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Direct Evaluation of Defect Distributions
From Admittance Spectroscopy

Thomas Paul Weiss, Alex Redinger, David Regesch, Marina Mousel, and Susanne Siebentritt

Abstract—Evaluating interfering capacitance steps in admit-
tance spectroscopy for solar cell defect analysis is still a problem
which needs to be solved. While the common analysis developed by
Walter et al. [1] is capable of extracting defect distributions from
the capacitance data, it results in erroneous defect densities in the
presence of overlapping capacitance steps. We derive an expression
for the capacitance step caused by defects with a density of states
distributed in energy. By adding several of these defect distribu-
tions, interfering capacitance steps can be described. Thus, it is
possible to fit the entire capacitance spectrum simultaneously for
all temperatures. We apply the presented method to Cu2 ZnSnSe4 -
based solar cells with power conversion efficiencies between 5%
and 7%. Comparing the obtained defect parameters with the ones
obtained by the method from Walter et al. reveals that the Walter
method overestimates the defect densities in the case of overlapping
capacitance steps.

Index Terms—Admittance, barrier, CZTSe, deep defects, defect
distribution, fit routine, freeze-out.

I. INTRODUCTION

ADMITTANCE spectroscopy has been widely used to iden-
tify electronic defect levels in semiconductors and solar

cell absorber layers.
When recording an admittance spectrum at different tempera-

tures, the defect energy and the corresponding attempt to escape
frequency can be obtained via an Arrhenius plot [2]. To deduce
not only discrete energy levels but defect distributions as well,
a model was developed by Walter et al. [1] such that the den-
sity of states with respect to the energy can be calculated from
the derivative of the frequency dependence of the capacitance.
However, this method cannot resolve narrow defect distribu-
tions as a discrete defect level yields already a broadened defect
distribution in the analysis [1]. Additionally, it overestimates
the density of states when dealing with overlapping capacitance
steps, which will be discussed in detail in Section IV.

In this paper, we extend the capacitance response originating
from a discrete defect level (as derived for example in [2]) to
a defect distribution. While we assume a Gaussian distribution,
the model can straightforwardly be extended to any other dis-
tribution. Using the derived expression for the capacitance step,
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the whole capacitance spectrum can be fitted with respect to the
frequency for all temperatures simultaneously.

In general, a capacitance step does not need to arise solely
from a deep defect level. In addition, a blocking barrier [3]–[5],
a conduction band spike [4], carrier freeze-out [6] or mobil-
ity freeze-out [7] may be responsible for a capacitance step.
However, for the presented analysis, we consider at first only
deep defect levels, while the case of carrier freeze-out will be
discussed in Section II-C.

This paper is structured as follows. First, the expression
for a capacitance transition caused by a deep defect distribu-
tion is derived. Afterwards, this technique is applied to several
Cu2ZnSnSe4 (CZTSe) solar cells. The results are then com-
pared with the technique developed by Walter et al. [1], where
strengths and drawbacks are pointed out.

II. THEORY

A. Capacitance Response of a Deep Defect

Blood and Orton [2] derive the admittance response of a single
discrete deep defect state, which results in an expression for the
capacitance as

C(ω) = C∞ +
(

1 +
ω2

f 2
t

)−1

ΔC (1)

where ΔC is given by

ΔC = C∞
Nt

Nd

{
1 − x̄t/xd

1 + (x̄tNt)/(xdNd)

}
. (2)

C∞ denotes the capacitance at high frequencies, which is no
longer influenced by the defect. When dealing with only one
deep defect state, this capacitance represents the space charge
region capacitance. x̄t and xd denote the distance from the junc-
tion to the position where the charge is modulated for the deep
defect state and the space charge region, respectively (see [2]).
Nt and Nd denote the concentration of deep defect states and
the concentration of doping. ft gives the inflection frequency.
Assuming Nt � Nd , the coupling between the shallow accep-
tors and the deep defects can be neglected [8] and ft can be
written as

ft = f0 = ν0 · exp(−Et/kB T ). (3)

