, (iv) the potential of the electrode 
oxide, and (v) hydrogen overpotential on the electrodeposited cathode. The effect 
of each parameter can be predicted, but if two or more conditions are varied 
simultaneously, it is more diffi cult to estimate the magnitude of the changes. 
Consequently, for the direct deposition of CuInSe 2 , the pH of the electrolyte 
should lie between 0.5 and 9.5 and the deposition potential should preferably lie 
between  − 0.05 and  − 0.75   V vs. NHE. But these considerations are purely thermo-
dynamic, because they ignore the polarization phenomena and modifi cations 
caused by the co - deposition of another element. For example, a decrease in the 
concentration of an ion does not change the equilibrium potential greatly, but can 
introduce signifi cant concentration polarization. Thus, the use of dilute electro-
lytes generally leads to the formation of powdery or dentritic layers which are 
unusable in most practical applications. To avoid this problem, deposition poten-
tials may be shifted by adding an appropriate complexing agent to the electrolyte. 
The stoichiometry of the fi lm depends upon the solute concentration, the pH of 
the electrolyte, electrolysis current density, and deposition time. A careful analysis 
of the electrodeposition potential curve appears to be the best way to determine 
the ideal experimental conditions for the preparation of various defi nite com-
pounds like CuInSe 2  by electrolytic co - deposition.   

   5.2.1.3    Sol – Gel Method 
 The sol – gel method is a wet chemical technique which is used for the fabrication 
of materials (ceramics, semiconductors, composites, etc.) starting from a chemi-
cal electrolyte which acts as the precursor for a gel with an integrated network of 
either particles or polymers. Precursors are metal alkoxides and metal chlorides 
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which can undergo various forms of hydrolysis and polycondensation reactions 
 [96] . 

 Classically, this method allows the synthesis of materials (typically metal oxides 
like ZnO, TiO 2 , Nb 2 O 3 , WO 3 , etc.) at almost room temperature using preparation 
techniques different from the process of fusion of oxides. In the case of metal 
oxide fabrication, reactions involve connection of the metal centers with oxo 
(M – O – M) or hydroxo (M – OH – M) bridges, resulting in metal - oxo or metal - hydroxo 
polymerization in solution. Accordingly, the hydrolysis and the condensation reac-
tions lead to the formation of a new phase (sol) according to (Figure  5.10 )  [96] :

   M O R H O M OH R OH (hydrolysis)− − + → − + −2     (5.66)  

   M OH HO M M O M H O (water condensation)− + − → − − + 2     (5.67)  

   M O R HO M M O M R OH (alcohol condensation)− − + − → − − + −     (5.68)     

 In sol – gel synthesis, a soluble precursor molecule is hydrolyzed to form a disper-
sion of solid colloidal particles, typically having diameters of a few hundred 
nanometers, suspended in a liquid (the sol phase). Further reaction causes bonds 
to form between the sol particles, which then condense to form a new phase (the 
gel phase) in which solid macromolecules are immersed in a liquid phase (solvent). 
The gel is then typically heated to yield the desired material. From the hydrolysis 
and condensation of the sol process it may be possible to get: (i) uniform particles, 
(ii) gels which can give (iii) aerogels from solvent extraction, (iv) xerogels from 
gelation or evaporation of the sol, (v) dense fi lms from heat treatment of the 
xerogel, (vi) various types of fi bers from the initial sol – gel mixture, and (vii) xero-
gels from the solvent evaporation of the gel, the evaporation of the xerogel leading 
to the formation of a dense ceramic. It is also possible to incorporate in the 
samples some soft doping agents. For systems involving colloids, the volume frac-
tion of particles (or particle density) is so low that a signifi cant amount of fl uid 
must be removed to get the gel. This can be done by sedimentation, centrifugation, 
and phase separation  [97] . 

 Sol – gel chemistry has been developed to the point where it is a powerful 
approach for preparing initially inorganic materials such as glasses and ceramics 
 [98]  and also has been successfully applied to the synthesis of CdS, ZnS  [98, 99] , 
oxides based on Ti, Zr, Al, V, Mn, Co, Zn, W, B, etc.  [100] , and mixed Ti, Ta 
oxides  [101]  as thin fi lms. This method for the synthesis of inorganic materials 
has a number of advantages over more conventional synthetic procedures. For 
example, high - purity materials can be synthesized at a lower temperature. In 
addition, homogeneous multicomponent systems can be obtained by mixing 
precursor solutions; this allows for easy chemical doping of the materials pre-
pared. Finally, the rheological properties of the sol and the gel can be utilized in 
processing the material, for example by dip coating of thin fi lms, spinning of 
fi bers, etc. The concepts of sol – gel synthesis and template preparation of nano-
materials can be used to yield new routes for preparing nanostructures of 
semiconductors and other inorganic materials. This can be accomplished by con-
ducting sol – gel synthesis within the pores of various micro -  and nanoporous 
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systems where monodisperse tubules and fi brils of the desired material can be 
obtained. 

 The relative composition and ratio of the solvent, the complexing agent, and the 
inorganic precursor have an important effect on the kinetics of the material prepa-
ration, and the various physicochemical properties  [102] . For example, in the case 
of ZnO deposition using Zn(CH 3 COO) 2  · 2H 2 O as precursor in an ethanolic solu-
tion containing  monoethanolamine  ( MEA ) as complexing agent, where the ratio 
[H 2 O]/[Zn 2 +  ]    =    2, the hydrolysis and condensation of the Zn 2 +   cation are relatively 
slow due to the low quantities of water. It was shown that MEA acts as a complex-
ing agent and also retards the condensation of Zn 2 +  . The pH of the electrolyte 
was increased due to the presence of the MEA, promoting the formation of ZnO. 
The role of the acetate is to complex Zn 2 +   which is in competition with the MEA 
complexation  [102] . Complex chemical relationships have been proposed  [102]  
(Figure  5.11 ).    
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   5.2.1.4    Other Wet Methods 

   5.2.1.4.1    Spray Pyrolysis Methods 
 For solar cell materials and technology, spray pyrolysis is used for thin - fi lm prepa-
ration. Film deposition based on this method consists of spraying a metal salt 
solution onto a heated substrate (Figure  5.12 ). The solution is usually made by 
dissolving salts of the constituent atoms of the desired compound in aqueous 
medium. The salt droplets impact on the substrate surface, spread into a disk -
 shaped feature, and undergo thermal decomposition. The shape and size of the 
disk depends on the momentum and volume of the droplets, as well as the sub-
strate temperature. The fi lm is then composed of overlapping disks of metal salt 
being converted into oxides on the heated substrate  [103] . Typical spray pyrolysis 
equipment consists of an atomizer, precursor solution, substrate heater, and 

     Figure 5.11     The complex chemical relationships of the main species and the chemical 
equilibria taking place in the initial solutions of ZnO formation by the sol – gel method  [102] .  
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temperature controller. The following atomizers are usually used in spray pyroly-
sis: air blast (the liquid is exposed to a stream of air)  [104] , ultrasonic (ultrasonic 
frequencies produce the short wavelengths necessary for fi ne atomization)  [105] , 
and electrostatic (the liquid is exposed to a high electric fi eld)  [106] . Spray pyrolysis 
is a processing technique being considered in research to prepare thin and thick 
fi lms, ceramic coatings, and powders. Unlike many other fi lm deposition tech-
niques, spray pyrolysis represents a very simple and relatively cost - effective 
processing method (especially with regard to equipment costs). It offers an 
extremely easy technique for preparing fi lms of any composition. It does not 
require high - quality substrates or chemicals. The method has been employed for 
the deposition of dense porous fi lms, and for powder production  [103]  including 
multilayered fi lms. It has been also used for the production of materials in the 
glass industry  [107]  and in solar cell production  [108] .   

 Various parameters can infl uence the quality of the fi lms. Among them, the 
co - solvent, the temperature, and the precursor solution are the main parameters 
that can have important effects on the fi lm characteristics. 

 The deposition temperature is involved in all the processes mentioned above, 
except in the aerosol generation. Consequently, the substrate surface temperature 
is the main parameter that determines the fi lm morphology and properties. By 
increasing the temperature, the fi lm morphology can change from a cracked to a 
porous microstructure. Accordingly, the properties (optical, electrical, morphologi-
cal, etc.) of deposited fi lms can be varied and thus controlled by changing the 
deposition temperature. 

 It has been shown that the following processes will occur with increasing sub-
strate temperature  [109]  (Figure  5.13 ). At lower temperature, droplets of the co -
 solvent and the precursor may splash onto the substrate and decompose (case A). 
When the temperature increases (case B), the solvent is evaporated during the 
fl ight of the droplet and gives a dry precipitate which is deposited on the substrate 
followed by some decomposition. At still higher temperature (case C), there is 

     Figure 5.13     Description of the deposition processes initiated with increasing substrate 
temperature  [103] .  
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evaporation of the solvent before the droplet reaches the substrate, but in this case 
the solid precipitate is not decomposed; rather, it fi rstly melts, and then vaporizes. 
The resulting vapor diffuses to the substrate surface according to a CVD process. 
At the highest temperature of the process (case D), the droplet vaporizes before it 
can reach the surface. It is considered that solid particles are formed during a 
chemical reaction in this vapor phase. It is known that the fi lms formed under the 
conditions of cases A and D are poorly or completely non - adherent. Adherent fi lms 
are obtained when the process temperature used corresponds to case C. However, 
this case can rarely occur because, in general, the deposition temperature is too 
low to allow the vaporization of the droplet, which just decomposes without 
melting and vaporizing. In practice, processes corresponding to case B can allow 
the formation of high - quality fi lms.   

 A variant of the spray pyrolysis method based on  electrostatic spray - assisted 
vapor deposition  ( ESAVD ) can also be used  [110]  in which the mixed co - solvent 
and precursor electrolyte is atomized by an electric fi eld. The morphology of the 
thin fi lms obtained from this method is very dependent on the process tempera-
ture (Figure  5.14 )  [110] . For example, in the case of CdS deposition  [110]  amor-
phous fi lms are obtained below 300    ° C (process I in Figure  5.14 ). Cadmium 

     Figure 5.14     Schematic diagram of the proposed electrostatic spray - assisted vapor deposition 
mechanisms for different process conditions  [110] .  
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chloride (CdCl 2 ) and thiourea ((NH 2 ) 2 CS) were used in the study cited. In particular 
CdCl 2  and (NH 2 ) 2 CS with a molar ratio of 1   :   1 were dissolved in H 2 O/C 2 H 5 OH 
solvent to produce 0.005   M homogeneous solution. In this case the fi lms contain 
pinholes and cracks. At temperatures above 450    ° C, the droplets of the mixed 
electrolyte are vaporized and decompose before the deposition of powder fi lms on 
the substrate (process III in Figure  5.14 ). At intermediate temperatures, for 
example between 300 and 450    ° C, the two types of the above fi lm morphologies 
can be obtained. For an optimized temperature between 400 and 450    ° C, a dense 
fi lm with good adhesion (process II in Figure  5.14 ) can be obtained, corresponding 
to a heterogeneous CVD reaction.   

 Another method derived from spray pyrolysis is the ultrasonic spray pyrolysis 
method which consists of spraying a solution on a heated substrate. The apparatus 
of the deposition system typically used in this work is shown in Figure  5.15   [111] . 
Ultrasonic spray pyrolysis involves spraying a solution on a heated substrate. An 
electrical substrate heater and copper plate can be used to heat the substrate. 
Substrate temperature can be controlled by an appropriate thermocouple. This 
provides thermal energy for solvent evaporation and atomic rearrangement. The 
chemical electrolyte which contains in particular the precursor particles and the 
co - solvent is atomized into the stream of fi ne droplets (30 – 60    µ m in diameter) via 
an ultrasonic spray head (containing a 58   kHz transducer). The aerosol droplets, 
generated by vibration of the transducer, are transported by a carrier gas to the 
heated surface of the substratre. The quality of the prepared fi lms depends on, 
among others: (i) the electrolyte fl ow rate, (ii) the carrier gas pressure/fl ow rate, 
(iii) the distance between the ultrasonic spray head and the substrate, and (iv) the 
deposition time. Typical fl ow rates are around 1   ml   min  − 1 and the carrier gas 

     Figure 5.15     Ultrasonic spray pyrolysis 
system  [111] : (1) container, (2) ultrasonic 
spray head, (3) fl ow meter, (4) water – ice 
bath for reference temperature, 
(5) thermocouple wire, (6) ultrasonic 

generator, (7) voltmeter for thermocouple, 
(8) iron – constantan thermocouple, (9) glass 
substrates, (10) heater, (11) current source, 
(12) nitrogen gas tank.   
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pressure can be 0.1 to 0.9 bar. Argon or nitrogen can be used as carrier gas and 
the deposition time is typically less than an hour. The optimum selection of experi-
mental conditions also depends on the type and thickness of fi lm.    

   5.2.1.4.2    Chemical Vapor Deposition ( CVD ) 
 The CVD method involves a chemical reaction in a vapor phase which results in 
deposition of a solid on a heated surface. Various PVD processes such as ion 
plating, sputtering, molecular beam, evaporation, and epitaxy might be also 
included in CVD processes  [112] . The various CVD methods are powerful proc-
esses used for the fabrications of a wide variety of thin - fi lm materials including 
solar cell materials and semiconductor materials for electronic applications, as well 
as the manufacture of coatings, powders, fi bers, and monolithic components. 
There are two types of CVD reactors, the differential reactor and the starved 
reactor, according to the value of the fl ow rate ( F  r ) defi ned as

   Fr [reactant out]/[reactant in]=     (5.69)   

 If  F  r     =    1, we have a differential reactor which is characterized by a constant com-
position through the reactor. This type of reactor seems to be more useful for 
research activities. 

 If  F  r     <<    1, we have a starved reactor and large gradients or fast reactions occur. 
This type of reactor is typically used for industrial applications. A schematic of the 
typical classic CVD process (Figure  5.16 )  [113]  shows that the complete reactor is 

     Figure 5.16     Schematic diagram of the CVD 
process method: (i) gas measurement and 
metering; (ii) transport of molecules by gas 
fl ow and diffusion; (iii) transport of heat by 

convection, conduction, and radiation; 
(iv) chemical reactions in the gas phase and 
at the surfaces; (v) plasma formation and 
behavior  [113] .  
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composed of: (i) a gas vapor system, (ii) a gas metering system (gas inlet and outlet 
determination, etc), (iii) a deposition chamber including a sample holding system, 
(iv) a gas transport analysis system, (v) an exhaust pump, and (vi) a waste treatment 
system. Accordingly for the proper management of a CVD process, it is important 
to develop and understand the following aspects related to the system: (i) the 
chemical reactions involved during the fi lm deposition process, (ii) the mechanism 
of the transport of the species involved in these reactions, (iii) the mode of heat 
transport, (iv) the gas metering and fl ow measurements, and (v) the conditions of 
plasma formation and behavior and the characterization of the obtained fi lms.   

 Based on molecular kinetics of gases colliding on a surface, the number of 
molecules impinging on a plane per square centimeter each second is  [114] 

   J n RT= ( )8 41 2/ M //π     (5.70)   

 This results in the maximum possible deposition fl ux ( J  Max ) for a given partial 
pressure of precursor:

   J P MTMax ( . ) ( )= × ×3 5 1022 1 2/ /     (5.71)  

where  n  is the molar volume  N / V ,  R  the universal gas constant (8.3   J   mol  − 1    K  − 1 ),  T  
the absolute temperature (K),  M  the molar mass (g   mol  − 1 ),  P  is in torr, and  J  is in 
molecules   cm  − 2    s  − 1 . 

  Atmospheric pressure chemical vapor deposition  ( APVD ) and  jet vapor deposi-
tion  of ( JVD ) of CdTe for high - effi ciency solar cells have been developed by in an 
international project of the National Renewable Energy Laboratory  [115] . All 
APCVD samples prepared for comparisons in this study had common processing 
steps through to CdTe deposition. Substrates used to make these cells were com-
mercially available 3    ×    5 inch soda - lime glass slides coated with SnO 2 :F. A 2000    Å  
layer of CdS was sputter - deposited on these substrates, then pre - treated with CdCl 2  
at 450    ° C for 50 minutes in nitrogen. CdTe was deposited by APCVD at about 
0.2    µ m   min  − 1  at a substrate temperature of 580    ° C. The 3 – 5    µ m thick CdTe was then 
treated with CdCl 2  for 35 minutes at 410    ° C, followed by a 10 second etch in a 0.1% 
Br 2 /methanol solution. Back contacts were formed by diffusing a thin layer (30    Å ) 
of Cu into the CdTe, etching the surface to remove excess Cu, and then evaporat-
ing Au. APCVD samples used in these studies were either as - deposited, with CdCl 2  
treatment, or with Au/Cu contacts.  

   5.2.1.4.3    Liquid - Phase Deposition ( LPD ) 
 The fi rst experiment on the method of  liquid - phase deposition  ( LPD ) to produce 
thin fi lms was reported by Nagayama  et al.   [116] . The method consists of deposit-
ing metal oxide thin fi lms onto immersed substrates via a ligand exchange equi-
librium reaction of metal – fl uorocomplex ions and a fl uorine - consuming reaction 
by the addition of fl uorine scavengers, such as boric acid or aluminum metal. In 
particular, it has been reported that SiO 2  thin fi lms can be produced by this new 
chemical method of LPD  [116] . The advantages of this method are its low -
 temperature processing, its simplicity of operation, and inexpensive equipment 
requirements. It was found that the fi lms prepared by the LPD method possess 
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dense structure and good chemical stability. Also, the LPD method can be applied 
for large - area thin - fi lm preparation which may involve using complex shapes, or 
on various kinds of substrates. As an example, TiO 2  fi lms have been synthesized 
by LPD using ammonium hexafl uorotitanate and boric acid as treatment solution, 
with [TiF 6 ] 2 −   to H 3 BO 3  molar ratios of 1   :   2 to 1   :   4 as the most suitable for the for-
mation of these thin fi lms  [117 – 123] . The clean substrates are immersed into the 
treatment solution for 48 hours. The reaction is summarized as follows  [124] :

   [ ] [ ( ) ]TiF H O TiF OH HF6
2

2 6
2−

−
−+ ⇔ +n nn n     (5.72)  

   H BO HF HBF H O3 3 4 24 3+ ⇔ +     (5.73)   

 An example of a general fl ow chart of a TiO 2  thin - fi lm preparation which is often 
used for material processing is shown in Figure  5.17   [123] . The disadvantages 
of the LPD method are: (i) fi lms can only be prepared on substrates with OH  −   
radicals and (ii) the growth rate of the fi lms is slow. This method is very attractive 
in theoretical and industrial areas of research  [125 – 135] , in part owing to funda-
mental understanding of the deposition mechanism  [136, 137] , and in part to the 

     Figure 5.17     Flow chart for the preparation of TiO 2  fi lms by the LPD method  (adapted from 
 [123] ) .  
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versatility of the method for the formation of other oxides, including those of Ti, 
Sn, Zr, V, Cd, Zn, Ni, and Fe  [138 – 145] .    

