
A Mathematical Model for the AC Impedance 
of Semiconducting Electrodes 

A mathematical model is developed to calculate the impedance 
response of a semiconductor electrode to a sinusoidal current perturba- 
tion. The model accounts explicitly for electron and hole transport as 
well as generation and recombination through band-to-band mecha- 
nisms and through bulk interband electron acceptors of specified ener- 
gy. The resistive (real) component of the impedance is shown to be sen- 
sitive to the concentration, distribution, and energy level of the bulk 
sites. The capacitive (imaginary) component, while useful for deter- 
mining the dopant level and the flat-band potential of the semiconduc- 
tor, is relatively insensitive to low concentrations of bulk sites. 
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introduction 
Surface and bulk electronic states have a significant impact 

on the performance of electronic devices. The need to control 
these species has prompted the development and use of several 
techniques to identify and measure the concentrations of spe- 
cific states. Since many of the analytic tools available for this 
purpose (e.g., Auger spectroscopy and SIMS) are destructive 
and require the use of a vacuum chamber, there has been recent 
interest in the development of simple, sensitive, and nondestruc- 
tive techniques. Impedance techniques have become popular for 
this application because they are nondestructive and are sensi- 
tive to electronic states that would also influence the perfor- 
mance of electronic devices. The data from impedance methods 
are currently interpreted through use of analytic kinetic models 
or analog equivalent circuits. Unfortunately, the impedance 
response of semiconductors is complex and often cannot be 
described analytically without restrictive assumptions. In order 
to eliminate the need for these assumptions, a mathematical 
model was developed that predicts the influence of deep-level 
bulk electronic states for an ideally polarizable n-GaAs semi- 
conductor electrode. This treatment is sufficiently general that 
it would apply to other semiconducting materials with the 
appropriate changes in physical properties. 

Bulk interband states can arise from a number of sources, 
including atomic impurities substituted into the semiconductor 
lattice, vacancies arising from missing lattice elements, intersti- 
tial states, and dislocation states from faults in the lattice geom- 
etry. These states arise from the conditions of crystal growth, 
which are, incidentally, more impure than those for silicon. 
Ghandhi (1983) presents a summary for the energy levels of a 

number of deep-level impurities in GaAs, given in Table 1. Cer- 
tain bulk states are intentionally introduced (e.g., shallow-level 
species are introduced to be n- and p-type dopants, and chro- 
mium is used to form semiinsulating GaAs), while others are 
undesirable (e.g., highly mobile oxygen in GaAs). Surface 
states, unlike bulk states, are often the product of their post- 
growth environment. For example, GaAs has been shown to 
have no intrinsic surface states in vacuum, but adsorbed metals 
and oxygen are known to form interband electronic states on 
GaAs. Surface states can also arise due to corrosion products 
and surface pretreatment. 

Electrical characteristics resulting from the addition of sur- 
face or bulk states depend on whether these states are donor- or 
acceptorlike in nature. Donor species are those that become pos- 
itively charged when an electron is released, while acceptors 
become negatively charged when an electron is added. Because 
these species are charged, the distribution of electrical potential 
can be affected. The treatment presented here is for electron 
acceptors distributed within the bulk of a semiconductor, such 
as chromium in GaAs. 

Studies of semiconductor/electrolyte systems typically de- 
pend on in situ AC impedance techniques since the properties of 
these systems depend on the nature of the interface. However, 
these techniques are also used to study solid-state components 
because the electrolyte or liquid mercury used to provide the 
necessary electrical contact can be both nondestructive and eas- 
ily removed. A variety of techniques based on AC impedance 
have been developed to study semiconductors. For example, 
Haak et al. (1982, 1984) and Haak and Tench (1984a, b) 
describe the use of electrochemical photocapacitance spectros- 
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Table 1. Ionization Energies for Deep-Level Species in GaAs* 
~ ~~ ~~ ~ ~ ~ 

Donor Level, Acceptor Level, 
from E, from E,  

Impurity Type eV eV 

0 
c o  
c u  
Cr 

Fe 
Ni 
Au 
Ap. 