ν0 denotes the attempt to escape frequency. The weak tem-
perature dependence of ν0 is neglected, which is valid when
compared with the exponential term. As for (3), we assume
Nt � Nd and (2) can be simplified to

ΔC

C∞
=

Nt

Nd

(
1 − x̄t

xd

)
=

Nt

Nd

λ

xd
(4)
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where λ = xd − x̄t . Although Nt � Nd is a strong assump-
tion and most likely not exactly valid in kesterite or any other
chalcogenide semiconductor, it is used in any admittance analy-
sis, even in the simple Arrhenius analysis, since (3) is only valid
under this assumption [2], [8]. Since our goal is a better analysis
of the data, not the development of a new method, we stick with
it. Using (3) and (4), (1) takes the form

C(ω) = C∞ +
(

1 +
ω2

ν2
0 e−2Et /kB T

)−1
Nt

Nd

λ

xd
C∞. (5)

λ is a constant related to the defect level and can be written in
terms of energy as

λ =
{

2εε0

e2Nd
(Et − EF )

}1/2

. (6)

When assuming not a discrete defect distribution as δ(E − Et)
but a distribution given by Nt(E), we have to add all contribu-
tions at all energies, and thus, the expression for the capacitance
can be written as

C(ω) = C∞ +
C∞

Ndxd

∫ Ef p ∞+qUb i

Ef p ∞

dE
Nt(E)λ(E)

1 + ω 2

ν 2
0
e2E/kB T

. (7)

Ef p∞ denotes the distance of the Fermi level from the maximum
of the valence band in the bulk of the absorber and Ubi the built-
in potential. Defects shallower than Ef p∞ do not cross the Fermi
level and thus cannot contribute to the additional capacitance.
Therefore, the lower limit of integration is chosen to be Ef p∞.
The upper limit is chosen in the same way since defects deeper
than Ef p∞ + qUbi do not cross the Fermi level in the space
charge region of the absorber.

In the case of a Gaussian-shaped defect distribution around
E0

t with a standard deviation of σ and a total density of N 0
t ,

the defect distribution with respect to the energy is given by
Nt(E) = N 0

t /(σ
√

2π)e−(E−E 0
t )2 /2σ 2

. Together with (6), (7)
transforms to

C(ω) = C∞ +
C∞N 0

t
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(8)

Neglecting the weak energy dependence of λ with respect to
the exponential term and subsequently describing all energy
independent terms by a constant A, (8) can be written as

C(ω) = C∞ + A

[
1

σ
√

2π

∫ Ef p ∞+qUb i

Ef p ∞

dE
e−(E−E 0

t )2 /2σ 2

1 + ω 2

ν 2
0
e2E/kB T

]
.

(9)
For small frequencies, the denominator in the integral equals
1, and thus, the expression in the brackets also equals 1. Thus,
the capacitance at low frequencies equals C(0) = C∞ + A. For
high frequencies, the denominator tends to infinity, and the high-
frequency capacitance is C(∞) = C∞. Thus, the parameter A
represents the capacitance drop for this defect.

Fig. 1. Calculated capacitance response according to (9) for different temper-
atures for a narrow (left) and broader (right) defect distribution. The lower part
shows the derivative of the capacitance w.r.t. log ω.

B. Temperature Dependence of Capacitance Transition

We now look at the expression given in (9). Fig. 1 shows the
calculated capacitance values on a wide frequency range for a
narrow (left) and a broader (right) Gaussian defect distribution.
The other parameters were chosen as A = 40 nF/cm2 , C∞ = 30
nF/cm2 , ν0 = 1×109 s−1 , and E0

t = 150 meV. As the broad dis-
tribution consists of defects spread over a higher energy range,
the capacitance step broadens as defects in the energy range
[E,E + dE] have an inflection frequency given by (3). Another
interesting feature is that an additional broadening occurs with
respect to the temperature when dealing with a broad defect dis-
tribution, while at the same time, the peak height reduces. This
phenomenon can be understood when looking at the tempera-
ture dependence of (9). The temperature dependence defines the
inflection frequency as f0 = ν0 exp (−E/kB T ). Looking at a
given energy window of width ΔE (defined by the width of the
defect distribution), the obtained range of inflection frequencies
is broader distributed for low temperatures compared with high
temperatures. Thus, the observation of a widening capacitance
step with lowered temperatures already gives a hint when a de-
fect distribution causes the capacitance step instead of a single
defect level.