   5.2.1.4.4    Solution Deposition by Successive Ionic - Layer Adsorption and 
Reaction ( SIAR ) 
 This process, introduced in the mid - 1980s  [146] , is intended to grow polycrystalline 
or epitaxial thin fi lms of water - insoluble ionic or ionocovalent compounds, C  m  A  n  , 
by heterogeneous chemical reaction at the solid – solution interface between 
adsorbed C  n    +   cations and A  m    −   anions. The process involves an alternate immersion 
of the substrate in a solution containing a soluble salt of the cation of the com-
pound to be grown and then in a solution containing a soluble salt of the anion 
(Figure  5.18 )  [146] . The substrate supporting the growing fi lm is rinsed in high -
 purity deionized water after each immersion. Polycrystalline and epitaxial thin 
fi lms of ZnS and CdS have been deposited on different substrates following this 
process at room temperature  [146] . This method has also been used for the deposi-
tion of ZnO  [147]  and Cu 2 O  [148] . A recent review of this approach for gas sensing 
has been published  [149] . This method has a high potential for thin - fi lm semicon-
ductor deposition for solar cell applications. Its utilization for such applications 
should be emphasized  [150] .    

   5.2.1.4.5    Electroless Deposition 
 Electroless deposition takes place by an autocatalytic redox process, in which the 
cation of the metal to be deposited is reduced by a soluble reductant at the surface 

     Figure 5.18     Schematic diagram of SILAR. M  +   refers to a cation (usually a metallic precursor); 
A  −   an anion; X - L a precursor compound, where X is the nonmetallic species (generally a group 
VI element) and L a ligand.  
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of the metal feature being formed, or at the surface of catalysts used to initiate the 
deposition  [151, 152] . To occur, the redox process requires a catalyst. In the case 
of noncatalytic substrates, the surface fi rst has to be activated with a metal catalyst 
such as palladium  [153] . Selective deposition can be achieved either by the selective 
deactivation of a catalytic substrate or by the selective activation of a nonreactive 
surface by a catalyst  [154] . Electroless deposition can operate at ambient tempera-
tures and pressures, and represents a simple and economic method of thin - fi lm 
deposition. This technique has been used to deposit thin fi lms of  β  - FeOOH and 
Fe 3 O 4  on amine - functionalized silicon that had been immersed in Pd salt solution 
for sensitization, dimethylamine borane complex (DMAB; CH 2 NHBH 3 ) in the 
deposition serving as the reducing agent  [155] . .Further studies of the structure of 
the support – semiconductor interface produced could therefore provide informa-
tion regarding both the fundamental growth mechanism and the viability of such 
a technique for manufacturing processes of thin - fi lm semiconductors for solar cell 
applications.    

   5.2.2 
Preparation of Active Materials 

   5.2.2.1    Preparation by Chemical Deposition 
 Several approaches based on CBD have been used for the development of thin - fi lm 
semiconductors for solar cell applications  [22 – 24]  of typically 0.02 – 1    µ m thickness. 
From these references and those therein, the binary compounds that have been 
fabricated by CBD include sulfi des (CdS, Cu  x  S, CoS, PbS, Sb 2 S 3 , PdS 2 , SnS, SnS 2 , 
ZnS, NiS, TlS In 2 S 3 , HgS, MnS, MoS, Bi 2 S 3 , Ag 2 S, As 2 S 3 , etc.) and selenides (CdSe, 
Cu  x  Se, CoSe, PbSe, Sb 2 Se 3 , SnSe, SnSe 2 , ZnSe, NiSe, HgSe, MoSe, Bi 2 Se 3 , Ag 2 Se, 
As 2 S 3 ). In some cases metal hydroxide thin fi lms are deposited and subsequently 
converted into oxide fi lms  [156] . To obtain good - quality and cheaper semiconduc-
tor thin fi lms, several optimized experimental conditions have been developed and 
the infl uence of various factors such as temperature, concentration, stirring, and 
others has been studied. More fundamentals studies related to thin - fi lm chemical 
deposition have also been published  [157, 158]  

 Studies of the kinetic parameters of thin - fi lm deposition rates and performance 
are very important to develop appropriate fi lms for solar cell applications. For 
example, substrate spacing and thin - fi lm yield in CBD of semiconductor thin fi lms 
have been studied  [159]  (Figure  5.19 ). Based on a mathematical model, it was 
proposed and experimentally verifi ed in the case of CdS thin fi lms that the fi lm 
thickness reaches an asymptotic maximum with increasing substrate separation. 
The model takes into account the following several factors: 

  1)     The effect of initial concentration ( C  i ) of the metal ions M  n    +   in the bath, which 
infl uences the kinetics of fi lm formation through a fi rst - order dissociation of 
 metal – ligand  ( M – L ) complex [ML  y  ] (rate constant,  k ), leading to the formation 
of metal chalcogenide M  q  X  r  . It was assumed that chalcogenide (X) ions are 
readily available in the bath.  



 308  5 Thin-Film Semiconductors Deposited in Nanometric Scales

  2)     Precipitate formation (  γ   ), which is nonlinear with concentration and tempera-
ture ( T  ).  

  3)     A geometry factor, which takes into account the ratio of substrate area to 
volume of the solution used ( s ).  

  4)     An induction period ( t  i ) for the setting up of the relevant chemical equilibrium 
in the bath and the commencement of formation of insoluble compound 
M  q  X  r  .  

  5)     An induction period ( t  c ) for the formation of the catalytic surface on the sub-
strate for fi lm formation. The quantity ( C  f ) of the soluble metal ions M 2 +   
utilized in the formation of the thin fi lm of insoluble semiconductor metal 
chalcogenide compound M  q  X  r   at the end of a duration  t  of the deposition 
process is:

   C t C s t t k t tf i c i( ) [ exp( )]( ) [ exp( / )]{ exp[ ( )]}= − − − × − − − − −1 1 1 1α γ     (5.74)      

 The interested reader is referred to  [159]  for a detailed explanation of the model, 
which is summarized in table 1 of that work. 

     Figure 5.19     Film thickness versus duration of deposition for different semiconductor thin 
fi lms obtained by the CBD technique  [159] .  
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 This approach involves considerations of surface catalysis which occurs prior to 
thin - fi lm deposition. In this model the induction period for formation of a catalytic 
surface for thin - fi lm growth  t  c  is the probe of the surface catalysis. From Equation 
 5.74 , it can be seen that there is no fi lm deposition when no catalytic surface is 
created on the substrate surface, that is,  t  c     →     ∞ , and facile thin - fi lm formation 
when a catalytic surface is provided,  t  c     →    0. On the other hand, when   γ    →  0, no 
precipitate formation occurs in the electrolyte and a catalytic surface is provided 
on the substrate. The model is based on only the effect of the concentration of 
metal ions and not on each of the components (anion concentrations, supporting 
electrolyte, pH adjustment, etc.), all of which play an important role in the growth 
rate and fi lm thickness as indicated elsewhere  [23, 25, 65] . 

   5.2.2.1.1     CdS  and  CdSe  Preparation 
 Chemical deposition of CdS may be a highly reproducible and controllable tech-
nique which yields CdS layers with excellent optoelectronic and solar cell proper-
ties. The deposition of CdS fi lms has been carried out on various substrates using 
different solution compositions  [35 – 38, 40, 42, 160 – 170] . The electrical conductiv-
ity and thickness of deposited In - doped CdS from an ammoniacal solution of 
InCl 3 , CdSO 4 , and thiourea were found to vary with the concentration on InCl 3  in 
solution  [171] . However, due to the fact that In(OH) 3  is insoluble in water and that, 
unlike Cd(OH) 2 , In(OH) 3  is also insoluble in ammonia, the incorporation of In 
into CdS is unlikely. The deposition of CdS fi lms from an aqueous solution con-
taining cadmium acetate (Cd(Ac) 2 ), thirourea ((NH 2 ) 2 CS), ammonia (NH 4 OH), and 
ammonium acetate (NH 4 Ac) has shown that the addition of boron into the solution 
reduces the resistivity of CdS fi lms. A minimum in dark resistivity was observed 
at a   BO /Cd3

2 2− + ratio of 0.001, as the boron concentration increased and approached 
that of undoped fi lms  [53] . Optimum conditions for better overall morphological 
and optical properties have been investigated  [172] . Better conditions for good 
morphological and optical properties were: [Cd 2 +  ], (0.1 – 3)    ×    10  − 3    M; thiourea, (3 –
 5)    ×    10  − 3    M; buffered solution, 20    ×    10  − 3    M; pH 9.0 – 9.5; temperature, 85    ° C; and 
time, 13 – 30 minutes. Signifi cantly lower precipitated particulate density was 
obtained using the buffered solutions under optimum conditions and the fi lms 
were stoichiometric, grew a strong (111) or (002) texture, and had a direct bandgap 
of 2.40   eV. CdS thin - fi lm photoconductivity has been determined for fi lms pre-
pared from aqueous chemical baths containing a TEA complex of Cd 2 +   ions and 
thiourea, mixed in different nonequimolar ratios  [43, 45] . This led to the conclu-
sion that the TEA complex method results in the production of high - quality fi lms. 
The chemical deposition of CdS from solutions at 50 – 70    ° C containing citratocad-
mium complexes and thiourea has been reported  [173] . The fi lms showed an 
optical transmittance of about 80%, a dark conductivity of 10  − 8    cm  − 1 , and photo-
sensitivity of about 106 – 107 at 1   kW   m  − 1 . The fi lms were converted to n - type by 
annealing in air at 400 – 500    ° C for an hour. It has also been shown that the impurity 
phase in the CdS fi lms involves a mixture of cadmium oxide (CdO)  [174] . Analysis 
of the fi lms and the powders obtained using thiourea and TAM as sulfurizing 
agents showed that the impurity phase is predominantly present when thiourea 
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is used in the chemical bath. The CBD of CdS layers, using the ammonia process, 
has been studied by combined  in situ  quartz crystal microbalance and electro-
chemical impedance techniques  [46] . The fi lm was shown to have, in general, a 
duplex structure with an inner compact layer and an outer porous layer, growing 
at longer reaction times. An excess of thiourea was found to be very favorable for 
obtaining total coverage of the substrate with a minimum thickness of the CdS 
fi lm (about 30   nm on an unactivated Au substrate). For various optoelectronic or 
solar cell applications, it is vital to determine the conditions of stability of CdS thin 
fi lms related to the mechanism of their deposition. 

 The cathodic electrodeposition of CdS from aqueous solutions of Cd 2 +   and   S O2 3
2− 

at 90    ° C has been investigated  [67, 175 – 183] . The electrodeposition was carried out 
using a standard three - electrode confi guration in galvanostatic mode. CdS deposi-
tion was studied on Pt wire and ITO electrodes. The reference electrode was satu-
rated calomel and the counterelectrode was a spectrographically pure carbon 
rod of geometric area of 16   cm 2 . The CdS electrolyte was prepared by heating a 
0.2   M CdCl 2  solution to 90    ° C, followed by adding, immediately prior to commenc-
ing CdS deposition, suffi cient Na 2 S 2 O 3  · 5H 2 O to produce 0.009   M   S O2 3

2+ in solution. 
The deposition potential was  − 0.695   V, giving a current density of the order of 
0.06 – 0.10   mA   cm  − 2 , which subsequently decreased. The potential was then adjusted 
to maintain the current density in the range 0.035 – 0.045   mA   cm  − 2 . The deposition 
charge over a one - hour period was approximately 5.4   C (about 0.135   C   m  − 2 ). A lower 
pH increased the rate of the electrochemical process as shown by the increase in 
CdS fi lm thickness as the pH decreased. A pH of about 3.5 yielded the greatest 
thickness  [175] . CdS was electrodeposited from a stirred solution at 90    ° C in which 
the electrolyte was 0.2   M Cd 2 +   and 0.01   M   S O2 3

2+ with the pH adjusted to 2  [64, 184, 
185] . The deposition potential was  + 40   mV from the measured Cd deposition 
potential. It was evident that electrodeposited CdS thin fi lms were of better quality 
and more adherent than those obtained with CBD  [64] . 

 Electrodeposition is less used than CBD for the fabrication of CdS thin fi lms. 
This may be due to the lower rate of fi lm formation by electrodeposition. Recently, 
thin fi lms of CdS were prepared by CBD using potassium nitrilotriacetate (K 3 NTA 
or NTA) as the complexing agent for Cd and thiourea as the S source  [186 – 188] . 
Most crucial is pH adjustment, which governs the formation of a cadmium 
hydroxy species and the start of thiourea desulfuration  [188] , while the infl uence 
of illumination is only marginal. It was shown that the use of NTA for the deposi-
tion of CdS, where it serves as the complexing agent for Cd, eliminates the prob-
lems of volatility and toxicity of the commonly used ammonia. Moreover, the 
NTA - based CBD leads to smaller sizes of the prepared nanocrystals. Their size 
can be increased by subsequent thermal annealing. This can be used for top 
growth on a variety of substrates including coated glass, semiconductors, metals, 
polymers, and cloth. 

 Other typical deposition conditions for CdS have been reported  [24, 173] . They 
are based on the use of 30   ml of 0.1   M Cd(CH 3 COO) 2  · 2H 2 O, 8 – 12   ml of 1   M 
sodium citrate, 15   ml of 1.5   M NH 4 OH, and 5 – 10   ml of 1   M thiourea, with deion-
ized water to make the volume up to 100   ml. The deposition is allowed to proceed 
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at 50 – 70    ° C for up to 12 hours. Very smooth and uniform coatings of CdS are 
formed except at long durations of deposition  [24, 173] . 

 Thin fi lms of CdSe were prepared by CBD using the NTA complexing agent for 
Cd and sodium selenosulfate (Na 2 SeSO 3 ) as the Se source  [186, 189 – 191] . Careful 
attention is needed for the preparation of Na 2 SeSO 3 , which is done by dissolving 
elemental Se powder in Na 2 SO 3   [189] , because this step is usually the major source 
of growth irreproducibility. It is also very important to maintain a constant illu-
mination while fi lms are growing, because the preparation of CdSe is very sensi-
tive to the intensity and the spectral content of the incident light. One of the classic 
methods for CdSe preparation, reported by us  [23, 192]  and others  [193, 194] , is 
based on 30   ml of 0.1   M Cd(NO 3 ) 2  · 4H 2 O, 12   ml of 1   M sodium citrate, 1.2   ml of 
30% (about 15   M) NH 4 OH, and 0.4   g of  N , N  - dimethylselenourea dissolved in 30   ml 
of freshly prepared 0.01   M Na 2 SO 3 , with the volume made up to 100   ml with water. 
Deposition may be made at room temperature (24 hours) or at temperatures up 
to 60    ° C (8 hours); for prolonged deposition periods there is a risk of the fi lm 
peeling from the glass substrates.    

   5.2.2.1.2     Cu x S  and  Cu x Se  Preparation 
 Thin fi lms of Cu  x  S possess near ideal solar control characteristics with a bandgap 
of 1.2 – 2.2   eV  [23, 24, 195] . Accordingly, Cu  x  S thin fi lms have received particular 
attention in the development of the experimental conditions for their CBD. A large 
variety of Cu  x  S (with  x  from 1 to 2) fi lms have been deposited by chemical methods 
including Cu 2 S fi lms  [196] . Cu  x  S thin fi lms with a wide range of sheet resistances 
( r ) and optical transmittances, indicating different composition  x , have been 
obtained from chemical baths constituted of copper(II) chloride, TEA, and thiourea 
at appropriate pH (10 – 12). Depending on the deposition parameters, a range of 
resistances from 30    Ω  to 1   M Ω , a range of transmittances (at 500   nm) from 1 to 65, 
and a range of color of refl ected daylight (golden yellow, purple, blue, green, etc.) 
can be obtained  [197] . The fi lms have been found to be stable with respect to electri-
cal and optical properties on storage under ambient. The deposition of Cu  x  S fi lms 
is made possible by the presence of the Cu  +  /Cu 2 +   and S 2 −   ions available in the 
chemical bath. The S 2 −   ions are easily provided through the hydrolysis of thiourea 
in an alkaline or ammoniacal (normally of pH 10 – 12) bath, as reported for CdS 
CBD  [198] . To get Cu  x  S fi lms with  x  closer to 2 (typically 1.75 and 2), Cu  +   salts such 
as CuCl or CuCN which are highly insoluble in water and acidic media (pH about 
3.5) are used following their topotaxial formation from CdS and CdCl  [199] :

   CdS CuCl Cu S CdCl+ → +2 2x     (5.75)   

 This method is different from the classic CBD. To enhance the direct CBD rate, 
the equilibrium reaction  [200] 

   2 2Cu Cu Cu+ +→ +     (5.76)   

 could be displaced in either direction through complexation, depending on the 
complexing agent. For example, the equilibrium constant  K     =    [Cu 2 +  ]/[Cu  +  ] is 
approximately 10 5  for the chelating  ethylenediamine  ( EN ), which will drive the 
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reaction forward; for the nonchelating ammonia,  K  is approximately 10  − 2 , which 
can promote the reverse reaction, thus giving rise to [Cu(NH 3 ) 2 ]  +  . Formation of 
  [ ( ( ) )]Cu SC NH4 3 2 6

4+ and   [ ( ( ) )]Cu SC NH4 3 2 6
4+ complex ions from aqueous solutions of 

copper(II) salt and thiourea has been reported at acidic pH ( =    1). Those complexes 
may affect the fi lm deposition kinetics  [201] . 