0.40,0.75 - 

- 0.16,0.56 
- 0.14,0.24,0.44 
- 0.79 
- 0.38,0.52 
- 0.35,0.42 
- 0.09 
- 0.11 

'Ghandi (1983) 

copy in which the capacity of a reverse-biased electrode is mea- 
sured as a function of the wavelength of incident sub-bandgap 
light. Heller et al. (1978) discuss two-beam photocurrent spec- 
troscopy used for semiconducting electrodes where a chopped 
light beam of a given frequency is superimposed on a constant- 
intensity beam of another frequency. Modulation of the illumi- 
nation intensity has also been used in single-beam photocurrent 
techniques (Kamieniecki, 1983). Capacitance-voltage data are 
commonly used to identify the flat-band potential and the dop- 
ing level for semiconductors (Nicollian and Goetzberger, 1967; 
DeClerck et al., 1973; Tornkiewicz, 1979). At low frequencies, 
the conductive component of the AC response is more sensitive 
to mid-bandgap electronic states than is the capacitive compo- 
nent. The work of Nicollian and Goetzberger, DeClerck et al., 
and Nagasubramanian et al. (1983) emphasized variations in 
the conductive component and attributed these variations to 
mid-bandgap surface states. Wheeler et al. (1984) discuss the 
use of second harmonic AC impedance and differential photo- 
current techniques. Related technqiues involve the use of elec- 
troluminescence, photoluminescence, and sub-bandgap photo- 
response (Ghosh et al., 1969; Pettinger et al., 1976; Morisaki 
and Yazawa, 1978; Nakato et al., 1982; Butler and Ginley, 
1983). 

Previous modeling work 
Development of mathematical models for the impedance 

response of semiconducting systems generally takes place in two 
steps: development of a steady state model followed by develop- 
ment of a model treating the sinusoidal perturbation of voltage 
or current about the steady state values. Some models that treat 
the influence of surface or bulk mid-bandgap electronic states 
are discussed below. 

Steady State Models. Both analytic and numerical models 
have been developed for the steady state behavior of semicon- 
ductor systems. Orazem and Newman (1986) provide a review 
of analytic and numerical models. Most of these provide exten- 
sions to a model described by Gartner (1959) for a reverse- 
biased p-n semiconductor junction. This model allows calcu- 
lation of current density based on a drift component for carriers 
generated inside the depletion region and a diffusion component 
due to minority carriers generated outside this region. Major 
constraints are that recombination of carriers must be negligible 
in the space charge region (no bulk sites) and that the electro- 
chemical potential (quasi-Fermi level) must be constant 
throughout the phase. Recent surface-state models have im- 
proved upon the Gartner model by using kinetic expressions for 

steady state trapping and by calculating changes in the Helm- 
holtz layer (Kelly and Memming, 1982; Li and Peter, 1985; and 
Kobayashi et al., 1985). The same restrictions of the Gartner 
expression still apply, however, and these restrictions prohibit 
treatment of bulk mid-bandgap electronic states. While analytic 
expressions have been developed that circumvent these restric- 
tions (McCann and Hanneman, 1982), complete treatment 
requires the use of numerical methods. 

One-dimensional steady state numerical studies have been 
presented by Orazem and Newman (1984a, b) Orazem (1987), 
and Schwartz et al. (1985). These models circumvent the 
restrictions necessary for the analytic solutions described above. 
Bulk and surface recombination reactions were included, but 
none of these models allowed for changes in potential distribu- 
tion due to trap-site charging; see Eq. 3. The influence of elec- 
trolytic mass transfer limitations was examined by Orazem 
(1987) for charge transfer between the electrolyte and valence 
band, conduction band, or surface states. The work by Schwartz 
et al. was intended for solid-state applications and included 
Auger recombination terms for very high light intensities. Laser 
and Bard (1976a, b) present the results of steady and unsteady 
state numerical models for the semiconductor electrode which 
do not treat explicitly the transport in the electrolyte. Their 
work illustrates the difficulty encountered in treating the cou- 
pling between the space-charge and electrically neutral regions 
of the semiconductor in that convergence was obtained only for 
thicknesses equal to the space-charge region thickness. 