C. Capacitance Response for Carrier Freeze-Out

So far, we have investigated the influence of deep defects
on the capacitance. However, carrier freeze-out can cause a
similar capacitance step. Carrier freeze-out is represented by a
decreasing carrier concentration as the temperature is decreased
and thus the series resistance rS becomes significant [6]. In
order to account for the series resistance, we add a resistor to
the equivalent circuit of the space charge region. The space
charge region equivalent circuit itself consists of a capacitance
CSCR and a resistor Rsh in parallel. The measured capacitance
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can then be written as [9]

Cm =
CSCR(

1 + rS

R s h

)2
+ (ωrS CSCR)2

. (10)

Using the resistivity ρ, the series resistance per unit area can be
expressed as rS = ρd, where d is the thickness of the absorber
layer. Neglecting the electron concentration, ρ is related to the
hole carrier density as

ρ =
1

pqμP
. (11)

q is the elemental charge, μp is the hole mobility, and p is the
density of free holes. For compensated semiconductors, p can
be expressed as [10]

p =
(

NA − ND

gND

)
NV e(−EA /kB T ) (12)

where NA and ND are the acceptor and donor densities, respec-
tively. g denotes the degeneracy factor and NV the effective
density of states of the valence band. The weak temperature de-
pendence in (11) of the mobility can be neglected with respect
to the exponential term in p. Inserting (11) and (12) into (10)
and assuming rS � Rsh yields

Cm =
CSCR

1 + ω 2

η 2
0
e2EA /kB T

(13)

with

η0 =
qμpNV

dgCSCR

NA − ND

ND
. (14)

Expression (13) cannot simply be expanded to a broad doping
level. The reason for that lies in the fact that (12) is only true
for a discrete level. For a distribution of defects, p is given
by the position of the Fermi level, which is discrete. However,
assuming a broad doping level, parts of the doping level can
respond as a deep defect to the external modulation. The reason
for that is that the Fermi level shifts closer to the valence band
for a decreasing temperature. Thus, there is a part of the defect
level situated above the Fermi level and, consequently, acts
as deep defects. To correctly model this kind of behavior, the
position of the Fermi level with respect to temperature needs to
be known. Comparing the expressions (9) and (13), it is evident
that (13) is a special case of (9) for lim

σ→0
, and thus, we model the

last capacitance step driving the measured capacitance down
to the geometrical capacitance also as a broad distribution as
in (9).

D. Fitting the Capacitance Spectrum With Defects

As the experimental capacitance data in general consist of
several steps, several defect levels are added to describe the
spectrum. In our CZTSe devices, we observe three capacitance

steps [11], and thus, the capacitance is written as

Cdd(ω, T ) = C∞ +
3∑

i=1

Ai

σi

√
2π

×
∫ Ef p ∞+qUb i

Ef p ∞

dE
e−(E−E 0

t , i )
2 /2σ 2

i

1 + ω 2

ν 2
0 , i

e2E/kB T
.

(15)

The temperature is added as a parameter, as a capacitance spec-
trum is measured for several temperatures. Finally, a least square
fit is performed minimizing the squared residuals of the whole
spectrum, i.e., reducing S ′

S ′ =
1
N

∑
T

∑
ω

[Cmeas(ω, T ) − Cdd(ω, T )]2 . (16)

N denotes the number of data points used for the fitting. To
fit the data, the integration limits are adjusted to decrease the
time for the calculation. The lower and the upper integration
limits for the ith defect are chosen to be max(0, Et,i − 3σi) and
min(Eg ,Et,i + 3σi), respectively. Errors that can be introduced
by choosing these limits will be discussed in Section IV.