 Copper sulfi de (Cu 2 S) thin fi lms were deposited using a modifi ed chemical 
deposition method. The preparative conditions such as concentration, pH of cati-
onic and anionic precursors, adsorption, reaction and rinsing time durations, 
complexing agent, etc., were optimized to get stoichiometric Cu 2 S thin fi lms  [202] . 
This method is based on successive immersion and rinsing after each immersion 
of the substrate into separate cation and anion precursor solutions with ion -
 exchange water to avoid homogeneous precipitation. A schematic representation 
for the deposition of Cu 2 S thin fi lms by a modifi ed chemical method is shown in 
Figure  5.20   [202] , which indicates that it is different from the classic method because 
the cationic precursor is separated from the anionic precursor by an ion - exchange 
water bath. The chemicals used as the cationic and the anionic precursors in such 
a method are, respectively: (i) copper(II) sulfate pentahydrate (CuSO 4  · 5H 2 O) solu-
tion complexed with a mixture of 2   N TEA and 2   N  hydrazine hydrate  ( HH ), the 

     Figure 5.20     The scheme of a modifi ed chemical method for the deposition of Cu 2 S fi lms onto 
glass substrates: A, cationic precursor (copper(II) sulfate pentahydrate); B, ion - exchange 
water; C, anionic precursor (sodium sulfi de); D, ion - exchange water  [202] .  

A B C D
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     Figure 5.21     Plot of fi lm thickness against concentration of CuSO 4  solution for 20 deposition 
cycles for Cu 2 S thin fi lm  [202] .  
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pH of this solution being adjusted to about 5; and (ii) sodium sulfi de (Na 2 S · H 2 O) 
solution with pH  ≈  12. A concentration of 0.05   M for the sodium sulfi de solution 
as anion source and highly purifi ed deionized water as ion - exchanging water were 
used. The variation of the fi lm thickness against concentration of CuSO 4  · 5H 2 O 
solution for 20 deposition cycles (Figure  5.21 ) showed that the fi lm thickness 
increased with copper ion concentration. The maximum thickness value at a con-
centration of 0.12   M was interpreted as the formation of an outer porous layer as 
the fi lm peeled off from the substrate. Similarly the Cu 2 S fi lm thickness was found 
to increase with the number of deposition cycles (Figure  5.22 ) for optimized con-
centrations of CuSO 4  · 5H 2 O (0.12   M) and sodium sulfi de (0.05   M), with a maximum 
fi lm thickness of 0.44    µ m.   

 It is well established that copper selenide usually exists as the copper(I) form 
(CuSe or Cu 3 Se 2 )  [202 – 205] . Copper(II) selenide in Cu 3 Se 2  form is often reported 
as an impurity phase along with CuSe  [204, 205] .  Face - centered cubic  ( FCC ) struc-
tures of Cu  x  Se thin fi lms have been chemically prepared using copper acetate 
and sodium selenosulfate solution onto Pt(111) substrate at 75.2    ° C  [206] . Copper 
selenide (Cu 2 Se or Cu 2 −    x  Se) fi lms have also been deposited using tetraamine 
copper and sodium selenosulfate solution onto glass substrates in an alkaline 
medium at 55    ° C  [207] . The deposition time was 35 minutes. The optical bandgap 
was found to be 1.39 – 1.44   eV. The fi lms were p - type. Cu 2 −    x  Se fi lms have also been 
deposited using CuCl 2  and Na 2 SeSO 3  solutions complexed with TEA and NH 4 OH 
onto glass substrate in an alkaline medium at 90 – 95    ° C for 30 minutes  [208] . The 
optical bandgap was found to be 1.2   eV. The electrical resistivity was of the order 
of 10  − 1     Ω    cm. The interphase conversion of chemically prepared Cu 2 −    x  Se and 
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tetragonal Cu 3 Se 2  thin fi lms has been studied  [209] . This interphase conversion 
was found to be cyclic. The bandgap of the fi lm was varied from 2.27 to 2.84   eV. 
Cu 3 Se 2  and CuSe thin fi lms have also been deposited using copper sulfate and 
sodium selenosulfate solutions at 60    ° C on polyester substrate  [210] . These various 
results indicate clearly that the fi lm deposition conditions have important effects 
on fi lm properties (composition, bandgap, structure, conductivity, etc.) and the 
resulting performance of the fi lms in solar cell applications. Accordingly, special 
attention must be paid optimizing experimental conditions for thin - fi lm solar cells 
applications. 

 In addition, there are other less expensive and simple modifi ed chemical 
methods that are suitable for the deposition of metal chalcogenide thin fi lms  [203] . 
These are mainly based on the adsorption and reaction of ions from solutions 
and rinsing between every immersion step with deionized water to avoid homo-
geneous precipitation in the solution. As an example, stoichiometric copper(I) 
selenide (Cu 2 Se) thin fi lms have been deposited onto glass substrate using this 
modifi ed chemical method. The deposition conditions such as concentration and 
pH of cationic and anionic precursor solutions, immersion and rinsing times, 
number of immersions, etc., were optimized for Cu 2 Se fi lms  [203] . The cationic 
precursor was a solution of 0.1   M copper(II) sulfate (CuSO 4  · 5H 2 O) with the pH 
adjusted to 2 by adding tartaric acid. The anionic precursor was 0.05   M sodium 
selenosulfate (Na 2 SeSO 3 ) solution with a pH of 12. The solutions were placed into 
separate beakers of 50   ml capacity each. An ample quantity of distilled water was 
used for the rinsing step. The deposition was carried out at room temperature 
(300   K) from unstirred baths. The concentration, pH, and temperature of precur-

     Figure 5.22     Plot of fi lm thickness against number of deposition cycles for Cu 2 S thin fi lm  [202] .  
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sor solutions and the time for adsorption, reaction, and rinsing are important 
parameters. 

 One deposition cycle consists of: (i) immersion of the glass substrate in the cati-
onic precursor solution for 30   s to allow copper ions to adsorb on the surface of 
the glass substrate; (ii) rinsing the glass in double - distilled water for 50   s to remove 
loosely bound or excess copper ions from the surface; (iii) immersion of the glass 
in the anionic precursor solution for 20   s which allows selenium ions to react with 
pre - adsorbed copper ions to form Cu 2 Se; and (iv) rinsing the sample in double -
 distilled water for 50   s which helps the separation of the unreacted or unadsorbed 
or excess selenium ions or powdery Cu 2 Se from the material surface. Several tens 
of cycles can be performed depending of the desired thickness of the sample. As 
an example, for 65 cycles, copper(I) selenide fi lm of terminal thickness about 
330    µ m was obtained  [203] . In the study described above, the formation of Cu 2 Se 
was attributed to the presence of organic complexing agent (tartaric acid) with 
sulfate ions. This system acts as a reducing agent and releases Cu  +   ions instead 
of Cu 2 +   ions from the CuSO 4  solution. The formation of stoichiometric Cu 2 Se 
involves the following steps. 

  1)     For the copper(II) sulfate precursor, in the presence of organic complexing 
agents, the sulfate anion, having reducing properties, can reduce Cu 2 +   into 
Cu  +   ions  [210] :

   [ ( ) ]Cu tartaric acid Cu tartaric acid2+ +→ +     (5.77)    

  2)     Hydrolysis of sodium selenosulfate takes place in solution, which releases 
selenide ions:

   Na SeSO OH Na SO HSe2 3 2 4+ → +− −     (5.78)  

   HSe OH H O Se− − −+ → +2
2     (5.79)    

  3)     Cu  +   ions react with Se 2 −   ions to form copper(I) selenide:

   2 2
2Cu Se Cu Se+ −+ →     (5.80)      

 Therefore Cu 2 Se deposition is possible from tartaric acid - complexed Cu 2 +   ions 
from the bath. 

 These results show clearly that the CBD of Cu  x  S and Cu  x  Se can be achieved for 
thin - fi lm solar cell applications. The basic solution for Cu  x  S deposition could be 
 [211] : 5   ml of 1   M CuCl 2  · 3H 2 O, 4   ml of TEA, 8   ml of 30% NH 4 OH, 10   ml of 1   M 
NaOH, 6   ml of 1   M thiourea, with water making up the remainder. Deposition was 
carried out at room temperature for best results; the fi lms peel from glass sub-
strates during prolonged deposition, although peeling may be prevented by using 
ZnS substrate fi lms  [212] . 

 For Cu  x  Se thin fi lms, one of the basic electrolytes for CBD could be  [24] : 10   ml 
of 0.5   M CuSO 4  · 5H 2 O solution, 1.5   ml of 30% NH 4 OH, 12   ml of 0.4   M Na 2 SeSO 3  
solution (prepared by refl uxing 4   g of selenium powder in 100   ml of 1   M Na 2 SO 3  
solution for about 3 hours), with water making up the remainder. At room tem-
perature, fi lms of approximately 0.2    µ m thick were deposited in 7 hours. The value 
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of  x  may depend on the exact bath composition and may even gradually change 
with the duration of deposition (Figure  5.23 ). If one uses modifi ed chemical depo-
sition  [203] , thicker fi lms can be obtained.    

   5.2.2.1.3     CuInS z   Preparation 
 The CBD of CuInS  z   thin fi lms  [213 – 216]  assumes the formation of Cu ions in 
aqueous solutions of copper(II) salts in the overall presence of TEA, thiourea, and 
aqueous ammonia. The formation of Cu  x  S (low chalcocite: 85%; djurleite: 10%; 
Cu 2 O: 5%) by sulfuration of thin copper fi lms in thiourea solution at 60 – 80    ° C 
also indicates the stabilization of Cu in the presence of thiourea  [217] . In the work 
described here, a copper(II) salt, CuCl · 23H 2 O, was used. The chemical baths were 
based on a 0.5   mol   l  − 1  solution of CuCl 2 /2 ½ H 2 O, approximately 9.4   mol   l  − 1  (as sup-
plied) TEA, 30% ammonia (aq.), 1   mol   l  − 1  solution of thiourea, and distilled water. 
Different volume compositions of the above chemicals can be employed. Copper(II) 
salts have been used to generate Cu(I) ions, as in chemically deposited CuInS 
fi lms  [213 – 216] , or to generate Cu 2 +   ions, as in chemically deposited CuSe thin 
fi lms  [218, 219] . The complexation effi ciency, mechanism, and effect on the fi lm 
deposition rate depend, of course, on the type of complexing agent and its interac-
tion with water including the simultaneous presence of different complex ions in 
the deposition bath  [219, 220] . The bath composition is not the only limiting 
parameter of the fi lm deposition performance. The substrate properties are 
important parameters which may have a signifi cant impact on the fi lm deposition 
properties. The fi lm substrate is a nucleation center which acts as a catalytic 
surface promoting the growth and adherence of particular atoms/ions  [221, 222] . 
This fundamental aspect is one of the most important issues to be addressed 

     Figure 5.23     Plot of fi lm thickness against number of deposition cycles for Cu 2 Se thin fi lm 
deposited onto glass substrate  [203] .  
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in the development of adherent and performing CBD thin fi lms for solar cell 
applications.  

   5.2.2.1.4     CdTe  Preparation 
 The preparation of CdTe by CBD is not common. This is due the oxidative insta-
bility of aqueous solutions containing the telluride ion. Very few reports are avail-
able in the literature that describe the preparation of hexagonal CdTe by CBD 
 [223 – 226] . It has been shown that, in aqueous solution, CBD of CdTe thin fi lms 
is based on chemical reaction of CdSO 4  complexed with TEA, NaOH, and ammonia 
with sodium tellurosulfi te. As an example, the deposition of CdTe can be achieved 
using 10   ml of (1   M) CdSO 4  complexed with TEA, NaOH, and suffi cient amount 
of ammonia at 75    ° C  [223] . The sodium tellurosulfi te was synthesized from tellu-
rium powder in a sodium sulfi te solution by a refl ux action. The decomposition 
of sodium tellurosulfi te was made possible in an aqueous alkaline medium con-
taining CdSO 4  complexed with TEA that allowed control of Cd 2 +   ions. The principle 
of the decomposition process is to provide a slow generation of Te 2 −   ions in such 
a way that the solubility product is just exceeded. The CdTe thin - fi lm growth was 
found to occur preferentially at the surface of the substrate, where the free energy 
of nucleation is small  [224 – 226] . As indicated in Section  5.2.1.1 , for any CBD, for 
the reaction to take place, the ionic product of the species must exceed the solubil-
ity product. The kinetics of fi lm formation can be understood from the following 
reaction sequence  [226] :

   Na TeSO OH Na SO HTe2 3 2 4+ → +− −     (5.81)  

   HTe OH H O Te− − −+ → +2
2     (5.82)  

   Cd TEA Te CdTe TEA( ) ( )n n2 2+ −+ → +     (5.83)   

 The preparation of CdTe:CdS clusters, which used a chemical deposition method, 
has been reported  [227] . To increase the utility of CBD, tellurocarbonyls have been 
synthesized recently  [228, 229] . The successful preparation of thin fi lms of CdTe 
by an exchange reaction is described by the following equation  [230] :

   Cd OH TeQ* CdTe OH( )2 2+ → + −     (5.84)  

where TeQ *  describes the source of tellurium. The prepared TeQ solution con-
tains an excess of sulfi nic acid (Rongalite) which acts as a reducing agent. Firstly, 
cadmium hydroxide was prepared from the following solution: 5   ml of 0.5   M 
Cd(NO 3 ) 2  in 30% H 2 O 2 , 15   ml of aqueous 1   M sodium citrate solution, 15   ml of 
0.5   M KOH in 30% H 2 O 2 , 8   ml of 30% H 2 O 2 , and 37   ml of distilled water. This 
allows the formation of a Cd(OH) 2  fi lm of 1   mm thickness after 2 hours of succes-
sive deposition at room temperature and drying in air for 24 hours. Secondly, the 
white Cd(OH) 2  fi lm was immersed in TeQ solution in a beaker at 70    ° C, which 
changed to a brown color and gradually intensifi ed in color to the dark brown color 
of CdTe. Accordingly, the steps required for the preparation of CdTe deposits on 
glass are summarized as follows: (i) a fi lm of Cd(OH) 2  on glass is fi rst prepared; 
(ii) a solution containing a source of dissolved tellurium, designated as TeQ, is 
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prepared; and (iii) the Cd(OH) 2  fi lm on glass is immersed in the TeQ solution 
where it is converted to CdTe. This opens the way for the development of new 
approaches for the preparation of CdTe using CBD. This is an important issue 
related to the development of low - cost, high - surface - area CdS/CdTe thin - fi lm solar 
cells. Signifi cant efforts must be devoted to this approach for other tellurium based  
solar cell materials.  

   5.2.2.1.5    Other Chalcogenide Materials Preparation 
 As indicated above for cadmium sulfi des and selenides, CBD is a well - known 
deposition process for some other chalcogenides such as sulfi des and selenides of 
Zn, In, Co, Hg, Pb, Sb 2 S 3  and Sb 2 Bi 2 −    x  S 3   [231] . The deposition of metal cholcoge-
nide fi lms is based of following properties of thiosulfate/selenosulfate  [232] . 

  1)     The reducing ability of the agents, for example thiosulfate as in the following 
half reaction:

   2 22 3
2

4 6
2S O S O e− − −→ +     (5.85)    

  2)     The complexing ability of these agents, whereby metal – thiosulfate and metal –
 selenosulfate complexes are formed.  

  3)     The ability of these agents to gradually release sulfi de/selenide ions upon 
hydrolytic decomposition, both in acidic media:

   S O H S HSO2 3
2

3
− + −+ → +     (5.86)  

   S e  from reaction S+ →− −2 5 85 2( . )     (5.87)  

and in alkaline media:

   S O OH HS SO2 3
2

4
− − − −+ → +     (5.88)  

   HS OH S H O− − −+ → +2
2     (5.89)      

 Then the chalcogenide ions will combine with the metal ions released from the 
thiosulfate/selenosulfate complexes, and upon hydrolysis precipitating the corre-
sponding chalcogenides. Due to the differences in the stability of the metal –
 chalcogenide complexes initially formed, the optimal concentrations, pH, and 
temperatures may vary from one chalcogenide to another. Optimal experimental 
conditions must be established for each system. 

 Other chalcogenide semiconductor materials have been studied extensively due 
to their potential use in photoconductive devices and solar cells  [233 – 235] . Their 
wide range of bandgaps (from 0.8 to 3.5   eV) allows the possibility to develop opti-
mized thin - fi lm solar cells based on appropriate buffers (n - type ZnS, ZnO, In 2 S 3 , 
Sb 2 S 3 , etc.)  [33, 223, 236 – 240]  which may replace CdS in  Cu(InGa)(SSe) 2   ( CIGS ) -
 based solar cells to avoid toxic cadmium and realize more environmentally friendly 
PV technology. In addition to the CIGS active materials, chemically deposited 
PbS – CuS and ZnS – CuS coatings can result after interfacial diffusion in materials 
such as Pb  x  Cu  y  S  z   and Zn  x  Cu  y  S  z   with p - type conductivities and are stable up to 
a temperature of 300    ° C  [4] . Annealing of Bi 2 S 3  (bismuthinite) – CuS (covellite) 



 5.2 Materials and Composite Materials Fabrication  319

coating at temperatures of 250 – 300    ° C leads to the formation of a new compound, 
Cu 3 BiS 3  (wittichenite), with p - type conductivity  [24, 241] . The following other 
active materials can be developed using this approach  [242] : CuSbSe 2  ( E  g     =    0.83   eV 
with a hole mobility of 5   cm 2    V  − 1    s  − 1 ), AgSbS 2  ( E  g     =    1.73   eV with a hole mobility of 
1500   cm 2    V  − 1    s  − 1 ), AgSbSe 2  ( E  g     =    0.58), AgBiS 2  ( E  g     =    0.9   eV), Cu 3 SbS 4  ( E  g     =    0.46   eV), 
Cu 3 SbSe 4  ( E  g     =    0.32 with a hole mobility of 50   cm 2    V  − 1    s  − 1 ), Ag 2 SnSe 3  ( E  g     =    0.81   eV 
with a hole mobility of 910   cm 2    V  − 1    s  − 1 ), Cu 2 SnSe 3  ( E  g     =    0.96   eV with a hole mobility 
of 870   cm 2    V  − 1    s  − 1 ), Cu 2 SnS 3  ( E  g     =    0.91   eV with a hole mobility of 605   cm 2    V  − 1    s  − 1 ), 
and PbSnS 3  ( E  g     =    1.05   eV). They can be produced by sold - state reaction during 
deposition, for example:

   2 0 912 3CuS SnS Cu SnS   eVg+ → =( . )E     (5.90)  

   PbS SnS PbSnS   eVg+ → =2 3 1 05( . )E     (5.91)  

   Bi S Ag S AgBiS   eVg2 3 2 22 0 9+ → =( . )E     (5.92)  

   Sb S Ag S AgSbS   eVg2 3 2 22 1 73+ → =( . )E     (5.93)   

 Some other combinations are possible. In all cases the base CuS  [211] , SnS  [243] , 
PbS  [244] , Bi 2 S 3   [245] , Ag 2 S  [246] , and Sb 2 S 3   [23, 33]  semiconductor fi lms are pro-
duced by CBD. It has also been reported that, in the case of SnS and SnS 2   [247] , 
controlling the bath composition and temperature is essential to produce good 
fi lm composition. Further, new solar cell materials can be fabricated by combining 
CBD with thermal evaporation or sputtering of metals. This is, for example, the 
case for Sb 2 S 3     +    3CuS    +    3Cu    →    2Cu 3 SbS 3 . The development of new solar cell/
solar energy materials which may be prepared through the interfacial diffusion of 
ions in multilayer chemically deposited thin fi lms during annealing could be 
improved upon, consequently increasing the technology opportunities of these 
new materials. 