Steady state data are usually presented in the form of cur- 
rent-potential (I-V) curves. While surface and bulk states 
influence the shapes of these curves, these changes can be subtle, 
and it is difficult to obtain quantitative information concerning 
electronic states from steady state data. 

Impedance Models. The impedance response of a semicon- 
ducting electrode and other electrochemical systems follows 
that expected for electrical circuits composed of combinations of 
capacitors, resistors, and inductors. For this reason, these sys- 
tems are typically modeled through the use of equivalent elec- 
trical circuits. A specific circuit is deemed to provide a good 
model if the component values, obtained by nonlinear regression 
of the data, are independent of frequency. The component val- 
ues can be expressed in terms of kinetic and transport properties 
by comparing the impedance obtained for an analytic model to 
the impedance response of the equivalent circuit. This approach 
provides a physical interpretation for values for the solid-state 
electrical components. The component values, however, gener- 
ally depend on applied potential, and this complicates the inter- 
pretation of experimental results. Unfortunately, the analytic 
models that are used to extract this information require approxi- 
mations that may restrict the conditions under which these 
techniques are valid. Elimination of these restrictions requires 
solution of highly coupled equations that must be solved by 
numerical techniques. 

Dare-Edwards et al. (1983), Kobayashi et al. (1985), Li and 
Peter (1985), and Allongue and Cachet (1985) have developed 
and applied analytic impedance techniques based on perturba- 
tions to the steady state expressions discussed above. Due to the 
sequential nature of their development, any restrictions applica- 
ble to a steady state model are inherited by the impedance mod- 
el. Fairly complete expressions have been developed for ideally 
polarizable unilluminated semiconductor electrodes that ac- 
count for the influence of surface states. Dare-Edwards et al. 
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obtained electrical circuit component values in terms of interfa- 
cial and bulk semiconductor parameters by comparing solutions 
obtained through solution of transport and kinetic expressions 
appropriate for an equilibrated unilluminated semiconductor 
with those for a suggested equivalent circuits (see also Kobaya- 
shi et al., 1985. Analytic treatment of the effect of illumination 
or bulk states requires more restrictive assumptions. 

Impedance behavior for ideally polarizable (complete block- 
ing) semiconductor electrodes under dark conditions was mod- 
eled extensively by McDonald (1953, 1958). The procedure out- 
lined in his work is quite general and has the same basis as the 
techniques used in this work. 

Theoretical Development 
The purpose of this work was to predict the effect of bulk 

states on the AC impedance of a semiconductor electrode. This 
work describes the sinusoidal steady state behavior of a system 
previously treated in the steady state by Orazem and Newman 
(1984a, b). This work also provides an extension of the work of 
McDonald (1953, 1958) by treating the transport of both 
majority and minority carriers with different values of diffusion 
coefficients and by treating generation and recombination 
through deep-level electronic states as well as through band-to- 
band mechanisms. 

The equations that govern the semiconductor electrode apply 
to both steady and unsteady conditions. The electrostatic poten- 
tial and the concentrations of  electrons, holes, and ionized mid- 
bandgap acceptor states are dependent variables for this system. 
The shallow-level doping species were assumed to be completely 
ionized, as is appropriate at room temperatures. The general 
form for the material balance for any of the electronic species is 
given as (Newman, 1973) 

where 

a@ ac, 
8Y av N,,, = - z ,c ,u;F- - D;- 

The flux of electrons and holes is therefore driven by concentra- 
tion and potential gradients. The mid-bandgap acceptor species 
were assumed to be immobile; therefore, the rate of change of 
concentration was equal to the net time-dependent rate of pro- 
duction of ionized species. Poisson's equation, 

a20 F 

aY' tsc 

- = - - ( p  - n + Nd - N,} (3) 

was used to relate the potential to the charge held within the 
semiconductor. In contrast to Orazem and Newman (1984a), 
the term (Nd - N o )  was taken here to include the charge asso- 
ciated with ionized mid-bandgap acceptors as well as the ionized 
dopant species. 

