
Admittance spectroscopy in kesterite solar cells: Defect signal or circuit
response
Thomas Paul Weiss, Alex Redinger, Jennifer Luckas, Marina Mousel, and Susanne Siebentritt 
 
Citation: Appl. Phys. Lett. 102, 202105 (2013); doi: 10.1063/1.4807585 
View online: http://dx.doi.org/10.1063/1.4807585 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v102/i20 
Published by the American Institute of Physics. 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 

http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1227442675/x01/AIP-PT/APL_APLCoverPg_042413/AIP_APL_SubmissionsAd_1640x440_r2.jpg/6c527a6a7131454a5049734141754f37?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Thomas Paul Weiss&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Alex Redinger&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Jennifer Luckas&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Marina Mousel&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Susanne Siebentritt&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4807585?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v102/i20?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov


Admittance spectroscopy in kesterite solar cells: Defect signal or
circuit response

Thomas Paul Weiss, Alex Redinger, Jennifer Luckas, Marina Mousel,
and Susanne Siebentritt
Laboratory for Photovoltaics, University of Luxembourg, L-4422 Belvaux, Luxembourg

(Received 22 March 2013; accepted 7 May 2013; published online 23 May 2013)

Unlike Cu(In,Ga)Se2 based solar cells, Cu2ZnSn(S,Se)4 solar cells show a strong increase in series

resistance with decreasing temperature. In this study we deduce the series resistance from

temperature dependent current-voltage measurements on a 5.5% efficient Cu2ZnSnSe4 solar cell.

By applying a simple circuit model an increasing series resistance with decreasing temperature

alone results in a capacitance step within the C-f profile. We show that this step needs to be

distinguished from a step caused by a defect state or a carrier freeze-out. Consequently, the deduced

activation energy is strongly distorted by the circuit response. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4807585]

A very promising candidate for thin film photovoltaic

devices is Cu2ZnSn(S,Se)4 (CZTSSe). CZTSSe exhibits a

tunable direct bandgap between 1 eV for CZTSe and 1.5 eV

for CZTS1 which makes these semiconductors suitable for

high efficiency solar cells. Efficiencies up to 9.15% for pure

selenide cells2 and 11.1% for sulphur selenide cells3 have

been reported recently. In order to get a better understanding

about the limiting factors of CZTSSe solar cells it is neces-

sary to gain information on dopant and deep defect concen-

trations. The dopant concentration defines the space charge

region width––a crucial parameter determining the recombi-

nation path and the open circuit voltage of the device.4 Deep

defects act as recombination centers and consequently limit

the open-circuit voltage of the device, which is still low for

all reported CZTSSe devices compared to the bandgap.

Temperature dependent current-voltage (IVT) measure-

ments hold information on the dominant recombination path

and reveal parasitic effects such as the shunt and series re-

sistance of the solar cell. CZTSSe solar cells suffer from

those parasitic effects at low temperatures. In particular, cur-

rent losses are observed at low temperatures, which can be

explained by an increase of the series resistance. This phe-

nomenon was encountered already by several groups.5–8

Commonly, admittance spectroscopy (AS) is performed to

obtain information on deep defect levels and their concentra-

tion. However, so far there are only a few publications, where

the capacitance step was used to determine an activation energy

in CZTSSe solar cells. In the work of Gunawan et al. the ca-

pacitance step is attributed to a dielectric carrier freeze out with

activation energies ranging from 130 meV to 200 meV.7

Choudhury et al. measured a single capacitance step, which is

attributed to a defect with an activation energy of 63 meV.9 In

contrast, Kask et al. observed two capacitance steps, which the

authors claim to arise from two defect levels with an activation

energy of 120 meV and 167 meV, respectively.10 Fernandes

et al. proposed an equivalent circuit to model their admittance

spectrum. This model reveals two defect levels having activa-

tion energies of 44.7 meV and 112.7 meV.11

This paper discusses the influence of the measured series

and shunt resistances on admittance spectroscopy following

the model from Scofield12 originally developed for

Cu(In,Ga)Se2 (CIGSe) solar cells. It will be shown that a

high series resistance influences the admittance data, result-

ing in a capacitance step while increasing the frequency.

Therefore, the standard interpretation of the admittance data,

i.e., the evaluation of an activation energy via an Arrhenius

plot, gives erroneous results due to the series resistance.

The presented CZTSe solar cell shows a 5.5% power-

conversion efficiency with an open circuit voltage of

Voc¼ 329 mV, a short circuit current density of Jsc¼ 32.0

mA/cm2, and a fill factor of FF¼ 52.0% at room temperature

(cell area 0.51 cm2).