 Indium sulfi de (In 2 S 3 ) is an important material for PV applications  [239, 240] . 
Due to its band value (2 – 2.8   eV), it can replace CdS in CIGS - based solar cells to 
avoid toxic Cd and realize more environmentally friendly PV technology. Results 
for the development of Cd - free buffer layers for CIGS thin - fi lm solar cells from 
different laboratories have shown that In 2 S 3 , with optimal physical properties, can 
meet the requirements for use as window material or buffer layer for these PV 
structures  [248] . 

 CBD of In 2 S 3  thin fi lms can be achieved on commercial conduction ITO glass 
substrates immersed in baths containing InCl 3  (0.0083   M), a carboxylic acid 
(0.1   M), and TAM (0.1   M). The pH of the fi nal solution was adjusted accordingly 
by the dropwise addition of NaOH or HCl (5   M). The temperature of the solution 
was maintained at 80    ° C for a total deposition time of 30 minutes  [248] . As for the 
classic CBD process, the formation of In 2 S 3  fi lms is based on the slow release of 
In 3 +   and S 2 −   ions in an acidic medium and their subsequent condensation on the 
substrate when the ionic product exceeds the solubility product  K  ps  ( =    10  − 73 )  [249] . 
Sulfi de ions are provided by the hydrogen sulfi de produced during the TAM 
hydrolysis in dilute acid solutions  [250] . Finally, the hydrogen sulfi de is dissociated 
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to give rise to the sulfi de ions needed for In 2 S 3  precipitation. The mechanism of 
fi lm formation using CBD is not clear; however, the following tentative reactions 
steps which are very similar to other classic - based semiconducting materials using 
CBD reactions have been suggested  [251] :

   CH CS NH H H O CH COOH H S NH3 2 2 3 2 42− − + + ⇔ + ++ +     (5.94)  

   H S HS H2 ⇔ +− +     (5.95)  

   HS S H− − +⇔ +2     (5.96)  

   2 33 2
2 3In S In S+ −+ ⇔     (5.97)   

 CBD - prepared indium hydroxy sulfi de In(OH)  x  S  z   has also been used as buffer 
layer in CIGS solar cells  [251 – 253] . It was shown that the fi lms can be prepared 
from an acidic bath (pH 2.2 – 2.5) containing 0.025   M indium(III) chloride, 0 – 0.1   M 
acetic acid, and 0.05 – 0.3   M TAM at 70    ° C. The reaction solution was stirred in a 
20   ml quartz beaker and the deposition was made on the desired substrates, fol-
lowed by washing thoroughly with distilled water and drying in air. Some fi lms 
were also air - annealed for 10 minutes at 300 and 400    ° C. The presence of oxygen 
in the fi lms has been found to be the origin of their optical properties which make 
them good candidates to substitute for CdS in thin - fi lm solar cells as buffer layer. 
The fi lms have a n - type electrical conductivity and their optical bandgap is about 
2.8   eV (higher than that obtained with In 2 S 3  which has a bandgap of around 2 
to 2.45   eV). 

 CBD of ZnO and ZnS has been developed because ZnS and ZnO exhibit respec-
tive bandgaps of 3.2 – 3.5 and 2.7   eV  [33, 223, 236 – 240]  which means they are 
interesting buffer layers for CIGS solar cells. It has been reported that the CBD 
of ZnS and ZnO is complicated because attempts to grow ZnO directly on glass 
and some other substrates led in most cases to no growth or to irreproducible 
growth. Moreover, the deposition parameters were very narrow  [254 – 256]  and 
post - annealing was required  [22, 257] . In the past decade, CBD of Zn - based buffer 
layers has attracted attention. Because the properties of ZnO strongly depend on 
its morphology and microstructure, it is essential to control precisely the size, 
shape, microstructure, and crystallinity of ZnO for its application in PV solar cells 
or other photoelectrical devices. The precise control of ZnO crystal evolution in 
the CBD process is an important issue for cell performance optimization and the 
mechanism of the formation of CBD ZnO crystals must be elucidated. Improved 
mechanistic understanding is crucial for the development of high - effi ciency solar 
cells based on CIGS  [258 – 262]  and other related materials. The solution chemistry 
of CBD of ZnO can be summarized as follows  [263] . In an aqueous solution, metal 
cations M  z    +   are solvated to aquo - ions, typically [M(OH 2 )  n  ]  z    +  . The M – OH 2  bond is 
polarized which facilitates deprotonation of the coordinated water. In dilute solu-
tions, a range of monomeric species exist such as [M(OH 2 )  n    −    p  (OH)  p  ] (   z    −    p   ) +   and other 
hydroxyl species [M(OH)  n  ] (it is often customary to omit the water); ultimately, 
oxoanions are formed. In order to form the polynuclear species that subsequently 
develop into metal oxide particles, reactions involving condensation must occur. 



 5.2 Materials and Composite Materials Fabrication  321

Two important processes have been recognized. Olation is the formation of an 
 “ ol ”  bridge by reaction of a hydroxo -  and aquo - species:

   M OH M OH M OH M H O− + − → − − +2 2     (5.98)   

 Oxolation leads to an  “ oxo ”  bridge by the dehydration of hydroxo - species:

   M OH M O M H O2 2 2− → − − +( )     (5.99)   

 Because zinc hydroxide is amphoteric, its complexation by OH 2  can lead to soluble 
species such as  “ [Zn(OH) 3 ] 2 −   ”  and  “ [Zn(OH) 4 ]  −   ”  and hence  “ zinc hydroxide ”  is 
more soluble in basic solution. A simple consideration of the solubility product 
(10  − 16 ) would suggest this solubility of ZnO in alkaline solution  [264] . In the CBD 
of ZnO, ligands are employed to keep the free zinc ion concentration low. Raising 
the bath temperature promotes some dissociation of the zinc complex, leading to 
controlled supersaturation of the free metal ion. Zinc is a labile metal ion in 
aqueous solution and equilibria within stirred solutions are generally attained 
quickly. Thermodynamic modeling of solutions representing the initial states of 
deposition baths is a useful aid to understanding these systems. Understanding 
the initial states of the deposition will sustain the development of large - area ZnO 
thin fi lms for solar cell applications. 

 The fi rst CBD ZnS - based buffer fabrication was done with an effi ciency level of 
9 – 10%  [262] . In the CBD of ZnS buffer, thiourea is generally used as the sulfur 
source and ammonia as complexing agent  [259] . The quality of the ZnS fi lms, and 
their solar performance, is controlled by the concentration of ammonia. In particu-
lar, depending on this concentration, co - deposition of ZnS, ZnO, and Zn(OH) 2  
may occur resulting in many different possible compositions and phases (ZnS, 
ZnO, and Zn(OH) 2 ) for the CBD process  [261] . Optimal fi lm compositions must 
be identifi ed before large - scale preparation of these fi lms for solar cell applications 
because CBD of ZnS is more complex and diffi cult than that of CdS  [262] . Although 
signifi cant efforts have been undertaken to make CIGS - based cells free of Cd, until 
now, such cells usually have lower effi ciency and less reproducible behavior than 
their Cd - containing counterparts. The continued investigation of the deposition  
conditions leading to superior fi lm properties for the CBD of ZnS in basic aqueous 
ammonia solutions would be worthwhile. 

 A simple CBD method was employed to deposit ZnS thin fi lms onto glass sub-
strates using thiourea as sulfi de ion source and zinc acetate as zinc ion source in 
an alkaline bath. For the preparation of ZnS thin fi lms, 0.2   M zinc acetate solution 
was mixed with an equal volume of 0.2   M thiourea, and ammonia solution was 
added slowly to form the complex; the pH then was adjusted between 9 and 10 at 
303   K  [232] . 

 ZnS thin fi lms of different thicknesses were prepared by CBD using thiourea 
and zinc acetate as S 2 −   and Zn 2 +   sources, respectively. Thermo - EMF measurement 
indicated that fi lms prepared by this method are of n - type. ZnS thin fi lms were 
prepared by decomposition of thiourea in an alkaline solution containing a zinc 
salt. The reaction mechanism for deposition of ZnS fi lms has been reported. In 
aqueous solution, zinc acetate dissociates to give Zn 2 +   ions. Hydrolysis of ammonia 
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in water gives OH  −   ions, which forms a complex of   Zn NH( )3 4
2+ . Thiourea in alka-

line medium acts as an S 2 −   ion source. In short, the reaction for the process is:

   Zn NH SC NH OH ZnS NH CH N H O( ) ( )3 4
2

2 2 3 2 2 22 4 2+ −+ + → ↓ + + +     (5.100)   

 CBD was used to deposit ZnO and ZnS thin fi lms with the use of an aqueous 
medium involving Zn salt, ammonium sulfate, aqueous ammonia, and thiourea 
 [265] . Observations of the physical and chemical properties of the grown layers as 
a function of ammonia concentration were reported. Rapid growth of nanostruc-
tured ZnO fi lms on  fl uorine - doped tin oxide  ( FTO ) glass substrates was obtained. 
ZnO fi lms crystallized in a wurtzite hexagonal structure and, with a very small 
quantity of Zn(OH) 2  and ZnS phases, were obtained for an ammonia concentra-
tion ranging from 0.75 to 2.0   M. Flower - like and columnar nanostrucured ZnO 
fi lms were deposited in two ammonia concentration ranges, respectively, one 
between 0.75 and 1.0   M and the other between 1.4 and 2.0   M. ZnS fi lms were 
formed with a high ammonia concentration of 3.0   M. The formation mechanisms 
of ZnO, Zn(OH) 2 , and ZnS phases in the CBD process were discussed. The tech-
nique can be used to directly and rapidly grow nanostructured ZnO fi lm photoan-
odes, and the resulting structures have been demonstrated for potential applications 
of CBD nanostructured ZnO fi lms for PV cells. Some of the well - established 
experimental conditions which may allow good ZnS thin fi lms are  [212] : 5   ml of 
1   M zinc sulfate, 4.4   ml of NH 3 /NH 4 Cl (pH 10), 5.4   ml of 50% TEA, and 2   ml 
of 1   M TAM, with deionized water to make up to 100   ml by volume. Depositions 
were made at 50    ° C for about 6 hours or at room temperature for about 20 
hours to obtain ZnS fi lms of 0.2    µ m thickness. Another Zn semiconductor, ZnSe 
( E  g     =    2.7   eV), can be fabricated using the following conditions  [266] : 35   ml of 0.1   M 
zinc acetate, 16   ml of 0.8   M sodium citrate, 5   ml of 7.4   M ammonium hydroxide, 
and 20   ml of 0.07   M  N , N  - dimethylselenourea, with the volume made up to 100   ml 
with deionized water. Depositions may be made at room temperature or in an 
oven at temperatures up to 60    ° C. 

 Antimony sulfi de (Sb 2 S 3 ) is another interesting material for solar cell fi lms 
because the value of its bandgap ( E  g     =    2.48   eV) makes it suitable as a buffer layer 
for CIGS thin - fi lm solar cells. One of the important diffi culties in the use of anti-
mony salts in aqueous media arises from the strong tendency of antimony salts 
to hydrolyze in water solutions and precipitate as insoluble hydroxy salts  [33] . Clear 
solutions can be obtained only in strongly acidic media or by using complexing 
agents. As an example, solid antimony(III) chloride was dissolved in a small 
volume cold water or glacial acetic acid and then complexed by sodium thiosulfate 
 [33, 232, 267] . The following bath parameters were found to be optimal in the case 
of glacial acetic acid: 3.540   g of SbCl 3  was dissolved in 7 – 8   ml of glacial acetic acid 
and a 1.0   M aqueous solution of sodium thiosulfate was slowly introduced with 
constant stirring until a clear solution was obtained. As much as 100   ml of 1.0   M 
sodium thiosulfate may be needed. Then 400 – 450   ml of cold (10 – 15    ° C) distilled 
water was added and the substrates were introduced into the bath. For practical 
considerations, it was found that vertically supported substrates had fi lms 
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deposited on both sides, while horizontally mounted substrates had fi lms depos-
ited on the side facing the bottom of the bath container. For good adherence, it 
was found that the substrates needed to be left in the bath for at least 5 and up to 
24 hours, depending on the desired thickness. 

 The advantages of CBD for forming Sb 2 S 3  and Bi 2 S 3  compounds are also related 
to the possibility of annealing of multilayer thin - fi lm semiconductors like Bi 2 S 3  –
 CuS  [241]  and Sb 2 S 3  – CuS  [268]  to form fi lms of ternary composition, Cu 3 BiS 3  and 
CuSbS 4 , respectively. We consider that the possibility of creating new materials 
through interfacial diffusion of atoms in chemically deposited multilayer stacks as 
demonstrated in PbS – CuS, ZnS – CuS, and Bi 2 S 3  – CuS fi lms  [241, 269]  is very high. 

 Bismuth trisulfi de (Bi 2 S 3 ) in thin - fi lm form is a particularly interesting material 
for solar cells because of its mid - value bandgap ( E  g     =    1.7   eV), absorption coeffi cient 
of the order of 10 4  to 10 5    cm  − 1 , reasonable conversion effi ciency, and stability, 
together with low cost  [270 – 272] . Nanocrystalline Bi 2 S 3  thin fi lms of various thick-
nesses having grain sizes between 7 and 34   nm have been prepared at 60 – 70    ° C 
by using CBD onto FTO - coated glass substrates from an aqueous acidic bath (pH 
5). Bismuth nitrate and TAM were used as Bi 3 +   and S 2 −   ion sources, respectively. 
Bi 2 S 3 /polysulfi de junction cells were fabricated and their photoelectrochemical 
performance was studied. The grain size and thickness of Bi 2 S 3  fi lm optimization 
are key factors for the development of solar cells based on Bi 2 S 3  thin fi lms. 

 Another approach has been reported for optimizing the preparation conditions 
for Bi 2 S 3 : deposition temperature from 0 to 80    ° C, deposition time from 5 to 30 
hours, and pH from 2 to 5  [270] . Using these conditions, Bi 2 S 3  thin fi lms were 
deposited from a solution containing 20   ml of 0.1   M Bi(NO 3 ) 3 , 16   ml of 0.1   M 
EDTA, and 24   ml of 0.1   M TAM onto FTO - coated glass substrates for various depo-
sition time periods to get different thicknesses. A variant of the CBD method is 
to use microwave radiation to prepare nanorods of B 2 S 3 . In this case the proposed 
mechanism of the synthesis of Bi 2 S 3  nanorods may be as follows. Firstly, the strong 
complex action between Bi 3 +   and thiourea leads to the formation of Bi – thiourea 
complexes in the synthesis chamber, which prevent the production of a large 
number of free S 2 −   in the solution, thus favoring the formation of nanorods. It has 
been confi rmed that the Bi(NO 3 ) 3  and thiourea can easily dissolve in formaldehyde 
solution to form yellow Bi – thiourea complexes. Secondly, the Bi – thiourea com-
plexes undergo a decomposition process under microwave irradiation to produce 
Bi 2 S 3  nanorods. During the whole process, HCHO does not take part in the reac-
tions but only acts as a dispersant. 

 Another possibility similar to the above process consists of the preparation of 
Bi 2 S 3  thin fi lms using 0.2   M solution of disodium salt of EDTA which is added to 
0.2   M bismuth nitrate solution, and into which a solution of sodium thiosulfate 
(0.2   M) is then added. The pH of the resultant solution was between 0.5 and 1.5. 
The chemical reaction responsible for Bi 2 S 3  fi lms from an acidic bath using 
Na 2 S 2 O 3  as the sulfi de ion source  [273 – 277]  proceeds according to the following 
mechanism:

   Na S O Na S O2 2 3 2 3
22→ ++ −     (5.101)   
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 Na 2 S 2 O 3  is oxidized through the half - cell reaction

   6 3 62 3
2

4 6
2S O S O e− − −→ +     (5.102)   

 Dissociation of   S O2 3
2−  takes place in the acidic medium as

   3 3 3 32 3
2

3S O H HSO S− + −+ → +     (5.103)   

 The released electrons react with sulfur as:

   3 6 3 2S e S+ →− −     (5.104)   

 Bi 3 +   from Bi(NO 3 ) 3  solution or a complex of Bi 3 +   formed by EDTA reacts to give

   2 33 2
2 3Bi S Bi S+ −+ →     (5.105)   

 In addition, the CBD of Bi 2 S 3  thin fi lms from an alkaline bath (pH 7.3 – 10.5) at 
room temperature has been achieved by using disodium salt of EDTA (Na 2 EDTA) 
as a complexing agent and TAM as a sulfi de ion source  [278] . A typical electrolyte 
composition of the CBD of Bi 2 S 3  thin fi lms was  [245, 279] : 10   ml of 0.5   M 
Bi(NO 3 ) 3  · 5H 2 O solution, 8   ml of 50% TEA, and 4   ml of 1   M TAM, with water 
making up the remainder. The deposition was carried out at room temperature 
on the substrate at intermediate durations (5 – 7 hours), but the fi lms were observed 
to be adherent when they were allowed to remain in the bath for more than 
24 hours. 