The reactions through various electronic states treated here 
are presented in Figure 1. As this work applies only to dark con- 
ditions, electrons gain energy to move to higher energy levels 
only through thermal excitation. The approach taken here can, 
of course, be easily extended to treat the AC impedance of illu- 

a/ q 
I 

E" 
Figure 1. Energy levels associated with electronic transi- 

tions. 

minated semiconductors by incorporating photoexcitation of 
electrons into the steady state solution. A unique aspect of this 
work was that the rate and equilibrium constants for homoge- 
neous recombination through trap sites were written explicitly 
in terms of the energy differences between the valence band, the 
traps, and the conduction band. This combination of kinetic and 
energetic viewpoints allows us to show explicitly the effect of 
varying the energy level of the acceptor species. For example, 
the material balance for the acceptor species was written as 
(Grove, 1967) 

dc,- 
dt 
- = - -k2[pcA- - E,,(c ,  - c A - ) ]  

where the equilibrium constant for reactions 1 and 2 represented 
in Figure 1 was related to electronic energy levels by 

(5a) 
k E l ,  = 1 = N,g exp [ ( E ,  - E , ) / k T ]  
k2 

and the corresponding term for reactions 3 and 4 was given by 

(33) k3 N, 
k4 g 

E,, = - = - exp [ (E,  - E , ) / k T ]  

where g is the degeneracy associated with the trap site. These 
expressions were derived by assuming thermal equilibrium and 
substituting standard expressions for ionized acceptor concen- 
tration in terms of energy level. The numerical value for this 
parameter is determined by the electronic character of the state; 
for example, g = 4 for electron acceptors, and g = 2 for electron 
donors (Sze, 1969). The parameter variation studies were sim- 
plified by the assumption that the rate constants were also inter- 
related such that, given energy levels for the electronic states, all 
rate constants could be obtained from one single value. For 
example, (Orazem and Newman, 1984a), 

This result was obtained by assuming that changes in the free 
energy of reaction associated with varying the energy of an elec- 
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tronic state are distributed equally between the activation ener- 
gies for the forward and reverse directions. The approach taken 
here is similar to the standard approach used to separate the free 
energy of an electrochemical reaction into chemical and elec- 
trical terms. The symmetry factor in this application is assumed 
to have a value of (Newman, 1973). Similar expressions were 
developed for band-to-band recombination, that is, 

The use of Eq. 6b to relate the homogeneous, band-to-band rate 
constant k, to the corresponding interband constants k, (and k,) 
is equivalent to assuming that the reaction cross section is the 
same for recombination through trap sites as it is for direct 
band-to-band recombination. This assumption could easily be 
relaxed to account for enhanced rates of recombination through 
trap sites. 

Within this analysis, the dependent variables were separated 
into components that represent their steady state values and a 
perturbation from steady state caused by the superimposed cur- 
rent (McDonald, 1953). Thus, the current was given by 

i = 5 + i, exp (jut) (7a) 

the concentration of electrons by 

n = 7i + (it, + pij) exp ( j w t )  (7b) 

the concentration of holes by 

P = 3 + ( P r  + j P j )  ~ X P  ( j u t )  

9 = S + (6, + j6 j )  exp ( ju t )  

(7c) 

the electrical potential by 

( 7 4  

and the concentration of ionized electron acceptors by 

In the above equations, an overbar represents the steady state 
value, and a tilde represents the perturbation value. The actual 
concentration or potential a t  a given point in time and space 
would be given by the real part of the expressions given above. A 
similar approach has been taken to model the AC impedance of 
electrochemical systems (Tribollet and Newman, 1984; Cheng 
and Chin, 1984a, b, 1985). 

The steady state equations were solved subject to the boun- 
dary conditions 

- d g  
dY 

N p = O ,  - = 0  

and 

i = O  

at  the semiconductor-current collector interface. and 

and 

at  the semiconductor-electrolyte interface. These conditions are 
appropriate for a perfect ohmic contact and an ideally polarized 
semiconductor-electrolyte or semiconductor-mercury interface, 
respectively. These equations were linearized, written in finite- 
difference form, and solved using the BAND algorithm devel- 
oped by Newman (1968) coupled with Newton-Raphson itera- 
tion. This method for solution of the governing equations 
requires no linearization approximations and avoids assump- 
tions involving depletion or neutral zones. 