To improve the fit for small shoulders in the derivative, the
spectrum of −ω dC

dω can also be fitted simultaneously. Thus, in
general, the squared errors can be written as

rω,T =
[
wC |Cmeas(ω, T ) − Cdd(ω, T )|

−wd

∣∣∣∣ωdCmeas

dω
− ω

dCdd

dω

∣∣∣∣
]2

(17)

with the weights wC and wd for the capacitance and its deriva-
tive, respectively. For this more general case, the function given
in (18) is minimized

S =
1

(wC + wd)N

∑
T

∑
ω

rω,T . (18)

III. EXPERIMENTAL DETAILS

CZTSe solar cell devices were fabricated by the CAPRI pro-
cess [12], both with Cu-rich and Cu-poor growth conditions.
Solar cell efficiencies of the investigated devices lie in the range
between 4% and 7%. Current–voltage (I–V) curves were mea-
sured with a halogen lamp calibrated with a silicon reference
cell to a power density of 100 mW/cm2 . External quantum ef-
ficiency (EQE) measurements were performed in a self-built
setup. Bandgaps were extracted from the EQE plots by linear
extrapolation of the linear part in the long wavelength regime.
Admittance spectra were recorded in a frequency range from
100 Hz to 1 MHz and in a temperature range from 320 to 73 K.
A fitted capacitance spectrum with three defect levels is shown
in Fig. 2. The weights for the capacitance and its derivative are
chosen to be wC = 1 and wd = 1.5. At the end of the fit, the
S-value reached 1.54 × 10−18 , where the fit was calculated in
the units of F/cm2 . A strong increase in the S-value is observed
if the contribution wd is not zero due to the numerical errors in-
troduced when calculating the derivative of the measured data.
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Fig. 2. Fitted capacitance spectrum according to (15) including three defect
levels. Coloured (gray) data points represent measured data (not) used for fitting.
Solid black lines show the fit of the data. The fit is extended to lower and higher
frequencies to show the theoretical evolution of the spectrum.

TABLE I
DEFECT VALUES OBTAINED FROM THE FITTING ROUTINE AS SHOWN IN FIG. 2

i Et / meV σ / meV ν0 / s−1 A / nF/cm−2

fitting routine
1 115.2 ± 1.1 20.9 ± 0.5 (9.1 ± 0.7)·109 41.7 ± 1.0
2 164.1 ± 1.8 2.5 ± 1.3 (9.6 ± 1.5)·101 0 10.7 ± 0.7
3 922.1 ± 116.6 334.2 ± 44.0 (3.8 ± 0.2)·101 3 263.9 ± 93.6

Walter method
1 126.2 ± 3.5 23.8 ± 0.8 (3 ± 1)·101 0 43.7 ± 1.3
2 162.6 ± 2.3 14.9 ± 0.9 (1 ± 2)·101 1 36.6 ± 4.6
3 N/A N/A N/A N/A

The high-frequency data points shown as gray circles in Fig.
2 are excluded from the fit as they are distorted by the series
resistance [13], [14]. The parameters for the fit are summarized
in Table I. Two low energetic defect levels are fitted producing
the overlapping low temperature capacitance step. The rise of
capacitance at high temperatures and low frequencies is fitted
with a broad deep defect distribution. A similar capacitance re-
sponse was observed in CdTe absorber-based solar cells and
modeled in SCAPS with a deep broad band of acceptor states
[15]. To find an indication for reasonable starting parameters, an
Arrhenius plot can be done of distinct maxima in the derivative
of the capacitance resulting in starting values for defect energy
and attempt to escape frequency.