 From these different methods of fabrication, it was found that: (i) the bandgap 
of Bi 2 S 3  can vary from 1.1 to 1.7   eV for the stoichiometric material and from 1.4 
to 3.6   eV  [274]  for the non - stoichiometric Bi 2 S 3  when the concentration of Bi 
increases in the material; (ii) the fi lms are n - type semiconductors; (iii) particle 
sizes increase as the percentage of Bi decreases; (iv) the fi lms are nanstructured; 
(v) the particle size increases with percentage of sulfur; and (vi) the variation of 
bandgap with grain size reveals quantum size effects. These results indicate clearly 
the importance of optimizing the experimental conditions for the CDB for large -
 area applications. 

 The fabrication of Bi 2 Se 3  thin fi lms using the CBD method was also carried out 
 [280]  for a deposition electrolyte consisting of 7   ml of 0.5   M Bi(NO 3 ) 3  solution, 7   ml 
of 50% TEA, and 20   ml of 0.07   M  N , N  - dimethylselenourea solution prepared 
freshly in 0.01   M Na 2 SO 3 , with the balance made up of water. Films of 0.2    µ m may 
be deposited in about 9 hours at 40    ° C. 

 SnS thin fi lms can also be fabricated with CBD using the following electrolyte 
composition  [243] : 1   g of SnCl 2  · 2H 2 O dissolved in 5   ml of acetone, 12   ml of 50% 
TEA, 8   ml of 1   M TAM, and 10   ml of 4   M NH 4 OH, with water making up the 
volume to 100   ml. The deposition was carried out at temperatures up to 80    ° C to 
obtain thin fi lms of 0.7    µ m thickness. 

 The CBD method can also be used to fabricate Sb 2 –    x  Bi  x  S 3  ( E  g     =    1.6 – 2.4   eV) which 
is a mixed composition of Sb 2 S 3  and Bi 2 S 3  compounds, both of which have an 
orthorhombic crystal lattice. These isomorphous compounds can form solid 
solutions of a desired mixed composition, giving materials of variable bandgaps 
 [275] . These fi lms were similar to the one described for growth of Sb 2 S 3  except 
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bismuth(III) nitrate was also added along with antimony(III) chloride. The value 
of  x  in Sb 2 –    x  Bi  x  S 3  can be varied between 0 and 1.90. However, pure fi lms were 
diffi cult to obtain, because of poor adherence of the fi lms to the substrate surface. 
The as - deposited fi lms were amorphous and up to 0.3    µ m thick. 

 Films of Ag 2 S ( E  g     =    2.2   eV) and of AgInS 2  ( E  g     =    1.8 – 2.0   eV) have also been fab-
ricated. The precipitation reaction for Ag 2 S from thiosulfate solutions is fast even 
at lower temperatures and thus inconvenient for fi lm growth. Therefore, Ag  z  S 
fi lms were grown in alkaline media. A typical bath for a total volume of 100   ml 
was prepared as follows. Aqueous ammonia solution (1 volume of ammonia for 
3 volumes of water) was gradually added until the forming precipitate of AgOH 
was just dissolved (complexed by NH 3 ). The pH of the solution should be 9 – 11. 
The solution was then fi ltered. Then 5.0   ml of 1.0   M aqueous solution of sodium 
thiosulfate was introduced and distilled water was added to make a total volume 
of 90 – 100   ml. Substrates were introduced vertically into the bath and the bath was 
warmed to 45 – 55    ° C. At this temperature the solution develops a yellow - brown 
color, after which a brown precipitate fi lls the beaker. The reaction was completed 
within 30 minutes after precipitation began, and yellow - brown fi lms of Ag 2 S were 
deposited onto the substrates. 

 An aqueous method for the deposition of silver indium sulfi de ternary 
semiconductor thin fi lms was demonstrated  [281]  using analytical - grade silver 
nitrate (Ag(NO 3 )), indium nitrate (In(NO 3 ) 3  · 5H 2 O), TAM, TEA, sodium citrate 
(C 6 H 5 O 7 Na 3  · 2H 2 O), citric acid (C 6 H 8 O 7 ), sulfuric acid (H 2 SO 4 ), and ammonium 
nitrate (NH 4 NO 3 ) on glass substrates. Aqueous cationic and anionic solutions were 
prepared separately before deposition. The energy gap, determined from transmis-
sion and refl ection spectra, was located between 1.8 and 2.0   eV. The thickness of 
the thin fi lms was in the range 500 – 700   nm. Electrical resistivity was of the order 
of 10 4     Ω    cm. According to these experimental fi ndings, it was possible to control 
the compositions of silver indium sulfi de thin fi lms from aqueous solutions by 
suitable control of concentrations of the precursors in the electrolyte and surface 
functionalities. This technique provides an easy and cost - effi cient way to deposit 
multicomponent semiconductor thin fi lms.   

   5.2.2.2    Preparation by Electrochemical Deposition 

   5.2.2.2.1     CdTe  Preparation 
 The cathodic electrodeposition of CdTe fi lms from aqueous electrolytes was fi rst 
carried out by Panicker  et al.   [63]  and Kroger  [282] , who demonstrated that uniform 
fi lms with controlled stoichiometry could be obtained using the simple elec-
trodeposition technique. They described the effect of rest potential and the tem-
perature of the bath solution on the properties of the fi lms. Deposition of CdTe 
took place from an aqueous solution of CdSO 4  to which TeO 2  had been added, 
and electrolysis was carried out using a metal or conducting glass support onto 
which the CdTe was deposited. The production of a CdTe layer by electrodeposi-
tion and its use in the fabrication of PV cells is disclosed in US patent no. 4425194. 
Various arrangements of electrochemical cell are described; for example, one in 
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which the anode is a tellurium bar, another in which the anode is an inert carbon 
or stainless steel anode, and another with both a cadmium and a platinum anode, 
which is described as a neutral anode. US patents 4816120 and 4909857 describe 
the electrodeposition of CdTe doped with small quantities of Cu, Ag, and Au. It 
is also possible to use CdTe containing chloride, as described in US patents 
4548681 and 4629820. Consequently, the experimental parameters for CdTe depo-
sition are well established in the literature. US patent 4400244 describes the 
fabrication of homojunction and heterojunction semiconductor materials. Many 
examples of experimental CdTe deposition parameters (pH, electrodeposition 
potential, deposition temperature, etc.) were included. It is well established that 
electrodeposited CdTe fi lms determine the performance of CdS/CdTe thin - fi lm 
solar cells. Classically, the electodeposition is carried out potentiostatically in a 
thermoregulated three - electrode cell. The ratio of the concentration of CdS to that 
of TeO 2  varied between 50 and 1000. The pH of the solution was varied from 1 
to 3.5 using sulfuric acid. The dependence of CdTe semiconductor composition 
on the conditions of electrodeposition has been studied. Several deposition baths 
were investigated  [283 – 287] , including an acidic sulfate bath because of its ability 
to deposit both n - type and p - type CdTe from the same solution, its lower tem-
perature of operation, and its decreased toxicity. Consequently, several researchers 
 [63, 79, 282, 283, 288]  have tried to obtain a suitable range of potential to control 
the deposition of p - type or n - type CdTe. Panicker  et al.  and others  [63, 282, 
284 – 286]  used a  quasi - rest potential  ( QRP ) to locate the boundary potential, which 
is a critical potential separating regions of deposition of p - type and n - type CdTe. 
They revealed that CdTe obtained at a QRP greater than  − 0.3   V vs. a  saturated 
calomel electrode  ( SCE ) is p - type and that obtained at a potential of less than  − 0.3 
V/SCE is n - type. It was reported  [79]  that p - type CdTe is obtained at  − 0.61 to  − 0.66 
V vs. SCE. Another study  [57]  found that CdTe fi lm deposited at  − 0.4 to  − 0.5 V 
vs. SCE is p - type and at  − 0.58 to  − 0.7 V vs. SCE is n - type. Although using the 
critical boundary potential to control deposition is not practical because this 
parameter may depend on deposition parameters such as solute concentration 
and the temperature and acidity of the electrolyte, the electrodeposition of CdTe 
is an alloy electrodeposition in which the composition of the alloy is closely related 
to the semiconductivity type of the CdTe, which, of course, depends on such 
parameters. It has been shown that, for a deposition at 80    ° C, p - CdTe was obtained 
at  − 0.5 to  − 0.56 V vs. SCE and n - CdTe was obtained at  − 0.58 to  − 0.64 V vs. SCE 
 [283] . It was shown that the cadmium sulfate concentration has no effect on this 
boundary potential. If the concentration of [H  +  ] is increased, the p/n - type bound-
ary potential shifts to more positive value. As the concentration of TeO 2  increases 
from 0.2 to 0.6   M, the region of n - type increases. But, when the concentration of 
TeO 2  increases from 0.6 to 1.2   M, the p - type region increases and the n - type region 
decreases. Since the as - deposited p - type fi lms are of low resistivity depending on 
the fi lm thickness, such fi lms may indicate a second phase of Te with Cu. However, 
no effi cient device has been demonstrated on as - deposited Cu - doped fi lms. 
Further, it would be extremely diffi cult to electroplate a solar cell - grade p - CdTe 
layer which would yield high - effi ciency devices in its as - deposited form. To 
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overcome the problem associated with obtaining a solar cell with generally as -
 deposited p - CdTe layers, the  “ type conversion junction formation process ”  has 
been developed  [284 – 287, 289]  which consists of the electrodeposition of high -
 resistivity n - CdTe fi lm on a glass/ITO or SnO 2 /CdS substrate to a thickness of 
1 – 3    µ m. The glass/ITO/CdTe or SnO 2 /CdS/CdTe structure is then heat treated 
in air at around 400    ° C for 15 minutes. During the heating process, the n - CdTe 
layer is converted into solar cell - grade p - CdTe, and the rectifying junction is 
formed  in situ , between the CdS fi lm and the converted CdTe layer. This conver-
sion step consists of putting the samples onto a piece of ceramic preheated at 
400    ° C in air. Experiments carried out in ovens with different atmospheres (H 2 , 
N 2 ) have shown that the best results were obtained by treatment in an environ-
ment containing oxygen. But the factors controlling this type - conversion junction 
formation are one of the most important points to consider to achieve useful CdS/
CdTe thin - fi lm solar cell performance.  

   5.2.2.2.2     CuInSe 2   Fabrication 
 The direct electrodeposition of  CuInSe 2   ( CIS ) thin fi lms was fi rst investigated in 
acid media (pH    <    3)  [64, 290 – 294] . Their electrodeposition from a high pH ( >    9) 
selenosulfate solution has also been investigated  [295, 296] . It was shown that the 
deposition process involves the reaction of Cu  +   (CuCl) and In 3 +   (InCl 3 ) with Se 2 −   
(Na 2 SeSO 3 ) ions in an aqueous solution. The Cu and In with NH 4 OH and citric 
acid complexes dissociate to give a controlled number of Cu and In ions at the 
cathode, where they combine with Se 2 −   ions to form CIS fi lms. CIS thin fi lms were 
also prepared by reducing Cu(II), Se(IV), and In(III) species in an acid solution at 
a fi xed potential between  − 0.2 and  − 1.1 V vs. mercury sulfate electrode (MSE)  [297] . 
It was shown that Cu – In – Se alloys can be electrodeposited in a wide range of 
controlled compositions. The direct electrodeposition provides all the constituents 
from the same electrolyte in a single step. CIS thin fi lms may also be fabricated 
by a sequential electroplating process in the fi rst step of which a pure Cu layer is 
deposited, and, in the second step, precursor fi lms of In – Se, Cu – Se, and Cu – In – Se 
are deposited using electrodeposition  [298, 299] . Direct electrodeposition was 
accomplished in one step from a plating bath containing calculated proportions 
of CuSO 2 , In 2 (SO 4 ) 3 , and SeSO 3   [299 – 316] . A plating bath consisting of an aqueous 
solution of 3    ×    10  − 3    M CuSO 4 , 3    ×    10  − 3    M In 2 (SO 4 ) 3 , and 5    ×    10  − 3    M SeO 3  with citric 
acid (0.4   M) as the complexing agent was suggested as an appropriate electrolyte 
 [305, 308] . Molybdenum was used as a substrate in the potentiostatic mode and 
the plating bath was held at room temperature and not stirred. The current density 
during the electrodeposition process reached a value between 1 and 3   mA   cm  − 2  
depending on the applied potential. Other studies have indicated that CIS fi lms 
may be prepared at a deposition potential of  − 1.0   V vs. MSE with a plating bath 
consisting of an aqueous electrolyte of 5    ×    10  − 4    M Cu 2 +   and 6    ×    10  − 4  to 9    ×    10  − 4    M 
of In 3 +   and Se 4 +    [306 – 308] . The substrate was SnO 2  - coated glass of 6    ×    10  − 4     Ω    cm. 
The solution was stirred and the quantity of electricity needed for electrodeposition 
was fi xed at 2   C   cm  − 2 , resulting in fi lms of 1    µ m thickness. It was also found  [312]  
that the whole composition of the fi lms depends on the diffusion fl ux ratios of 
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the species arriving at the surface of the electrode. With an excess of In 3 +   in the 
solution, the ratio of Se 4 +   and Cu 2 +   fl uxes is the key parameter controlling the 
composition. Lower concentrations of In 3 +   lead to deposition of elemental Se. In 
this case, the electrodeposition process is limited by the diffusion of the three 
species. An estimation of the diffusion fl uxes is possible in order to predict the 
chemical composition of the fi lms. Recently, the relation between physical proper-
ties and deposition conditions of electrodeposited CIS was determined  [309] . It 
was shown that the as - grown electrodeposited fi lms are polycrystalline and require 
a thermal treatment to improve their physical properties. This post - treatment, in 
combination with the electrodeposition process, leads to structural and optical 
properties that are similar to those reported for thin fi lms prepared by other 
methods. A structural transition exists for the fi lms from a chalcopyrite to a 
sphalerite structure as the composition varies from Cu - rich to In - rich. The over-
potential and photoelectrochemical properties also depend on the chemical com-
position. Cu 1 +    x  In 1 +    y  Se 2 +    z   thin fi lms within a wide composition range have been 
obtained by the one - step method of electrodeposition onto molybdenum sub-
strates  [305] . It has been shown that the effective grain size increases as the anneal-
ing temperature increases. Chemical etching produces signifi cant changes in 
fi lm composition, and aqueous KCN solution dissolves secondary phases of 
copper selenides that are detected in the samples. The characteristics of the fi lms 
depend, of course, on the sequence of annealing and chemical treatments. In the 
sequential process, the Cu layer was electrodeposited from a copper sulfate 
solution followed by an In – Se alloy layer from indium sulfate and selenous acid 
solutions  [305, 309] . It was reported that one - step electrodeposition gives CIS 
formation at room temperature. Annealing of these samples produces CIS crystal-
lization. For the sequential deposition of In – Se on Cu layers, a potential reaction 
between the constituents can lead to CIS formation by reaction of binary com-
pounds, mainly Cu 2 −    x  Se and In 2 Se 3   [317] . It has been shown that cathodic elec-
trodeposition of precursor fi lms of In – Se, Cu – Se, and Cu – In – Se can occur with 
controlled stoichiometry. 

 The effect of chemical bath composition, electrodeposition potential, etc., on 
fi lm composition was determined  [317] . The precursor fi lms were loaded in a 
physical evaporation chamber and additional In or Cu and Se were added to the 
fi lms to adjust the fi nal composition of CIS. The device fabricated using electrode-
posited Cu – In – Se precursor layers had a solar cell effi ciency of 9.4%. CIS thin 
fi lms have also been obtained from different precursors prepared by direct or 
sequential electrodeposition processes  [303] . The results showed that thin crystal-
line chalcopyrite CIS fi lms with the desired composition can be obtained after 
annealing, whether directly or sequentially electrodeposited precursors at 400    ° C. 
An improvement in fi lm quality was obtained by using an electrodeposited Cu 
layer as the growth surface for CIS formation. If elemental Se was also added 
during the heat treatment, then a higher recrystallization of the fi lms was observed. 
A new approach for CIS formation by sequential electrodeposition of Cu and 
In – Se layers and subsequent heat treatment with elemental selenium in Ar    +    H 2  
fl ows has been presented  [304] . An increase in the fi lm crystallinity was achieved 
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by maintaining the Se source temperature above 400    ° C. It was shown that the 
introduction of H 2  in the selenizing atmosphere was not suitable because H 2 Se 
formation is more poisonous and less reactive than the elemental selenium vapor. 
An 8% CIS - based solar cell formed from an electrodeposited precursor fi lm was 
also achieved  [316] . This cell was developed by using an electrodeposited CIS 
precursor fi lm subjected to post - deposition heat treatment at 550    ° C in Se and In 
atmospheres. The electrodeposition bath used for the co - deposition of Cu – In – Se 
consisted of 0.025   M CuCl 2 , 0.025   M InCl 3 , and 0.025   M H 2 SO 3  at pH 1.5. The bath 
temperature was maintained at 24    ° C and the contents were not stirred during fi lm 
deposition. Co - deposition was achieved using a three - electrode confi guration, an 
SCE as the reference electrode and Pt gauze as the counterelectrode. These various 
results indicate that the main problem in CIS fabrication is the control of its 
chemical composition. Thus, further studies must optimize the different com-
pound formation pathways during direct or sequential electrodeposition of CIS. 
Direct electrodeposition may be considered more favorably because of the low cost 
of the fi lms fabricated by this method.   

   5.2.2.3    Preparation by the Sol – Gel Method 
 The sol – gel method has been successfully applied to the synthesis of CdS and ZnS 
 [102, 318] , oxides of Ti, Zr, Al, Zn, Si, V, Ga, In, and B  [319] , and mixed Ti, Ta 
oxides  [320]  as thin fi lms, and mixed Mn - doped ZnS and ZnO on various supports 
including Si  [319] . 

 The synthesis of semiconductor particles by alternate adsorption of anions and 
cations from aqueous solutions is known as SILAR (successive ionic layer adsorp-
tion and reaction)  [318] . This technique has been generalized to include molecular 
precursors, such as metal alkoxides, which can be adsorbed and hydrolyzed as 
monolayer fi lms  [319] . This has been illustrated by the fabrication of patterned 
TiO 2  fi lms on Si/SiO 2  substrates bearing microcontact - printed lines of an organic 
polysiloxane  [321] . Nanostructures (nanowires and nanotubules) of TiO 2   [318 – 322] , 
CdS  [322] , SiO 2   [318, 323] , In 2 O 3   [324] , Ga 2 O 3   [325] , V 2 O 5   [318] , MnO 2   [318] , WO 3  
 [318] , and many other semiconductor materials have been synthesized using such 
a sol – gel template synthesis strategy. 