The time-dependent equations were solved for the response to 
a superimposed sinusoidal current by introducing Eqs. 7a-7e 
into the governing Eqs. 1-6 and linearizing around the steady 
state solution obtained in the previous step. The resulting set of 
linear ordinary differential equations was also solved with the 
BAND algorithm, and an iterative technique was used to mini- 
mize round-off errors. The boundary conditions for the imped- 
ance calculations were given by 

- 
Np,j = Np,r = 0 

ji] = ji, = 0 

and 

iil = A, = 0 

at  the semiconductor-current-collector interface, and by 

and 

d6, 
dY 
- _  - 0  

at  the semiconductor-electrolyte interface. These conditions are 
consistent with an ideally polarized electrode where the super- 
imposed current acts only as a charging current. 

The calculated impedance 

Z = Z ,  + j Z j  

has real and imaginary components given by 

A 6  
= -  r -  

1, 

and 

respectively. 
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Table 2. Dependent Variables 

- Steady State 
aJ Potential 
n Electron concentration 
P Hole concentration 

CA Ionized trap concentration 

- 
- 
- 

Sinusoidal Steady State 
i,, i, Potential 
f i r ,  fiJ Electron concentration 

P r 9  PI Hole concentration 
Ionized trap concentration - -  

cA-,r ,  c A . . i  

12.0 

1 0 . 0  

0 - 
* 

8.0 - 
N 

E 
0 
\ 

6.0 

A summary of dependent variables for the steady state and 
sinusoidal steady state calculations is given in Table 2, and a list 
of parameter values is given in Table 3. 

The system modeled in this work was uniformly doped n- 
GaAs under ideally polarized conditions. The applied potential 
changes the charge held within the semiconductor, and this 
changes the degree of band-bending. Completely filled or empty 
electronic states do not contribute to the real impedance 
response, and the extent to which trap states are filled depends 
on the local potential. Variation of band-bending in the semicon- 
ductor can therefore be used as a probe to sample the local 
effects of the trap states, and the required variations of band- 
bending can be obtained experimentally through a properly 
chosen electrolyte or mercury contact. The mathematical model 
developed above incorporates critical experimental parameters, 
such as applied voltage and the frequency at  which the imped- 
ance is determined, in addition to physical properties, such as 
trap energy level and diffusion coefficients, that can be indepen- 
dently measured. The linearization of the time-dependent ex- 
pressions with a first-order Taylor series expansion about the 
steady state requires that the perturbations be small when com- 
pared to the steady state values. This treatment is exactly analo- 
gous to experimental impedance studies which require that the 
amplitude of the perturbation be sufficiently large to create an 
acceptable signal-to-noise ratio, yet be small enough to allow 
simplified treatment of the data. 

Results and Discussion 
A calculated Mott-Schottky representation for an n-type 

GaAs semiconductor with a nonuniform trap state distribution 
is presented in Figure 2. The trap energy was assumed to be 1 .O 
eV referenced to the valence band energy, and these states were 

Table 3. Parameter Values 

E, Bandgap* 
n, Intrinsic concentration* 

Nd - N, Dopant concentration 

D,. Electron diffusivity* 

Dh+ Hole diffusivity* 

t,, Permittivity* 

Homogeneous recombination 
k ,  rate constant** 

1.43 eV 
1.1 x 10’ cm-’ 

(1.83 x lo-’’ equiv./m’) 
1 x cm-3 

(1.66 x lo-’ equiv./m3) 
145 cm2/s 

(1.45 x lo-’ m’/s) 
8.28 cm’/s 

(8.28 x lo-‘ m’/s) 
9.65 x lo-” C/Vcm 

(9.65 x lo-’’ C/Vm) 

6.02 x lo* m3/mol s 

*Sze (1969) 
**Adapted from Fahrenbruch and Bube (1983) 

4.0 - 
N 
0 
\ 
c - 

2.0 

0.0 

P O T E N T I A L  ( V )  

Figure 2. Mott-Schottky plot for a nonuniform distribu- 
tion of trap states with energy 1.0 eV refer- 
enced to valence band. 