The Cu-rich precursor was fabricated by co-evaporation

of Cu, Zn, Sn, and Se at 320 �C on Mo-coated soda lime

glass. After deposition the precursor was annealed at 500 �C
in a tube furnace with additional Se powder and SnSe pellets.

Prior to annealing the samples were etched in KCN (CAPRI

process, for details see Ref. 13). Subsequently the CdS buffer

layer was deposited via chemical bath deposition, and the

ZnO window layer was grown by magnetron sputtering from

undoped and Al-doped targets. Finally, the cell was finished

by e-beam evaporation of a Ni-Al grid.

The current-voltage data were collected by a Keithley
2440 5A SourceMeter and the admittance profile by an

Agilent E4980A Precision LCR Meter. The sample was

mounted in a JANIS closed cycle refrigerator to adjust for

different temperatures. A temperature sensor Lakeshore
DT-670 was put on a similar cell near to the cell under test to

estimate the correct temperature value of the solar cell. The

IVT characteristics were measured from �0.2 V to 1 V in a

temperature range from 300 K to 116 K. The admittance

spectrum was performed under zero bias in a frequency

range from 100 Hz to 1 MHz and a temperature range from

300 K to 99 K with an ac-voltage level of 30 mV. The capaci-

tance and conductance data were collected in the Cp-G

mode. The temperature steps are not equidistant since the

setpoint for the temperature was set to a sensor placed

directly at the cryostat. This temperature does not exactly

coincide with the temperature of the solar cell on the glass

substrate.
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The IVT measurement in the dark is shown in Figure 1,

where the ordinate shows the logarithm of the absolute value

of the current. From the straight part of each IV curve in for-

ward bias the diode quality factor can be extracted. The

bending of the curve in more forward bias indicates the pres-

ence of a series resistance. This can also be seen from the

diode equation including a series and a shunt resistance. The

diode equation reads then

J ¼ J0 exp
q

AkBT
ðV � rsJÞ

� �
þ GshðV � rsJÞ � JL: (1)

J0 denotes the saturation current density, q the elemental

charge, A the diode quality factor, kB the Boltzmann con-

stant, T the temperature, V the voltage applied to the whole

circuit, rs the series resistance, J the current density, Gsh the

shunt conductance, and JL the photo current density. In for-

ward bias the term GshðV � rsJÞ can be neglected with

respect to the exponential term. In addition, the photocurrent

JL is zero under dark conditions. Solving then for V the for-

mula can be written as

V ¼ rsJ þ
AkBT

q
ln

J

J0

: (2)

By applying a sufficiently high forward bias, the first term

linear in J dominates at some point over the second term log-

arithmic in J. Thus, by plotting lnJ vs. V, the dominating lin-

ear term yields a logarithmic shape.

This behaviour is observed for temperatures below

170 K, where the IV curves show just a logarithmic shape

over the whole measured voltage range. No bending can be

observed indicating the limitation of the diode current by the

series resistance. Thus, only for the temperature range from

300 K to 170 K the series and shunt resistance of the solar

cell were extracted using the iv-fit routine,14 yielding a series

resistance of <1 X cm2 at 300 K and �100 X cm2 at 170 K.

In order to determine an approximate value for rs at even

lower temperatures, the values between 300 K and 170 K

have been fitted with an exponential function, followed by

an extrapolation of the curve down to 100 K.

Figure 2 shows the as-measured capacitance data as a

function of frequency. We observe a clear step in the admit-

tance data with inflection frequencies ft ¼ xt=2p. Assuming

the capacitance step to be caused by a deep defect an

Arrhenius plot of lnðxt=T2Þ vs. 1/T yields an activation

energy of the defect of 203 meV, where T denotes the temper-

ature. The non-step-like rise of the capacitance at high temper-

atures to lower frequencies indicates the presence of a deeper

broad defect distribution.15

Following the Scofield model12 a solar-cell can be

described by one resistor, rs, in series with a parallel circuit

of a capacitor, C, and a second resistor, Rsh (see inset of

Figure 3). Here, rs and Rsh denote the series and the shunt

resistance of the solar cell, respectively. The proposed cir-

cuit model excludes deep defects which can be modelled

with additional RC elements in parallel to the initial Rsh-C

parallel circuit. However, the focus is set to the modelling

of the circuit response, while defects are not introduced at

this point. Scofield also included a series inductance of the

order of 1 lH; however, a 2-probe measurement setup was

used in that work. Lauwaert et al. reported an inductance

of 2 nH for a CIGSe cell for temperatures above 260 K.16

Since the LCR meter was calibrated prior to the measure-

ment and a 4 point measurement was applied, the induct-

ance is expected to be small enough to have no influence

on the measurement. Modelling the same circuit as in the

inset of Figure 3 with a series inductance of the order of

10 nH, no significant deviations in the circuit response

were observed in the measured frequency range. In addi-

tion, no resonance behaviour was noted in the measured

capacitance data, and thus the series inductance can be

neglected.