 Oriented ZnO thin fi lms have been grown by the sol – gel process. Solutions were 
prepared by dissolving Zn(CH 3 COO) · 2H 2 O in ethanol and refl uxing, after which 
monoethanolamine (MEA) was added. The ratio  r     =    [MEA]/[Zn 2 +  ] was varied 
between 0.5 and 4. These solutions were aged for variable periods (10 – 240 hours). 
Depending on [Zn 2 +  ] and  r , transparent solutions or colored colloidal dispersions 
(bluish to yellow) were obtained. The precursor solution was fi ltered (Millipore 
cellulose membranes, 0.45   mm) and deposited on glass or quartz substrates by 
dip -  or spin - coating (3000 – 4500   rpm; 5 – 30   s); substrates were sonicated or washed 
with HNO 3  and thoroughly rinsed with water, ethanol, and acetone. As - synthesized 
fi lms were preheated at 300    ° C for 10 minutes after each coating. This procedure 
was repeated up to six times. The fi lms were subsequently heated up to 550    ° C for 
2 hours in order to obtain crystallized ZnO. In another procedure, fi lms were dried 
(100    ° C, 5 minutes) between successive spin - coating steps. Subsequently, these 
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fi lms were pretreated at 135    ° C for 36 – 72 hours, and further treated at 450    ° C for 
2 hours  [102] . 

 Another approach for preparing ZnO fi lms  [326, 327]  begins by refl uxing zinc 
acetate dihydrate in  n  - propanol after which methanolic tetramethylammonium 
hydroxide solution is added to the precursor sol of zinc acetate dihydrate in  n  -
 propanol. Films were deposited by single dip - coating on various substrates. The 
withdrawal of the substrate out of the sol was performed at a speed of 20   cm   min  − 1 , 
in an atmosphere with controlled relative humidity: 4% for one of the fi lms depos-
ited on silicon substrate and 30% for all other fi lms. These low and middle values 
were chosen in order to check on water sorption during dip - coating. The samples 
were then dried in air at 80    °  for a minute and annealed at higher temperatures 
by direct introduction in a hot oven under a controlled atmosphere. Successive 
annealing steps were performed between 150 and 400    ° C for 15 minutes under a 
fl ux of pure oxygen or ozone. 

 The preparation of a TiO 2  thin fi lm was investigated using a  two - dimensional  
( 2D ) sol – gel process  [328] . A chloroform solution of monomer or tetramer of 
 tetrabutoxytitanium  ( TBT ) was spread on the surface of an aqueous subphase, 
hydrolyzed, and polycondensed at the air/water interface to give fl oating gels. 
The gels were gathered by 2D compression to yield a uniform gel fi lm on the 
water surface. The addition of acetic acid (a chelating agent) and acetylacetone 
to the aqueous subphase or spreading solution was effective, and fi lms were trans-
ferred onto the appropriate substrate using Langmuir – Blodgett techniques. 
Accordingly,  n  - octadecyl acetoacetate was added in the spreading solution of 
monomeric Ti butoxide and ethoxide resulting in quantitative transference of 
the gel fi lms onto substrates without a limitation on the number of depositions. 
The deposited TiO 2  - based gel fi lms could be converted into nanometric quantum 
size TiO 2  fi lms by calcination at 500    ° C for 30 minutes. The thickness and the 
density of the nanoparticulate TiO 2  fi lms could be controlled by the number of 
deposited gel fi lm layers and the surface pressure of the gel fi lm layer during 
deposition. 

 CdS nanocomposites (CdS cluster sizes less than 5   nm) were prepared via 
multifunctional inorganic – organic sol – gel processing  [329] . In CdS sols as precur-
sors, the CdS clusters can carry inorganic components as stabilizing centers, along 
with bifunctional ligands acting as inorganic and organic network formers. 
Hydrolysis and condensation produce an inorganic skeleton yielding viscous 
liquids useful to prepare fi lms or monoliths. The fi nal organic crosslinking at less 
than 100    ° C results in optically transparent materials. The nature of the stabilizing 
centers and the starting synthesis conditions infl uence strongly the resulting 
electronic properties. Cd 2 +   complexed by mercapto compounds gives smaller 
cluster sizes with a narrower distribution than Cd 2 +   complexed with amine or 
carboxylate groups.  

   5.2.2.4    Thin Films Deposited with Heteropolycompounds 
 Thin - fi lm semiconductors have been deposited chemically and electrochemically 
with heteropolyacids for optoelectronic and solar cell devices  [33, 192, 330 – 343] . 
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The concept of using heteropolyacids in the chemical bath was developed 
during the 1990s for deposition of CdSe, Sb 2 S 3 , CdS, CdTe, etc. The effect of 
heteropolyacids on the physical, optical, and electrical properties of the fi lms was 
determined. Their performance in photoelectrochemical, Schottky barrier, and 
heterojunction solar cells has been investigated. 

   5.2.2.4.1     CdSe  Photoelectrochemical Solar Cells  [330, 331]  
 Deposition of CdSe was carried out by mixing 10   ml of 1   M cadmium acetate, 5   ml 
of TEA (99%), 10   ml of 30% aqueous ammonia, and 15   ml of 0.45   M sodium 
selenosulfate. The fi nal pH of the mixed solution was adjusted to 11  [330] . Deposi-
tion was conducted at 40    ° C by dipping cleaned conducting SnO 2  - coated glass 
plates and holding them vertically on the walls of a 100   ml beaker. The determina-
tion of the chemical composition of the fi lms by X - ray diffraction, X - ray photoelec-
tron spectroscopy, and neutron activation has shown the presence of triclinic WO 3  
in fi lms deposited with heteropolyacids. It has been shown that the photoelectro-
chemical solar cell parameters change with the concentration of  silicotungstic acid  
( STA ) or  phototungstic acid  ( PTA ). The best performances were obtained for 
electrodes fabricated with 10  − 5    M STA or 10  − 5    M PTA. Without STA or PTA, the 
CdSe fi lm in 0.45   M   SeSO2

3− electrolyte showed an  open - circuit voltage  (  V  oc  ) 
of 510   mV, a short - circuit photocurrent density ( J  sc ) of 2.7   mA   cm  − 2 , a fi ll factor 
(FF) of 0.48, and a cell effi ciency (  η  ) of 1.6%. The fi lm grown with 10  − 5    M PTA 
showed the following photoelectrochemical solar cell parameters:  V  oc     =    570   mV, 
 J  sc     =    7.6   mA   cm  − 2 , FF    =    0.55, and   η      =    5.9%. The CdSe fi lm deposited with 10  − 5    M 
STA showed far superior  I  –  V  properties with  V  oc     =    600   mV,  J  sc     =    11.8   mA   cm  − 2 , 
FF    =    0.68, and   η      =    11.7%. The improvement in the photoelectrochemical solar cell 
properties has been ascribed to the formation of n - CdSe/n - WO 3  heterojunctions, 
which enhances the charge transfer at the semiconductor/electrolyte interface. 
These results indicated for the fi rst time the interesting effects of STA and PTA 
on chemically deposited CdSe fi lms. This opens up a new method for fabricating 
mixed electrodes with improved physical properties and photoelectrochemical 
solar cell performances.  

   5.2.2.4.2     Sb 2 S 3   photoelectrochemical Solar Cells  [33, 332]  
 The chemical deposition of Sb 2 S 3  thin fi lms was carried out by the reduction of 
Sb complexed with TEA using thioacetamide as the reducing agent. For a typical 
fi lm, the chemical bath composition was: 25   ml of 0.1   M potassium antimonyl 
tartrate, 5   ml of 7.4   M TEA, 3   ml of 17   M ammonia, and various concentrations 
of STA in a 100   ml beaker. The mixed solution was stirred for 10 minutes to 
obtain a homogeneous solution. The solution was then diluted to 75   ml and the 
reduction was initiated by adding 25   ml of 0.1   M thioacetamide with magnetic 
stirring. Before use, SnO 2  - coated and ordinary glass slides were cleaned ultrasoni-
cally in isopropyl alcohol and dried in pure nitrogen atmosphere. The cleaned 
substrates were then clamped vertically in the plating solution at 300   K. During 
the Sb 2 S 3  fi lm formation, the color of the solution changed progressively from 
a faint to a dark yellow, and then fi nally to orange - red, at which point a thick 
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deposition of Sb 2 S 3  fi lm formed on the substrates. After about 96 hours, the slides 
were removed and washed thoroughly with water and dried in air. In the case of 
the Sb 2 S 3  fi lms formed with STA, the same procedure was used, but with 5   ml 
of different concentrations of STA in the chemical bath. Addition of a small 
amount (10  − 5    M) of STA in the deposition bath enhanced the rate of deposition 
and signifi cantly improved the photoactivity of the fi lms. A very small ( + 5%) 
change in the electrical resistivity was observed for the fi lms in which STA was 
incorporated. Signifi cant improvement in the fi lm properties was obtained by 
introducing a small concentration of STA (10  − 5    M) in the deposition bath. The 
as - deposited fi lms are amorphous in nature, but an annealing treatment (300    ° C 
for an hour in a nitrogen atmosphere) leads to more stoichiometric and polycrys-
talline fi lms. The optical bandgap of the as - deposited fi lm changed from 1.86 to 
1.74   eV after annealing. The fi lms are n - type with resistivity, carrier concentration, 
and mobility of 5.3    ×    10 6     Ω    cm, 1.2    ×    10 12    cm  − 3 , and 9.8   cm 2    V  − 1    s  − 1 , respectively. 
WO 3  was detected in the fi lms deposited with STA. The activation energy was 
found to be 0.53 and 0.56   eV for the fi lms deposited without and with STA, 
respectively.  

   5.2.2.4.3     n - Sb 2 S 3  / p - Ge ,  n - Sb 2 S 3  / p - Si , and  n - CdSe / p - InP  Heterojunctions 
 [192, 332 – 335]  
 The chemical composition and structural features of CdSe chemically deposited 
with different heteropolyacids, and a novel method for fabricating low - cost 
n - Sb 2 S 3 /p - Ge heterojunction solar cells by chemical deposition have been reported 
 [333] . The p - Ge substrates used for the fabrication of the heterojunction solar 
cells were cut from (111) oriented ingots with an acceptor concentration of 
 N  A     =    6    ×    10 18    cm  − 3 . Surfaces were lapped and polished down to 0.25    µ m followed 
by a fi nal polishing carried out mechanochemically using an alkaline silica gel. 
Then the following cycle was carried out fi ve times: 40% HF dip, ultrapure water 
rinse, sulfochromic acid mixture dip, water rinse, drying in nitrogen, and a fi nal 
rinse in 40% HF before n - Sb 2 S 3  deposition. It was found that, in the case of 
n - Sb 2 S 3  fi lms chemically deposited with STA on (111) oriented single - crystalline 
p - Ge and annealed, the heterojunction solar cell properties are considerably 
improved. Dark current – voltage ( I  –  V ) measurements (in the range 298 – 380   K) for 
n - Sb 2 S 3 /p - Ge and STA - deposited n - Sb 2 S 3 /p - Ge junction devices showed an 
increase in barrier height (  Φ   b ) from 0.65 to 0.89   eV, a decrease in ideality factor 
( n ) from 2.21 to 1.38, and a decrease in reverse saturation current density ( J  0 ) 
from 6.27    ×    10  − 7  to 3.8    ×    10  − 9    A   cm  − 2 . Capacitance – voltage ( C  –  V ) studies at 1   MHz 
showed higher values of   Φ   o  for the improved device. Under AM1 (air mass 1) 
illumination, the improved junction showed an effi ciency (  η  ) of about 7.3% 
without any antirefl ection coating, whereas the n - Sb 2 S 3  fi lms deposited without 
STA on p - Ge showed   η      =    2.4%. A signifi cant increase in the normalized spectral 
response of the n - Sb 2 S 3 (STA)/p - Ge heterojunction was obtained. This was attrib-
uted to a reduction in interface recombination velocity  [334] . Analogous results 
were obtained for n - Sb 2 S 3 /p - Si junctions where the junction fabricated with Sb 2 S 3  
containing STA exhibited an effi ciency of 7.3% on an active area of 0.05   cm 2  
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(Figure  5.24 ). Similar results were obtained for n - Sb 2 S 3  fi lms deposited with 
and without STA on p - Si  [192]  and for n - CdSe/p - InP fabricated with and without 
STA  [335] .    

   5.2.2.4.4    Metal ( Pt ,  Ni ,  Au )/( CdSe ,  Sb 2 S 3  ) Thin Films 
 A novel method for fabricating high - effi ciency metal (Pt, Au, Ni)/(CdSe, Sb 2 S 3 ) 
fi lms for application to Schottky barrier solar cells has been reported  [192, 336] . 
The method is based on the fabrication of n - CdSe or n - Sb 2 S 3  thin fi lms chemically 
deposited with and without STA. The Schottky barrier structures were fabricated 
on chemically deposited polycrystalline n - CdSe fi lms (about 5    µ m) and/or n - Sb 2 S 3  
fi lms (about 4    µ m) on ITO - coated glass (1.5 – 2.0    Ω     �   − 1   )  [340, 343] . The resulting 
fi lms were thermally annealed at 350    ° C for an hour in a nitrogen atmosphere. 
After etching, the deposited fi lms in were washed 2% HCl for 5 – 10 seconds and 
dried in nitroge. Pt, Ni, or Au of 99.9999% purity was evaporated to form a base 
for the diodes with different areas in the range 0.04 – 0.09   cm 2 . The Schottky struc-
tures were annealed at 100    ° C for 5 minutes in a hydrogen atmosphere to improve 
the reproducibility of the results. Semi - transparent metal (about 130    Å ) fi lms 
served as the rectifying contact, while the ITO - backed contact on the CdSe or Sb 2 S 3  
acted as an ohmic contact. The performances of the Schottky junctions fabricated 
with the fi lms deposited with STA, CdSe(STA) or Sb 2 S 3 (STA) (Figure  5.25 ), are 
signifi cantly better than those deposited without STA. Under AM1 illumination, 
the photovoltaic properties of the improved Pt/CdSe(STA) diode showed  V  oc     =    
0.72   V,  J  sc     =    14.1   mA   cm  − 2 , FF    =    0.70, and   η      =    5.5%.   

     Figure 5.24     Illuminated  I  –  V  characteristics of n - Sb 2 S 3 /p - Ge heterojunction devices for Sb 2 S 3  
fi lms deposited with STA:  V  oc     =    0.69   V,  J  sc     =    8.72   mA   cm  − 2 , FF    =    62%,   η      =    7.3%; and for Sb 2 S 3  
fi lms deposited with STA:  V  oc     =    0.46   V,  J  sc     =    4.32   mA   cm  − 2 , FF    =    48%,   η      =    2.4%  [334] .  
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     Figure 5.25     Illuminated  I  –  V  characteristics of Pt/n - Sb 2 S 3  Schotkky devices for Sb 2 S 3  fi lms 
deposited with STA:  V  oc     =    0.77   V,  J  sc     =    11.3   mA   cm  − 2 , FF    =    63%,   η      =    5.5%; and for Sb 2 S 3  fi lms 
deposited with STA:  V  oc     =    0.52   V,  J  sc     =    3.6   mA   cm  − 2 , FF    =    38%,   η      =    0.7%  [336] .  
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     Figure 5.26     Variation of effi ciency (  η  ) with metal work function ( W ): (a) (top level) for 
metal/n - CdSe(STA); (b) (bottom level) for metal/n - CdSe; (c) (top level) for 
metal/n - Sb 2 S 3 (STA); (d) (bottom level) for metal/n - Sb 2 S 3   [336] .  
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 In addition, the ideality factor ( n ) and saturation current density (  J  o ) also 
improved signifi cantly. The variation of the effi ciency with the work function of 
the Schottky metal is important for fi lms fabricated with STA, as shown in Figure 
 5.26 . This variation is very small for fi lms fabricated without STA. This is an 
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indication of Fermi - level pinning for fi lms fabricated without STA. Effi ciency 
measurements at 1   MHz showed that the barrier heights (  Φ   o ) of the fabricated 
diodes were 0.62 and 0.59   eV for the Pt/CdSe and Pt / Sb 2 S 3  junctions, respectively, 
and 0.81 and 0.80   eV for the Pt/CdSe(STA) and Pt/Sb 2 S 3 (STA) junctions, respec-
tively. It was also observed that the   Φ   o  values are independent of the metal work 
functions, which may be attributed to the Fermi - level pinning of CdSe or Sb 2 S 3  
fi lms deposited with and without STA. For Schottky diodes fabricated with CdSe 
or Sb 2 S 3  deposited without STA, the Fermi levels are pinned at one - third of the 
bandgap from the valence band edge. For junctions fabricated with CdSe or Sb 2 S 3  
deposited with STA, the Fermi levels are pinned at a point slightly below the center 
of the forbidden gap. The improvement in solar cell properties was attributed to 
the presence of WO 3  in the fi lms deposited with STA. The absorption coeffi cient 
is improved due to the presence of WO 3  in the fi lms.    