I o8 

1 o6 

N^ l o 4  
0 
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I 
E 

0 l o 2  

L5 l o o  

2 l o - *  

I o - ~  

1 o-6 

W 
0 
z 

W 
a x .-.. 
W cr 

I I I I 

10-4 s-1 

I 

102 \ / 

0 . 0  0 . 2  0 . 4  0 . 6  0.8 1 . 0  

P O T E N T I A L  ( V )  

Figure 3. Real part of impedance as a function of applied 
potential (referenced to flat-band potential) 
with frequency as a parameter. 
Trap energy and distribution as in Figure 2 
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distributed according to C,- = cPq- exp ( -ay /A) ,  where c$- was 
equal to 10” ~ m - ~ ,  and a was equal to 29.95. This caused the 
distribution to decrease by a factor of 200 within a distance 
equal to one Debye length A. This plot was shown to be indepen- 
dent of frequency over a range of lo6 to s-I, which is 
approximately the maximum operating range of modern elec- 
tronic instrumentation for AC impedance. In this case the 
capacity, obtained under the assumption that the calculated 
impedance data can be represented by a capacitor and resistor in 
series (i.e., C = j / w Z , ) ,  was independent of frequency. The 
potential calculated here is referenced to the flat-band potential, 
defined to be the applied potential required for a uniform poten- 
tial distribution in the semiconductor. The superimposed 
straight line is the commonly used Mott-Schottky equation. The 
slope of this line is proportional to the doping level, and the 
intercept a t  infinite capacity is shifted from flat band by a factor 
of kT. 

The capacitance calculated above was insensitive to trap spe- 
cies altogether. This is because the dominant capacitance is due 
to the space charge region, which is related to the total concen- 
tration of charged species. The ionized trap densities used in this 
analysis were at  most 0.1% of the doping density. In contrast, 
the real part of the impedance was sensitive to trap states a t  
some frequencies, as shown in Figure 3. The asymptotic behav- 
ior a t  high frequency is that expected for the equivalent circuit 
from which Figure 2 was obtained, and this result is independent 
of trap states. At low frequencies, however, the real impedance 
increased dramatically due to the charging and discharging of 
trap sites caused by the superimposed alternating current. The 
impedance value at  s-’  (27~ x IW4 Hz) was nine orders of 

-7 

0.6 eb 

G l o 4  

5? l o 2  

0 
I 
E 
I 

w 
0 
z 
2 W l o 0  
a 
EI 
I 

2 l o - *  
W 
G= 

I o - ~  

0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1 .0  

POTENTIAL ( V 1  

Figure 4. Real part of impedance as a function of applied 
potential (referenced to flat-band potential) 
with trap energy as a parameter for a nonuni- 
form trap distribution. 
Applied frequency, lO-‘s-’ 

I I 

0.6 e 

0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1 .0  

POTENTIAL ( V )  

Figure 5. Real part of impedance as a function of applied 
potential (referenced to flat-band potential) 
with trap energy as a parameter for a uniform 
trap distribution. 
Applied frequency, s- 

magnitude higher than the corresponding limit a t  high frequen- 
CY. 

The value of the real part of the impedance a t  low frequencies 
is sensitive to the energy, distribution, and concentration of trap 
states. For example, the real part of the impedance at  s-’ is 
presented as a function of potential in Figure 4 with trap energy 
as a parameter. A value of 0.8 eV referenced to the valence band 
energy was chosen to emulate that of chromium, an important 
deep-level acceptor species in GaAs. These plots show maxima 
that are not apparent with a uniform distribution of traps, Fig- 
ure 5. The sensitivity of the real part of the impedance to even 
very low trap concentrations is shown in Figure 6 for a uniform 
distribution of chromium. In the absence of trap sites, the real 
part of the impedance follows the high-frequency asymptote. 