For comparison, the capacitance spectrum is investigated by
the Walter method [1]. The result from the Walter method is
shown in Fig. 3. The frequency axis is transformed into an energy
axis by Eω = kT ln (ν0/ω). ν0 is chosen to be independent of
temperature which is valid when compared with the exponential
term. With that simplification, we can model a freeze-out in the
same way as a deep defect and thus plot its contribution in
the same way according to the Walter method. To obtain the
contribution from each defect A, which is a measure for the

Fig. 3. Analysis of defect distributions according to the Walter analysis [1].
Two different attempt to escape frequencies ν0 need to be chosen to align each
defect peak for all temperatures. Thus, each peak has its own energy axis.

density of states, a Gaussian distribution is fitted through the
data for each defect level. The integral over the energy of this
Gaussian distribution gives the capacitance drop A in units of
nF · cm−2 as evaluated from this method. As we integrate the
derivative of the capacitance −ωdC/dω over energy and not
over ω, we have to make a change in variables. This is taken into
account by adding a temperature dependence to the derivative of
the capacitance and plotting − dC

dω
ω

kT on the ordinate. Errors for
the parameters for the Walter method are obtained by varying
ν0 such that it was still possible to obtain a satisfactory overlap
of the curves of different temperatures.

IV. DISCUSSION

A. Comparison Between Walter Analysis and Fit-Routine

We will now compare the results of these two methods in
terms of defect energy Et , band width σ, attempt to escape
frequency ν0 , and contribution A. The capacitance transition at
high temperatures and low frequencies cannot be evaluated with
the Walter method, and thus, we restrict the comparison on the
two overlapping low temperature capacitance transitions.

The defect energies Et and the attempt to escape frequencies
ν0 for these two capacitance steps are comparable for the two
evaluation methods. This makes sense because the positions
of the maxima in the derivative of the capacitance define the
mean energy and the attempt to escape frequency of the defect
level according to (3). For a well-behaved defect level, this
results in a straight line in the Arrhenius plot. For the Walter
method, this implies that the curves overlap when choosing
the correct attempt to escape frequency and when fitting the
capacitance data the maxima of the fit have to overlap with the
measured data.

Looking at the contributions from each capacitance step in
Table I, we find a discrepancy. While for the Walter method,
both capacitance steps contribute roughly in the same amount,
we find a difference of a factor 4 from the fitting routine. This
can be explained based on the fact that we deal with overlapping
capacitance steps. The contribution from each capacitance step
cannot be deconvoluted in the Walter method: When plotting
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each peak on its proper energy axis, contributions from the
other peak are also present, which cannot be accounted for. The
peaks cannot be fitted simultaneously since they have different
energy axes due to different attempt to escape frequencies.

In contrast, in the fitting routine, the whole spectrum is fitted
simultaneously and, thus, deconvolutes the capacitance contri-
butions. Therefore, the correct contribution to each capacitance
step is assigned. Consequently, it can be stated that the Walter
method overestimates the density of states in the case of overlap-
ping capacitance steps. This fact can additionally be verified by
looking at the summed contribution of both capacitance steps.
The summed contribution of both capacitance steps in the Wal-
ter analysis gives 80.3 nF · cm−2 . This value is much higher than
the total capacitance drop for both low temperature capacitance
steps together as can be seen from Fig 2.

The evaluated standard deviations σ also differ for both meth-
ods. This can be caused by the fact that the Walter method in
general overestimates the width of the distribution [1]. Another
distortion which can influence the width is again the overlapping
character of the two low temperature capacitance steps.

CZTSe is known to be a rather disordered material exhibit-
ing a high density of defects [16], [17]. Thus, the assumption
of Nt � Nd is not necessarily fulfilled. However, this has no
influence on the above discussion since the same assumption is
made for the Walter analysis. The main difference between these
two methods to evaluate the admittance spectra are the obtained
values of the capacitance drop A. From this capacitance drop
A, the defect density can be calculated by (4) if Nt � Nd holds
or by (2) otherwise. If dealing with a freeze-out, this drop is
simply the space charge region capacitance CSCR . If Nt � Nd

is not fulfilled, it has an impact on the obtained attempt to es-
cape frequencies due to the coupling of the shallow acceptors
and the deep defects [2], [8]. Still, the values for both meth-
ods are comparable, as for both methods the same assumptions
were made.