   5.2.2.4.5     CdS / CdTe  Heterojunctions 
 Various experimental conditions required for CBD on ITO and SnO 2  substrates 
have been identifi ed  [337 – 343] . The chemical bath was based on ammonium 
acetate (0.5 – 10  − 3    M), ammonium hydroxide (1 – 6%), cadmium acetate or cadmium 
chloride (0.1 – 10  − 3    M), and thiourea (0.1 – 10  − 3    M), containing different concentra-
tions and types heteropolyacids (10  − 1  – 10  − 8    M). The deposition temperature varied 
from 50 to 95    ° C and the deposition time from 10 minutes to 6 hours. The electrode 
surface area was 8   cm 2 . The annealing temperature was varied from 200 to 500    ° C. 
The effect of the heteropolyacid on the morphology and the chemical composition 
of the fi lms and on the CdS/CdTe heterojunction parameters ( V  oc ,  J  sc , FF,   η  ) was 
determined, as was also the effect of deposition and annealing times. It was found 
that the presence of heteropolyacids in the deposition bath improved the quality 
of the fi lms and the solar cell parameters of the CdS/CdTe heterojunction. CdTe 
was electrodeposited on CdS using a chemical bath composed of   HTeO2

+ (10  − 3  –
 10  − 5    M), CdSO 4  (0.1 – 3   M), and heteropolyacids (10  − 1  – 10  − 8    M). The pH of the elec-
trolyte was maintained in the range 1.5 – 3.5 and the deposition potential was 
between  − 0.3 and  − 0.75   V. A double Ag/AgCl junction was used as the reference 
electrode and a large Pt grid was used as a counterelectrode. The deposition tem-
perature was in the range 50 – 95    ° C. The deposition time was in the range 1 – 6 
hours. During electrodeposition, the QRP of the electrodeposit was measured at 
time intervals of 5 seconds in the early stages of the CdTe deposition (i.e.,  < 40   C 
charge passed) and 20 seconds thereafter. A constant deposition current density 
was maintained and, after a total plating charge of 20 C had been reached, the 
plate was removed from the electrolyte, rinsed, and annealed (200 – 500    ° C) for 
times ranging from 10 minutes to100 hours. The  I  –  V  characteristics of the 
CdS/CdTe - based solar cells were determined under illumination at 100   mW   cm  − 2 . 
The following cell parameters were obtained:  V  oc     =    0.35 – 0.76   V,  J  sc     =    3 – 31   mA   cm  − 2 , 
and FF    =    25 – 60%. The reproducibility of the cell parameters was determined and 
it was found that 80% of the 8   cm 2  area cells exhibited a solar energy conversion 
effi ciency of 6%. This effi ciency was obtained for CdS and CdTe preparation and 
cell fabrication without parameter optimization.     
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   5.3 
Systems Development 

   5.3.1 
State - of - the - Art Thin - Film Solar Technology using Chemical, Electrochemical, and/or 
Sol – Gel Fabrication Methods 

 The thin - fi lm materials that are discussed in this chapter can be used in depositing 
one or more thin layers of material on a substrate in the following PV cell tech-
nologies: (i) CdTe, (ii) copper indium (gallium) selenide (CIS or CIGS), and (iii) 
 Dye - sensitized solar cell  ( DSSC ). The thickness of such layers can vary from a few 
nanometers to tens of micrometers. 

 The CdTe, CIS, and CIGS PV module technologies are in continuous develop-
ment. Cell effi ciency, process optimization, tellurium supply, use and recycling of 
the extremely toxic cadmium metal, price vulnerability, solar tracking, and market 
viability are the main issues related to the commercial success of thin - fi lm solar 
technologies such as CdTe PV solar cells. 

 The actual module effi ciency, which does not exceed 10%, is far from that which 
CdTe on its own can exhibit. Because of its optimal bandgap for single - junction 
devices, it may reasonably be expected that effi ciencies close to or exceeding 20% 
(such as already shown by CIS alloys) should be achievable in future practical CdTe 
cells. Modules of 15% effi ciency would then be possible. Improved cells based on 
a modifi ed CTO/ZTO/CdS/CdTe device structure have been developed at the US 
National Renewable Energy Laboratory (NREL) which achieved a high FF of 77% 
and high  J  sc  of nearly 26   mA   cm  − 2 . The CdS/CdTe polycrystalline thin - fi lm solar 
cell demonstrated (and confi rmed by NREL) a total - area effi ciency of 16.5% in 
laboratory studies, the highest effi ciency reported for CdTe solar cells  [344] . By 
comparison, CIS and CIGS technologies can exhibit some effi ciencies close to 20% 
for cells with small surface area. 

 With present technology (2010), if we consider a module effi ciency of 11%, we 
will get an output power of 100   W   m  − 2 . If we assume an actual cost to the customer 
of $4 per watt in 2010, we will get $400   m  − 2 . This corresponds to a panel cost of 
about $300. The process optimization of this technology should in the future lead 
to greater output power at lower cost. Such optimization over a 10 -  to 20 - year 
period may result in a cost of less than $1 per watt. For example, if the cost was 
$0.5 per watt, the price would drop to $50   m  − 2 . But if we take into account addi-
tional commercialization and installation costs, an installed system might cost 
$1.5 per watt or 75   W   m  − 2 . For regions of the world where the sunlight can average 
5   kWh   m  − 2  · a day, a price of $0.03 – 0.10 per kWh could be achieved. 

 The availability of Te for use in applications is limited by its abundance 
(1    ×    10  − 9    kg of Te per kg (or 0.002   ppm) of the Earth ’ s crust). In comparison, the 
abundance of Cd is 1.5    ×    10  − 7    kg of Cd per kg (or 0.2   ppm) of the Earth ’ s crust  [345, 
346] . It is a by - product of copper, lead, and gold production. An estimated average 
of 800 – 900 metric tons can be produced per year  [347] , and, in 2007, Te production 
was 135 metric tons  [348] . At the current cell effi ciency and thickness, if we take 
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into account the material density and the mass percentage of Te in CdTe (53%), 
1   GW annual production will need approximately 93 metric tons. Because the need 
for Te is increasing, new suppliers are appearing and its geological exploration 
may also increase. Development of recycling CdTe PV components may also be 
an approach that may contribute to more availability of Te. CentennialSolar, a 
Canadian - based company involved in the PV industry, has a production capacity 
of CIGS and CdTe of 6   MW. 

 The abundance of Cd is 100 times higher than that of Te. Cd is produced as a 
by - product of Zn production. Due to the large quantities of Zn production world-
wide, important amounts of Cd are generated from this process. The mass produc-
tion of CdTe solar modules might therefore not be limited by Cd availability. That 
is, because Zn is generated in very large quantities, there are substantial amounts 
of Cd available. Presently when the market does not absorb the Cd, it is cemented 
and burned, stored for future use, or disposed of as a hazardous material. CdTe 
PV fabrication may present an interesting and safer option than the current uses 
of Cd that would be much preferred to its mere disposal  [349] . The total production 
of CdTe/CdS modules of start - up companies manufacturing thin - fi lm solar cells 
(AVA Solar, PrimeStar, Calyxo/Q - Cells, Antec, Avendi, Abound Solar, and ASP) 
was 70   MW. At the end of 2009, First Solar, Inc. had the facility to produce 1   GW 
 [350] . The conversion effi ciency of the modules is increasing rapidly and First Solar 
claimed a module effi ciency of 12.6% in 2010. This may be compared to Si 
modules where effi ciencies from 13 to 20% are obtained. 

 New developments related to the improvement in solar cell performance and the 
infl uence of the Ga content ( x     =    Ga/(Ga    +    In)) in the absorber for devices using 
(PVD)In 2 S 3  - based buffers have been reported  [351] . It has been shown that the 

     Figure 5.27     Illuminated current - voltage characteristics of the n - CdS/p - CdTe heterojunction 
devices: (a) for CdS  “ lm deposited without STA and (b) for CdS  “ lm deposited with STA.  
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solar cell effi ciency is similar for both buffer layers at lower  x  values and increases 
with  x  only in the case of (CBD)CdS. These trends are in agreement with the 
occurrence of a conduction band cliff at the CIGSe/(PVD)In 2 S 3  interface  [351] . 

 It has also been shown that using window - deposited layers of CdS formed by 
CBD is convenient for large - area deposition. Morphologies in the absorber layer 
of CdTe prepared by a close - spaced sublimation technique suited to production 
have also been demonstrated. A Te - rich layer was produced with chemical etching. 
The ZnTe/ZnTe:Cu complex layers show superior performance over other back 
contacts. By using laser scribing and mechanical scribing to fabricate nine mini -
 modules connected in series (54   cm 2 ), a total - area effi ciency of 7.03% was demon-
strated  [352] .  

   5.3.2 
Toxicity and Sustainability Issues 

 The use and recycling of Cd, which is classifi ed as toxic, might be one of the issues 
which limits mass production of CdTe PV technology. For example, Cd is one 
of the six most toxic materials banned by the European Union. Because there 
are relatively few research results available on the toxicology profi le of CdTe, 
regulatory agencies usually apply Cd criteria as an available approximation  [353] . 
Generally the parameter used to probe the toxicology of a material is the median 
lethal dose (in mg of substance per kg of organism) of a substance which is defi ned 
as the amount of this substance which, when administered (ingested) to a group 
of experimental animals, will kill 50% of the group in a specifi c time. From avail-
able data in the literature on the median lethal dose of CdS (7080   mg   kg  − 1 )  [354] , Si 
(3160   mg   kg  − 1 )  [355] , CdTe (2000   mg   kg  − 1 )  [353] , Cd (890   mg   kg  − 1 )  [356] , and CdO 
(72   mg   kg  − 1 )  [357] , we may conclude that the toxicology of these materials increases 
as: CdS    <    Si    <    CdTe    <    Cd    <    CdO. That is, Cd compounds such as CdS and CdTe 
are less toxic than Cd, while CdO is more toxic than Cd. Accordingly more system-
atic studies are needed on the toxicology of the materials described in this chapter 
for thin - fi lm solar cell applications because the increase of their use in PV systems 
will involve extensive human interfaces. Accordingly, in USA for example,  it has 
been proposed that CdTe be included in the National Toxicology Program  [358] . 
The toxicity of this material may present itself if it is ingested, handled without 
appropriate gloves, or inhaled as dust  [359] . It has been shown that the toxicity is 
not solely due to the Cd content, but to a highly reactive surface of the CdTe with 
the interaction of oxygen which can damage the cell membrane and nucleus  [360]  
and to the recrystallization to form toxic cadmium chloride. In contrast it has also 
been found that the large - scale use of CdTe PV modules does not present any 
potential health problems and environment issues. Further it was concluded that 
the environmental risks from CdTe PV modules are minimal because the estimated 
atmospheric emissions of 0.02   g of Cd per GWh of electricity produced during all 
the phases of module life are extremely low. Consequently their use is more envi-
ronmentally acceptable than other uses of Cd including Ni – Cd batteries  [349] . By 
comparison to 10 Ni – Cd batteries, it is found that a CdTe PV module uses Cd about 
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2500 times more effi ciently in producing electricity. A 1   kW CdTe PV system con-
tains less Cd than 10 size - C Ni – Cd batteries. Furthermore, CdTe is more stable 
and less soluble than the Cd components used in batteries. This is in agreement 
with the low toxicity of CdTe in comparison to Cd. Moreover, it was shown that the 
glass plates surrounding CdTe material sandwiched between them (as they are in 
all commercial modules) seal during a fi re and do not allow any Cd release  [361] .   

   5.4 
Conclusions and Perspectives 

 During recent decades, the development of PV technologies based on chemically 
and electrochemically deposited thin fi lms has increased signifi cantly. Growing 
interest in developing new thin - fi lm materials based on CBD and electrodeposition 
supports their use in fabrication of low - cost materials. Substantial progress has 
been made with polycrystalline CdTe. This effort makes possible the fabrication 
of, for example, Cu – In – Se 2  and Cu – In – Ge – Se 2  thin fi lms for solar cell technolo-
gies. However, technical problems persist and many issues obstruct the successful 
development of CIS and CdTe thin - fi lm solar cells at low cost. The CdS/CdTe 
heterojunction still has a fundamental problem of stability due to (i) formation of 
CdTe 1 −    x  S  x   at the interface, (ii) degradation of the CdTe back contact due to atmos-
pheric interactions and/or corrosion, (iii) impurities in the fi lms, (iv) lack of stabil-
ity of the fi lms themselves, and (v) lack of control of the chemical composition of 
CuInSe 2  during its direct electrodeposition or sequential deposition. With the 
increasing use of this technology, health and environmental issues related to 
human interfaces between the PV materials and the developers and end users 
must studied in order to determine the level of hazards associated with the use of 
these materials. That is, the cost of ensuring the safety of these materials must be 
amortized in the cost of such systems. Also, the availability of the different materi-
als involved in the various compounds must be carefully established. In some 
cases,  in situ  modifi cation of the original materials, for example with heteropoly-
acids, has shown signifi cant improvement of cell performance. 

 The future development of solar energy at low cost (less than $1 per watt) is 
based on performance which will be obtained from thin - fi lm semiconductors. The 
elements composing these solar cell systems are in many cases by - products of the 
production of other elements, and thus production rates cannot be expanded 
without balancing their cost with additional considerations. A fundamental ques-
tion therefore arises: will the current generation of PV thin - fi lm materials (CdS, 
CdTe, CIS, CIGS, Si - based materials) be used to introduce thin - fi lm solar cells 
into the marketplace? Other direct energy gap materials, for example ZnP 2  and 
Zn 3 P 2 , may be considered and developed for solar cell applications. These materi-
als are less environmentally hazardous than CdS, CdTe, CIS, or CIGS. The 
continuous improvement of the performance of cells and modules using environ-
mentally benign materials is essential for making them available for use in com-
mercial solar systems. 
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 The toxicology of the Cd-based materials increases as: CdS    <    Si    <    CdTe    <    Cd    <    
CdO. That is, Cd compounds such as CdS and CdTe are less toxic than Cd, while 
CdO is more toxic than Cd. Accordingly more systematic studies are needed on 
the toxicology of the materials described in this chapter for thin - fi lm solar cell 
applications because the increase of their use in PV systems will involve extensive 
human interfaces.  
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  187       N ě mec ,  P.  ,   N ě mec ,  I.  ,   Nah á lkov á  ,  P.  , 
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  188       N ě mec ,  P.  ,   N ě mec ,  I.  ,   Nah á lkov á  ,  P.  , 
  Kn í  ž ek ,  K.  , and   Mal ý  ,  P.   ( 2002 )  J. Cryst. 

Growth ,  240 ,  484 .  
  189       Troj á nek ,  F.  ,   Cingolani ,  R.  ,   Cannoletta , 
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absorber
– layer 4f., 11
– thickness 71, 149
absorption
– coeffi cient 46, 49, 65, 222
– core–shell 93
– edge 222
– length 71
– site-specifi c 121
– SJW-E1 dye 201
– UV-visible 239
acceptor, see doping
accumulation layer 119f., 158
adhesion 301f.
annealing 5, 10f., 47, 51f., 280
aqueous chemical growth 226
atom–by–atom deposition 282
atomic force microscopy (AFM) 83, 86, 166
– contact mode (CM-AFM) 83f., 105, 108f., 

116f., 151
– Derjaguin–Muller–Toporov model 100
– InP 167f.
– Kelvin probe 119f.
– tapping mode (TM-AFM) 99f., 137, 167f.
atomic sensitivity factor 136
Auger electron emission (AEE) 90f., 141
autocatalytic redox process 306

b
backbond splitting 160
band
– conduction 63, 77, 104
– energy 64, 73
– illumination 239f.
– valence 63, 69, 77, 104
bandgap
– absorber materials 49
– CdS 44
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– CdTe 45f.
– CZTS 30
– energy 49, 51ff.
– porous wide- 222ff.
– Sb2S3 322f.
– TiO2 223
blisters 12, 21
Boltzmann approximation 62
Brewster angle analysis (BAS) 84f., 126, 129
broadening parameter 51f.
buffer layer 198f., 320f., 337

c
capping layer 21
carrier type
– majority 42
– minority 65f., 68, 71, 81, 89f.
– profi les 65ff.
carrier surface concentration 82
CdTe fi lm 4f., 7, 10, 14f., 17ff.
chalcopyrite 1, 11
– crystal structures 4
– Cu(In,Ga)(S,Se2) (CIGS) 2f., 5f., 9, 12, 

19ff.
– CuInS2 (CIS) 1, 12, 42, 52f., 138ff.
– interface conditioning 137ff.
– polychristalline 143ff.
– single-crystal 53
– ternary 138, 145f.
charge
– collection 67
– injection 77, 231
charge transfer
– light-induced 241
– rate 64, 68, 81f., 90, 155
– velocity 83
chemical bath deposition (CBD) 4, 44, 

278ff.
– Ag2S 325
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– Bi2S3 323ff.
– CdS layer 32, 48, 282ff.
– induction 282, 286
– linear growth 282, 286
– porous fi lms 280
– Sb2S3 322ff.
– SnS 324
– termination 282, 286
– ZnO 320f.
– ZnS 320f.
chemical solution deposition (CSD) 278, 

285
chemical vapor deposition (CVD) 4, 94, 

226, 278, 302ff.
– atmospheric pressure (APCVD) 

304
chemical wet deposition (WD) 278
Cherenkov radiation 93
chlorophyll derivates 207f.
chronoamperometry
– conditioning 144
– coulometry 105
– profi les 82, 166
coating
– antirefl ection 332
– low-temperature 184ff.
– paste 191
– SnO2- 285
– ZnO-based 252
co-deposited
– CuInSe2 (CIS) 6f., 19, 22f., 329
– metal 31, 295
– simultaneous 27
– ZnO–ZnS–Zn(OH) 321
colloidal
– particles 279, 283
– systems 280
complexing agents 30, 281ff.
– metal–ligand 307
– methods 283ff.
– non-interfering 281f., 289
composite materials fabrication 279ff.
condenstaion 296ff.
conditioning, see interface
contacts
– back 294, 304, 333
– electrolyte 40f., 49
– liquid 41, 140
– metal 41
– semiconductor–redox electrolyte 62, 64, 

150
conversion
– down- 222
– internal 236f.