The calculated dependence on the near-surface distribution of 
electronic states is consistent with the experimental observations 
of Nagasubramanian et al. (1983), who report that the real part 
of the impedance goes through a maximum when the potential is 
increased from the flat-band potential. This maximum was not 
observed when surface treatment was said to prevent formation 
of surface states. The resistivity of the real part of the imped- 
ance to surface states was greatest a t  the lowest frequencies 
studied (25 Hz). Their results were obained with TiO, in aceto- 
nitrile solutions, rather than with GaAs; however, these calcula- 
tions should apply to their system with appropriate changes of 
transport and kinetic parameters. 

The equivalent circuit shown in Figure 7 was used to correlate 
the data with frequency-independent components. Dare- 
Edwards et al. (1983) presented a mathematical development 
based on a n  analytic solution of the transport equations that lead 
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Figure 6. Real part of impedance as a function of applied 
potential (referenced to flat-band potential) 
with trap site density as a parameter for a uni- 
form distribution of sites with energy 0.8 eV ref- 
erenced to valence band energy. 
Applied frequency, s-'  

to the same equivalent circuit, again based on the effect of sur- 
face states and neglecting the effect of bulk states. This equiva- 
lent circuit provides results that match those calculated by our 
model, which does not treat surface states but does treat bulk 
deep-level electronic states. The real and imaginary components 
of impedance based on the equivalent circuit given in Figure 7 
are 

Figure 7. Equivalent circuit that gives the same results as 
numerical calculations including the effect of 
mid-bandgap electronic states. 
Values of circuit components are independent of frequency but are 
functions of potential 

1 

I - 
Ln 
YI 

2 1  
c 
0 

W l  
c 
0 
E 
- 1  

5? 

c l  

I 

1 

I I I I I 
0.0 4.0 8.0  12.0 1 6 . 0  2 0 . 0  

3 ( D e b y e  L e n g t h s )  

Figure 8. Concentration distribution for electrons with 
applied potential (referenced to flat-band po- 
tential) as a parameter. 
a. OV d. 0.51 V 
b. 0.19 V e. 0.67 V 
c. 0.35 V f. 0.84 V 

and 

(9b) 
C, + C, + wZC:C2R: z.= - ' w(C, + CA2 + wf(C,C2R1)2 

respectively. The capacitive component is insensitive to trap 
states because, a t  the low concentrations used here, the capacity 
C ,  (space-charge capacity contribution associated with mid- 
bandgap electronic states) is negligible. Thus the imaginary 
component of the impedance is given by Z ,  = - l/wC2. In con- 
trast, the real part of the impedance is a function of R ,  and C,  at  
low frequencies, but is independent of these terms as w becomes 
large. 

An interesting result of this work is that the same equivalent 
circuit matches both the results of our model that treats the 
effect of bulk states and the model of Dare-Edwards et al. 
(1983), which treats the effect of surface states. One should be 
able to use the potential dependence of component values (or, 
more easily, the real part of the impedance) to determine for a 
given experiment whether bulk or surface states are responsible 
for this behavior. The calculated low-frequency real impedance 
exhibits a maximum as a function of potential for a distribution 
of electronic states that is highly localized near the surface and 
does not exhibit a maximum for uniform distribution; see Fig- 
ures 4 and 5, respectively. The power of applied potential as a 
probe to resolve spatial distributions can be seen from the calcu- 
lated distributions of steady and perturbation variables. For 
example, the steady state distribution of electron concentration 
is given in Figure 8 with applied potential as a parameter. Corre- 
sponding values of the real part of the perturbation variable fir 
are shown in Figure 9. This variable shows maxima a t  roughly 
the spatial position where the steady state electron concentra- 
tion is 0.5. Electrons must be strongly perturbed in order to fi l l  
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Figure 9. 
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Concentration distribution for real component 
electron concentration ii, with applied potential 
(referenced to flat-band potential) as a parame- 
ter. 

states that are completely empty or to leave states that are com- 
pletely filled at  steady state. These states, therefore, do not con- 
tribute to the real impedance of semiconductors, whereas par- 
tially filled states do have a significant contribution. Since the 
applied potential shifts the spatial location in the semiconductor 
where states are partially filled, resolution of nonuniform distri- 
butions of electronic states within the bandgap is possible. 