B. Interpretation of the Capacitance Steps

For the interpretation of the capacitance steps, we restrict the
discussion for now mainly to the high temperature transition
which can be fitted with a broad deep defect distribution. The
lowest energy step has been identified as due to the series resis-
tance [9], which can be due to carrier freeze-out or a barrier. As
discussed, the carrier freeze-out can be described similar to (5).
The same is true for a barrier.

A deep defect close to midgap acts as an effective Schockley–
Read–Hall recombination center [10] which has a detrimental
impact on the quasi Fermi level splitting [18]. The quasi Fermi
level splitting limits the open-circuit voltage [19]. Fig. 4 shows a
plot of the fitted defect energies with respect to the open-circuit
voltage deficit Eg − qVoc . The given error bars for the defect
energies are taken from the fit errors. Errors for Eg − qVoc can
either occur by measuring Voc or by the extrapolation of the
long wavelength regime of the EQE. The error for all samples
is estimated to be 3 meV. While no correlation of the two low
energetic defect levels with the voltage deficit is observed, there
is a correlation between Eg − qVoc and the position of the deep

Fig. 4. Correlation between the fitted defect energies and the open-circuit
voltage deficit Eg − qVo c . A clear correlation between open-circuit voltage
deficit and the broad deep defect defect 3 is observed.

broad defect. The closer this defect is to the midgap position at
around 500 meV, the higher is the voltage deficit. This finding
shows the detrimental effect of the deep broad defect distribution
on the solar cell performance. Nevertheless, even for the sample
with the lowest open-circuit voltage deficit, this value is still far
from the Schockly–Queisser limit indicating that other factors
also play a role. In addition, compared with highly efficient
Cu(In,Ga)Se2 (CIGSe)-based thin film solar cells with an open-
circuit voltage deficit of 414 meV [20], this value still lacks
improvement. One explanation might be severe bandtailing in
CZTSe base solar cells [17], [21], [22] being a limiting factor
for further improvements of Voc , i.e., Eg − qVoc .

From our admittance measurements, we obtain a broad Gaus-
sian defect distribution. However, as the measurement is re-
stricted to 300 K and to a minimum frequency of 100 Hz, we
cannot sample the whole defect distribution but mainly the ex-
ponentially decreasing part toward lower energies. Another pos-
sibility is to fit the data with a bandtail. But since we observed
in some samples a leveling off of the capacitance with low
frequencies and high temperatures, we have an indication of a
defect instead of a bandtail. Still, the possibility of bandtails
is not yet excluded as the leveling off can also result from the
upper limit of detection of defect states with respect to energy
by Ef p∞ + Ubi . This means that the integration limits for some
cases need to be chosen carefully to correctly fit the measured
capacitance data. If the accessible energy range of the measure-
ment, given by the frequency, the temperature, and the attempt
to escape frequency of the defect, is below Ef p∞ + Ubi , the
extension of the upper limit to higher energies in (15) does not
harm the calculations. For the deep broad defect distribution, the
lower energy limit can be set to zero as the broad deep defect
distribution decreases exponentially to lower energies. The two
low energy capacitance transitions are probably not caused by
deep defects [11], and thus, the energy reference is the valence
band, i.e., EV = 0.

V. CONCLUSION

In conclusion, we have extended the response from a single
discrete deep defect level to a deep defect distribution. When
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assuming three Gaussian-shaped defect distributions, we can fit
the whole capacitance spectrum for several CZTSe devices with
efficiencies between 5% and 7%. Two of these three capacitance
steps occur at low temperatures and overlap, while the third
capacitance step occurs at high temperatures and yields a rise
of capacitance over the whole frequency range.

By fitting the capacitance spectrum, we are able to deconvo-
lute the overlapping low temperature capacitance steps. This is
an important issue. When not doing so and analyzing the over-
lapping capacitance steps in terms of defect densities according
to the Walter method [1], an overestimated defect density results.

By fitting the spectra, it is also possible to quantify the ca-
pacitance transition at high temperatures. The obtained energy
of the broad deep defect distribution correlates with the open-
circuit voltage deficit. If the defect energy shifts away from
midgap, higher values for Eg − qVoc can be obtained indicating
the limiting role of this deep defect on the efficiency.
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