The modelled admittance of the circuit (inset of Figure 3)

is given by the formula

Ymod ¼
1

Rsh

1þ rs

Rsh
þx2RshrsC

2

1þ rs

Rsh

� �2

þðxrsCÞ2
þ ixC

1

1þ rs

Rsh

� �2

þðxrsCÞ2
;

(3)

where the capacitance, Cmod, is given by

FIG. 1. IVT measurement in the dark from which the series and the shunt re-

sistance is determined. Below 170 K the solar cell does not show a diode-

like behaviour. Arrow points from high to low temperatures.

FIG. 2. Original as-measured capacitance data. The temperature was varied

from 300 K to 99 K. Clf indicates the low frequency capacitance before the

main step. Chf is the capacitance after the step, which represents the geomet-

rical capacitance.
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Cmod ¼
ImðYmodÞ

x
¼ C

1þ rs

Rsh

� �2

þ ðxrsCÞ2
(4)

and the conductance, Gmod, by

Gmod ¼ ReðYmodÞ ¼
1

Rsh

1þ rs

Rsh
þ x2RshrsC

2

1þ rs

Rsh

� �2

þ ðxrsCÞ2
: (5)

For small enough frequencies the condition

ðxrsCÞ2 � 1 (6)

is fulfilled, and the modelled capacitance can be approxi-

mated by the formula

Cmod ¼
C

ð1þ rs=RshÞ2
¼: C0: (7)

Hence, the modelled capacitance is independent of the fre-

quency in the low frequency limit. With increasing fre-

quency, condition (6) breaks down, and the capacitance then

follows a step-like behaviour from the low frequency value

C0 ¼ C=ð1þ rs=RshÞ2 to the high frequency value C1 ¼ 0

with the inflection frequency x0. This capacitance step result-

ing from the electronic circuit response is similar to a step

induced by a deep defect present in the space charge region

(SCR). Using Eq. (4) the modelled capacitance of the circuit

can explicitly be calculated if the series resistance, rs, the

shunt resistance, Rsh, and the capacitance, C, are known. The

series and shunt resistance for each temperature are derived

from IVT-measurements. The value for the capacitance C is

chosen to be the low frequency capacitance Clf¼ 41.2 nF/cm2

(Figure 2) and is considered to be constant with respect to the

temperature. This low frequency capacitance value is used

since the reliability of the capacitance step starting from Clf

ought to be proven. Figure 3 shows the modelled capacitance

(Eq. (4)) with temperature dependent values for the series

and shunt resistances. The modelled capacitance step

(Eq. (4)) represents the circuit response only. If this step

interferes with the measured capacitance step, the measured

capacitance step cannot be trusted in terms of deducing an

activation energy. As seen in Figure 3, the decrease in the

modelled capacitance is noticeable even at frequencies lower

than x0. The solid black line indicates the frequency where

the modelled capacitance deviates by 1% from the initial ca-

pacitance value C0 ¼ Clf =ð1þ rs=RshÞ2 and thus is identified

as the critical frequency until which the admittance data are

reliable. For frequencies higher than the critical frequency a

step in the admittance data cannot be solely dedicated to a

freeze-out of a trap-level but will be at least distorted by, or

even attributed to, the circuit response.

The decrease of the low frequency capacitance by the

factor 1=ð1þ rs=RshÞ2 is also observable in Figure 3. With

decreasing temperatures the condition rs=Rsh � 1 is no lon-

ger fulfilled. Thus the factor of 1=ð1þ rs=RshÞ2 becomes sig-

nificant smaller than 1 leading to a modelled capacitance

smaller than the original one, i.e., Cmod < Clf . Therefore, for

each temperature the measured capacitance data must first be

corrected with the factor of ð1þ rs=RshÞ2. Second, the admit-

tance data need to be cut off, where the measuring frequency

exceeds the critical frequency indicated by the black line in

Figure 3. Third, the admittance data for temperatures smaller

than 170 K need to be discarded, since no proper diode

behaviour is apparent anymore (see Figure 1).