– interphase 313
– up- 222
copper indium dichalcogenides (CuInSe2), 

see chalcopyrite
core-level 155f., 158
Cottrell equation 150
cracks 12, 49, 197
current
– burst 121
– dark 43, 62, 131, 147
– density, see photocurrent
– diffusion 63f.
– light-induced 63

d
DC
– parallel connection 216
– series connection 213f.
Debye length 68
decomposition
– anodic 14, 73
– cathodic 14, 73, 134
– energy 75
– hydrolytic 318
– level 72, 133
– reaction rate 76f.
defect
– blue 48
– compositional 50
– density 283
– interface 226
– structural 50
dehydration/condensation reaction 186
density of states (DOS) 75, 96f., 102f., 159
depletion layer 64f., 81
diffusion
– coeffi cient 23, 29, 67, 150
– constant 233f.
– controlled 27
– length 49, 65f., 68, 70f., 148f., 152, 197
– region 66
– surface 10
dissociation
– constant 282
– fi rst-order 307
– light-induced water 78ff.
– reaction 79
dissolution reaction 74, 281
– silicon 108ff.
Doniach–Sunjic function 84
doping 13
– acceptor density 50
– CdTe 326
– concentration 136
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– density 44
– donor 285
– level 133, 285
– profi le 166
dye
– multilayers 246
– ZnO/dye materials 244ff.

e
effi ciency
– cell 20f.
– charge collection 67f.
– complexation 316
– conversion 19, 22, 38, 146, 152f., 162, 

187, 189, 196f., 243
– external quantum (EQE) 42ff.
– incident photon conversion (IPCE) 42, 

242
– internal quatum (IQE) 44, 82
– light-harvesting 252
– module 336
– plating 20
Einstein relation 67
electrochemical atomic layer epitaxy 

(ECALE) 6
– liquid-phase 278
electrochemical deposition (ED) 4, 6
– alloy 19
– and annealing (EDA) 7, 10f., 37
– anodic 289
– cathodic 14, 17, 289
– CdTe 14f., 290, 293f., 325ff.
– Cu(In,Ga)(S,Se2) (CIGS) 19f., 294f.
– hybrid ZnO/organic thin fi lms 244ff.
– one-step 22
– Pt 154f.
– pulsed 257f.
– single-element 19
– stoichiometry 5
– two-step 5
– ZnO thin fi lms 226f., 251
electrochemical phase diagram 28
electrode
– back 226, 229, 238
– counter 78f., 186, 190ff.
– dye-sensitized ITO–PEN 186ff.
– fabrication 185
– mercury sulfate (MSE) 23f., 28f.
– passivated 24
– plastic 190ff.
– rotating disk (RDE) 9, 16, 20f., 24, 26, 

195
– semi-transparent plastic 191f.
– SHE 23

– SJW-E1 sensitized plastic 197ff.
– standard (saturated) calomel (SCE) 21, 

30, 134, 166, 168, 326
– working 25, 30, 78f., 196
electrodeposition, see electrochemical 

deposition (ED)
electroless deposition 306f.
electrolyte contacts, see contacts
electrolyte electroabsorbance (EEA) 50ff.
electrolyte electrorefl ectance (EER) 

spectroscopy 49ff.
electron energy loss spectroscopy (EELS) 

232
– high-resolution (HREELS) 90, 99, 

104
electron
– affi nity 133f., 138, 154, 165f.
– back transfer 198f., 229, 231, 255f.
– diffusivity 188f.
– -donating groups 232
– –hole pair 44
– injection 108, 114, 206
– lifetime 188, 228
– light-induced defect 111
– mobility 89
– transfer rate 22
electrophoretic deposition 185, 188
electropolishing 129, 132
ellipsometry 84
energy
– band diagram 80f.
– binding 116, 118, 133
energy dispersive X-ray (EDX) 9, 32, 48
– Cu 11
– Cz/Sn/Cu/Zn 35
– In2Se3/Cu–Se 26
– stacked precursor fi lm 35
energy distribution curve (EDC) 97f.
epitaxial layers 17, 162, 225, 306
– homo- 165f., 226
EQE, see effi ciency
etching
– bromine/ethanol 294
– chemical 105ff.
– electrochemical 104
– indium phosphite (InP) 131
– KCN 143, 146
– oxide 129
– photoelectrochemical 142
– silicon 111ff.
excess carrier concentration 66f., 70
excess minority carrier profi les 65f., 68, 71, 

81, 89f.
excess microwave conductivity 65f.
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excess microwave refl ectivity
– profi les 67, 82
– signal 67, 81f.
– stationary  81, 87
excitation energy transfer 80, 171
extinction coeffi cients
– polymethine dyes 203
– sensitizer molecules 229
– SJW-E1 197ff.

f
Fermi level 62, 70, 335
– bulk 134
– gradients 5
– pinning 102
– quasi- 69ff.
Feynman path integrals 123
fi ll factor (FF) 189, 193, 199, 206, 211, 

251
fl uorescence emission 236f.
fl ux ratio 23, 28
Förster and Dexter transfer 171, 207
Fourier transform infrared (FTIR) 

spectroscopy 121
frontier orbital positions
– highest occupied molecular orbital 

(HOMO) 231f., 235, 237ff.
– lowest unoccupied molecular orbital 

(LUMO) 231f., 235, 237ff.
– second highest occupied molecular orbital 

(SHOMO) 239
FTO (fl uorine-doped tin oxide) 3, 17, 185, 

190, 322f.
– -coated glass 17, 44, 46, 186, 212

g
Gärtner equation 49, 67
Gerischer model 110
Gibbs
– energy of formation 14, 280
– free energy 26, 293
– reaction enthalpy 73
Grotthuß-like transport mechanism 228

h
Hamaker constant 100
Hammett coeffi cients 233
Helmholtz layer 63, 79, 89
heterojunction 13, 19, 44, 222, 224, 332ff.
heteropolycompounds 330
hole injection 150, 155, 160
hydrodynamically controlled 23, 26f.
hydrogen
– aggregation  200

– diffusion 150
– evolution 21, 34, 165, 168
hydrolysis 296f., 315

i
ideality factor 354
impedance spectroscopy 29, 209f., 309
impurity 5, 294
incident photon-to-current quantum 

effi ciency (IPCE) 42, 242ff.
incident photon-to-electron conversion 

quantum effi ciency 187f.
indium phosphite (InP)
– (111) A-face 130f., 147f.
– conditioning, see interface
– metal–interphase–semiconductor 165ff.
– photocurrent–voltage characteristic 132
– wafer substrate 131
indium tin oxide (ITO) 184, 285, 309
indoline dyes 204
inductive coupled plasma mass spectrometry 

(ICP-MS) 20, 27, 31
inorganic crystal structure database (ICSD) 

37
intensity-modulated photocurrent 

spectroscopy (IMPS) 246, 248
intensity-modulated photovoltage 

spectroscopy (IMVS) 248
interaction
– chromophore 242, 246
– dye–dye 246
– electron bunch–laser 93
– intermolecular 234
– sensitizer–surface 230
– substrate–adsorbate 15
intercalation
– charge-balancing counterions 232, 234
– proton 233
interface
– CdTe–electrolyte 46
– charge transfer 228
– conditioning 104ff.
– electrolyte–oxide–Si 129
– interpenetrating 222
– ITO–electrolyte 215
– ITO–TiO2 215
– Pc–electrolyte 237
– recombination velocity 332
– semiconductor–electrolyte 72
– Si–oxide 104
– solid–liquid 61
– substrate–ion 282
– support–semiconductor 307
– tailoring 61
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interfacial fi lm
– amorphous 167
– formation 77, 131, 134, 136f., 165
– oxide 132, 161
– passivating 143
– stress 123, 125
internal quantum conversion effi ciency 

206
intersystem crossing 236
inversion layer extension 159
ion–by–ion condensation 282ff.

j
jet vapor deposition (JET) 304
junction
– metal–oxide–semiconductor 160
– sample–electrode 42
– Schottky 42, 62, 333
– semiconductor– redox electrolyte 41f., 

62f., 78

k
kesterite 3 , 5, 11
– crystal structures 4
– Cu2ZnSnS4 (CZTS) 1, 4, 30ff.
– synthethis 12
kinetic 9
– CBD 282
– control 20
– decomposition 74
– deposition 312
– electrode 234, 249
– electrodeposition 9f.
– electron transfer 12
– energy 133, 156f., 232
– molecular 304
– stability 72, 143f.
– surface parameter 68
kink site 160
Koutecky–Levich plots 195

l
Langmuir adsorption isotherm.
Lawson–Woodward theorem 93
layer-by-layer growth 6, 279
lifetimes 70, 72
lift-off techniques 165
ligand 30, 281
– -centered second reduction 235
– electron-withdrawing 232, 234, 

238
– exchange equilibrium reaction 304
– substitution 232ff.
light-emitting diode (LED) 42

liquid-phase atomic layer epitaxy, see 
electrochemical atomic layer epitaxy 
(ECALE)

liquid-phase deposition (LPD) 304f.
low-pressure metal organic vapor-phase 

epitaxy (LPMOVE) 278
lock-in amplifi er 51

m
Madelung term 95
Marcus–Gerischer distribution 62
mass transfer-controlled 20
mass transport 9, 11
mesopores
– silicon 218
– TiO2 184f.
metal–ligand charge transfer 

mechanism 203
metal organic vapor-phase deposition 

(MOVPD) 4
metal organic vapor-phase epitaxy (MOVPE) 

131, 136, 165
modulation 50f.
molecular beam epitaxy (MBE) 4, 94, 242, 

278
Mott–Schottky plot 149
multilayer fi lms 246, 280, 300, 319

n
nanocomposites 330
nanocrystalline 187, 280
nanoemitter structures 147ff.
– p-Si 162ff.
nanopores 121f., 197
– etching 126
– oxide 122, 127, 147, 162
– wide-bandgap semiconductors 222ff.
nanotopographies
– oxide-related 121
– silicon 107ff.
National Renewable Energy Laboratory 

(NREL) 336
Nernst equation 294f.
nonresonant X-ray emission spectroscopy 

(NXES) 142
nucleation
– CdTe 16
– center 316
– compound 281
– density 5, 33
– heterogeneous 282f., 289
– homogeneous 282
– metal layers 33
– secondary 5
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o
operation mode
– photoelectrochemical solar cells (PECS) 

77f.
– photovoltaic (PECS) 77f.
oscillators
– thickness 123ff.

p
passivating layer 148, 256
PbS thin fi lm 279
phase
– intermediate 10
– secondary 5
– transformation 12
phosphorescence emission 236f.
photocorrosion 73, 75, 110, 143, 241, 256
– anodic  131
– cathodic 131
– fractal 126
photocurrent 21, 42, 46, 62, 64, 83, 147, 

242
– density 78, 128f., 186, 189, 196, 202, 

256f., 295, 331, 334f,
– oscillation 151
– spectroscopy 65
– switchable 240
photoelectron emission microscopy (PEEM) 

90
photon
– energy 51, 118, 133
– fl ux 49, 66
photosensitization
– anodic 241
– phthalcocyanines 235ff.
– porphyrins 235ff.
– ZnO 227f.
photosynthesis 79, 92
photovoltammetry 42, 72
phthalcocyanines 232ff.
– epitaxial fi lms 242
– photoelectrochemistry 236
push–pull arrangement 243
physical vapor deposition (PVD) 19, 94, 

278, 303
pinhole 12, 21, 49
– formation 5
– -free fi lms 6
plating
– electro- 22, 225
– ionic 185, 303
– pulse 27, 30
polarization
– anodic 121, 123

– cathodic 295
– concentration 295
– cyclic 136f.
– energy 232
– potentiostatic 240
– spectroscopy 29
Poisson equation 68
pore deepening 149ff.
porosity 186, 195f.
porphyrins 230f., 235
potential
– boundary 326
– cathodic 14
– chemical 69, 78
– contact 164ff.
– decomposition 73
– deposition 10
– doping 159
– equilibrium 14
– fl atband 41, 43, 106, 135, 149, 154, 159
– Galvani 69, 119f.
– open circuit 114, 118, 158f.
– over- 74, 79f., 150, 295
– quasi-rest (QRP) 326
– reduction 8f., 23ff.
– reference electrode 41, 295
– standard reduction 19
Pourbaix diagram 290ff.
precursor
– Cz/Sn/Cu/Zn stacks 35f.
– fi lm 6ff.
– metallic 8f.
– routes 226, 296
– stacked fi lm 35
– stoichiometry 30
– types 11f.
printable materials 183ff.
– PEDOT-based paste 196
pulsed laser-induced current transients 202
pulsed layer deposition 278

q
quadrupole mass spectroscopy (QMS) 94
quantum
– confi nement 222
– effi ciency 241f., 248, 294
quantum yield 81f.
quarz crystal microbalance technique (QCM) 

284, 309
quenching 207

r
radiofrequency diode sputtering (RDS) 278
reactive magnetron sputtering 143
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recombination 5, 43, 66, 230
– bulk 67
– catalysis 231
– losses 5, 48
– minority carrier 164
– surface/interface 135
– velocity 66, 68, 332
recrystallization 26, 51
redox
– electrolyte 147, 223f., 228
– energy 62
– level 78
– reaction 76
– species 63, 65
reduction
– cathodic 17, 294
– four-electron 15f., 293
– six-electron 293
– two-electron 16
refl ectance 51, 128f.
refractive index 217f.
relaxation
– energy 95
– process 15f., 90
reorganization energy 62f.
Richardson constant 62
roll-to-roll process 20, 185
room temperature ionic liquids (RTILs) 39

s
scanning electrochemical microscopy 

(SECM) 162
scanning electron microscopy (SEM) 6, 33
– CuInSe2 fi lm 6
– Cz/Sn/Cu/Zn precursor stack 37
– high-resolution (HRSEM) 83
– In2Se3 26f.
– ZnO/dye hybrid thin fi lms 245
scanning tunneling spectroscopy (STS) 

99ff.
– distance (DTS) 102
– Pt islands 161
Schottky
– barrier 41, 333
– diodes 335
self-assembly 279
self-limiting reaction 279
sensitization, see photosensitization
sensitizer molecules 227ff.
– aggregation 232
– organic dyes 244
– panchromatic 229
– Ru complexes 228, 230f., 243, 255
skew lines 156f.

semiconductor thin fi lm
– crystallinity 6f., 10, 21
– indirect-gap 75
– morphology 8, 31
– n-type 41f., 70, 78
– optoelectronic properties 6f.
– polycrystalline 5, 306
– preparation 307ff.
– p-type 5f., 13ff.
– single-crystal 49
– stoichiometric 5, 7f., 10
– thickness 9, 26, 77, 286, 311ff.
– porous wide-bandgap 222ff.
Shockley relation 62
Shockley–Queisser limit 222
Showa–Shell–Siemens industrial process 

19
silicon
– amorphous 222
– crystalline module 217
– current–voltage characteristics 107, 109, 

126, 128
– divalent dissolution 108, 111, 113, 128
– nanotopographies 107ff.
site-selective deposition 152
solar cells
– bifacial-type module 217
– CdS/CdTe 13, 44, 335ff.
– CdS/CIS 19, 286
– CdSe 331
– CIGS/CdS/ZnO 19ff.
– confi gurations 3ff.
– CTO/ZTO/CdS/CdTe 336
– CZTS 37ff.
– durability 208ff.
– dye-sensitized (DSSC) 77, 143, 183ff.
– excitonic 78
– fabrication 2, 30f., 279ff.
– glass-based DSSCs 208f.
– heterojunction 13, 19, 44, 222, 224, 332ff.
– high-voltage DSSC modules 212
– large-area plastic DSSCs 212ff.
– lifetime 211
– liquid junction 145
– maximum power point 78, 80f., 134f.
– metal thin fi lms 333f.
– nanoemitter 107, 147ff.
– performance 199, 201
– plastic DSSCs 191f., 252f.
– photoelectrocatalytic 61, 77f., 153
– photoelectrochemical (PECS) 13, 61ff.
– photovoltaic (PV) 1, 7, 61, 183ff.
– p/n-type 222
– power density 251
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– regenerative 223
– Sb2S3 331f.
– solid-state photochemical 13, 143, 146, 

280
– stability 224, 228, 252
– tandem 80, 222
– textile-based 253ff.
– thin-fi lm 1, 4
– ultrathin 234
sol–gel technique 224, 242, 279, 295ff.
– 2D (two-dimensional) 330
– multifunctional inorganic–organic 330
solid–liquid analysis system (SoLiAS) 94f., 

154
solid-state
– diode 62
– p–n heterojunction device 140, 222
– reaction 10, 15, 293f., 319
solubility product 280f., 284
solvent breakdown 22
Soret band maximum 243
space charge layer 64, 66f., 81, 148f.
spray pyrolysis 278, 299ff.
– electrostatic spray-assisted 

vapor-deposition (ESAVP) 301
– ultrasonic 302
sputtering 226, 303
stabilization
– chemical 75f.
– kinetic 75f., 113
– physical 75, 77, 252
stacked elemental approach (SEL) 30ff.
stacked layered approach 19
– binary layers 23
– Cu/In/Ga 20f.
– In2Se3/Cu–Se precursor 25
stacking faults 17f.
Stokes shift 207
structure-directing agent (SDA) 248
substrate
– degradation 10
– electrode 8
– InP/CdS 18
– single-crystal 6, 225
successive ionic layer adsorption and 

reaction (SILAR) 278, 306, 329
sulfurization 31, 34, 43, 48
surface area
– CdTe fi lm 17
– internal 250, 252
surface
– blocking agents 228
– bond-terminating 75
– core-level shift 109, 111, 141
– passivation 33, 76, 83

– recombination 64, 68f., 71, 73, 76, 164
– recombination rate 81f.
– recombination velocity 83, 90
– roughness 20
– step bunched 111ff.
synchronization function 125f.
synchrotron radiation photoelectron 

spectroscopy (SRPES) 90, 94, 97ff.
– photocorrosion 110
– silicon dissolution 109

t
tautomerization reaction 286
thermal stability 252
thermodynamic
– analysis 14
– decomposition 74
– electrodeposition 10
– equilibrium 280
– potentials 73
– stability 61, 72f.
thin fi lm, see semiconductor
third-generation concept 240
Thomas–Fermi screening approximation 

119
TiO2

– bandgap 223
– ITO–TiO2 215
– liquid-phase deposition (LPD) 305
– mesopores 184f.
– porous 254
toxicity 140, 145, 318, 326, 338f.
transitions
– multiple effi cient 222
– optical 239
transmission coeffi cient 62
transmission electron microscope (TEM)
– electrodeposited CdTe 18
– high resolution (HRTEM) 18
– InP 167ff.
– Pt islands 161
transmission losses 222
transmittance 51
transparent conducting oxide (TCO) 8, 153, 

184, 252f., 258
traveling heater 278
tunneling thickness 77, 145, 230
type conversion 10, 46

u
ultraviolet photoelectron spectroscopy (UPS) 

90, 94, 132ff.
underpotential deposition (UPD) 16, 33f.
– Kroger 23
UV–visible absorption spectroscopy 246



 Index  359

v
vacuum
– evaporation 278
– sputtering 4, 22
voltammogram
– cyclic 14f., 193f., 234
– linear 23
– reverse cycling 20

w
wafer 221
wet chemical methods 277ff.

x
X-ray diffraction (XRD) 6, 29, 93
– CuInSe2 6, 22, 27
– Cz/Sn/Cu/Zn precursor 36ff.

X-ray emission spectroscopy (XES) 
90ff.

X-ray fl uorescence energy 91
X-ray photoelectron spectroscopy (XPS) 

29, 96f., 119, 121, 134f.

z
ZnO
– crystal growth 246, 248
– /dye materials 244ff.
– electrodeposition 226ff.
– EY/ZnO 248ff.
– hybrid thin fi lms 244ff.
– internal surface area 250, 252
– porous networks 249, 255
– sensitization 227f.
– sol–gel technique 299, 329