Conclusions 

The imaginary component of the impedance is sensitive to 
doping level and the flat-band potential, but is insensitive to the 
influence of bulk electronic states within the band gap if the con- 
centration of these states is significantly less than the doping lev- 
el. The real component, however, is sensitive to bulk states in the 
low-frequency limit, and this sensitivity may be used to discern 
the trap energy, concentration, and distribution of these states. 
These effects are seen in the low-frequency limit, and the fre- 
quency at which these are seen to depend on the rate constants 
for recombination. 

The work presented here suggests that a comparison of model 
calculations with measured impedance may lead to a nonde- 
structive test from which trap concentration, distribution, and 
identity may be inferred. The experimental setup that would be 
used for this test is essentially the same as that commonly used 
to measure doping level distributions from changes in the slope 
of Mott-Schottky plot as functions of potential. More work is 
needed to determine whether the coupling of this mathematical 
model with experimental measurement of impedance could be 
used to characterize bulk properties of semiconductors; how- 
ever, the experimental evidence of the type of behavior predicted 
by the model has been reported and has been attributed to deep- 
level surface states. 
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Notation 
cA = total concentration of ionized and neutral deep-level acceptor spe- 

cies, M 
c, = concentration of ionized deep-level acceptor species, M 

C, = space-charge capacitance associated with deep-level acceptor 
states obtained from an equivalent electrical circuit, Figure 7 and 
Eq. 9, F/mZ 

C, - space-charge capacitance associated with shallow-level dopant 
species obtained from an equivalent electrical circuit, Figure 7 
and Eq. 9, F/m2 

c, = concentration of species i, M 

D, = diffusivity of species i, m2/s 
E, - conduction band edge energy, eV 
E,  = band gap energy E, - E,, eV 
E, = trap state energy, eV 
E,, = valence band edge energy, eV 
E,, = equilibrium constant for forward reaction j and backward reac- 

tion k;  see Figure 1 for indices associated with specific reaction 
pathways 

F = Faraday’s constant, 96,487 C/equiv. 
g = degeneracy of acceptor states; g = 4 for electron-acceptor states, 

i = current density, A/m2 
j -  Ci 
k = Boltzman’s constant, 8.62 x 
k, = rate constant for reaction j 
n = electron concentration, M 
n, = intrinsic carrier concentration, M 

g = 2 for electron-donor states (Sze, 1969). 

eV/K 

N ,  - ionized acceptor concentration; includes both shallow- and deep- 

N ,  = effective density of conduction-band states, M 
Nd = ionized donor concentration; includes both shallow- and deep- 

N,, = effective density of valence-band states, M 
Ny, = molar flux of species i, mol/m2 . s 

q,, = magnitude of charge held in space-charge region of semiconduc- 

R = universal gas constant, 8.314 J/K . mol 
R, = volumetric rate of generation of species i, mol/m3 . s 
R, = semiconductor resistance associated with deep-level acceptor 

states obtained from an equivalent electrical circuit, Figure 7 and 
Eq. 9, R/m2 

R, = semiconductor resistance associated with shallow-level dopant 
species obtained from an equivalent electrical circuit, Figure 7 
and Eq. 9, Q/m2 

level states, M 

level states, M 

p = hole concentration, M 

tor, C 

t = time, s 
T = absolute temperature, K 
u, = mobility of species i, mZ/V - s 
SZ = steady state symbol for variable x where x can be c,., n, p .  or @ 
Z, = real component of perturbation in variable x where x can be c, , 

Z, = imaginary component of perturbation in variable x where x can 

y = distance from interface, m 
z, = charge number for species i 
Z = complex impedance, Qmz 

n, p ,  or @ 

be cA- ,  n, p ,  or @ 

Greek letters 
t,, = semiconductor permittivity, Farad/m 
k = Debye length, m 
$ = electrostatic potential, V 

A@ = difference in real or imaginary components of perturbation vari- 
able for potential between ohmic contact and ideally polarizable 
interface, V 

o = frequency, l/s 
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