The data shown in Figure 4 remain after correcting the

capacitance data by the factor 1=ð1þ rs=RshÞ2 and cutting it

off at the critical frequencies. The dotted lines represent the

cropped data. The highlighted curve indicates the upper limit

for the temperature, where the IV curves show no diode

behaviour anymore. Hence, it can be concluded that the step

in Figure 2 is strongly influenced by the circuit response and

the subsequent determination of a defect activation energy is

distorted.

Another feature to be pointed out is that the measured

capacitance values do not tend to zero for high frequencies,

which seems to contradict the assumption that the equivalent

FIG. 3. The capacitance data modelled according to Eq. (4). The initial

value of the capacitance was set to the low-frequency capacitance Clf of the

admittance step shown in Figure 2. The black solid and dashed lines indicate

the critical frequencies, where the measured capacitance deviates by 1% and

10% from the original one, respectively. The inset shows the chosen equiva-

lent circuit.

FIG. 4. Corrected capacitance data including the series and shunt resistance.

The dotted lines represent the frequency regimes where the equivalent cir-

cuit starts to respond and the capacitance data are no longer reliable, also

indicated by the solid black line. The highlighted curve indicates the upper

limit of the temperature from which on the series resistance could not be

determined from the IV-curve. The dashed black line indicates the cut-off

for a 10% deviation from the Clf value (see Figure 3).
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circuit causes a high frequency capacitance of C1 ¼ 0. A

plausible explanation is that even though the capacitance of

the SCR is equal to zero, the front and the back contact of

the solar cell can still be charged and discharged at high fre-

quencies. Consequently, the geometric capacitance of

Cgeo ¼ eA=d is measured, where A is the area of the solar

cell, e the dielectric constant, and d the thickness of the

absorber layer. Using electron microscopy for the determina-

tion of the thickness of the absorber layer, the dielectric con-

stant could be determined to be er¼ 8.9 in accordance to

values obtained by Gunawan et al.7

The remaining capacitance data, drawn as solid lines in

Figure 4, show still an increase in capacitance with respect

to lower frequencies, which may be explained by a broad

defect distribution.15 However, noise in the low frequency

regime prevents the evaluation of an inflection frequency,

i.e., a maximum in the plot of xð�dC=dxÞ. Thus, the deter-

mination of an activation energy is not possible.

With the same analysis as described above but allowing

for a 10% deviation for the modelled capacitance from the

low frequency capacitance, the critical frequencies indicated

by the dashed black line in Figure 3 are obtained. In this case

the admittance data need to be cut off at higher frequencies

as shown by the dashed line in Figure 4. As a consequence,

the inflection frequencies for the capacitance transition are

now included in the valid data, at least for low temperatures.

Nevertheless, at these low temperatures, the diode-like

behaviour breaks down, and hence the capacitance step is

still not reliable.

So far the high series resistance has been attributed to a

strongly reduced conductivity because of carrier freeze out.7

This explanation is based on the observed capacitance step

which resulted in an activation energy of 200 meV. The ca-

pacitance step has been interpreted as a result of carrier

freeze out and the activation energy as the energy distance of

the shallowest acceptor. However, we show here that this

step is rather explained by the circuit response under the

influence of a high series resistance. Additionally, if the high

series resistance is due to low charge carrier densities, the

photoconductivity should still lead to a lower series resist-

ance under illumination, which is not observed. Instead, the

series resistance has been attributed to a ZnSe secondary

phase.6,17 Nanometer sized ZnSe inclusions have recently

been detected with the help of atom probe tomography in

absorber layers prepared with the same preparation routine

and with similar efficiencies.18

In conclusion, the evaluation of the admittance data for

CZTSSe solar cells cannot be performed simply with the as-

measured capacitance data. The solar-cell suffers in the dark

and at low temperatures from parasitic effects which can dis-

tort the admittance spectrum. One of these effects is the ele-

vated series resistance at low temperatures, which has to be

taken into account, since observed capacitance steps could

be strongly influenced by the circuit response. IVT measure-

ments enable the determination of these parasitic parameters

such as the series and shunt resistance. Another observation

from the IVT measurements in the dark is that the solar cell

does not follow a typical diode-like behaviour at low temper-

atures, from which the determination of these parameters is

not possible anymore. The combination of IVT measure-

ments and AS enables a sophisticated and trustable data anal-

ysis. Consequently, the typically found low temperature

admittance step in the current CZTSSe devices cannot be

attributed to a defect state or to a carrier freeze-out.
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