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Abstract—Cu2ZnSn(S,Se)4 (CZTSSe) solar cells suffer from
parasitic resistance effects when decreasing the temperature.
This effect can cause distortions in the admittance spectrum.
We perform temperature dependent current-voltage (IVT) and
admittance measurements on six different CZTSe devices with
efficiencies between 4 % and 6 %. From IVT measurements we
deduce a thermally activated series resistance. This activation en-
ergy agrees with an activation energy obtained from admittance
measurements. The activation energy of the series resistance is
identified with one of the capacitance steps in the C-f profile.
The origin of the series resistance remains unclear, even though
hints for a barrier are present.

Index Terms—CZTSe, kesterite, admittance, deep defects,
series resistance, IVT.

I. INTRODUCTION

In order to obtain a better understanding about the limiting
factors of Cu2ZnSn(S,Se)4 (CZTSSe), which already achieved
efficiencies of 9.15% for pure selenide cells[1] and 11.1% for
sulphur selenide cells[2], it is necessary to gain information
about the dopant and deep defect concentrations. The dopant
concentration is responsible for the space charge region width.
This is a crucial parameter determining the recombination
path and the open circuit voltage of the device[3]. The deep
defects act as recombination centres and therefore limit the
open-circuit voltage of the device, which, compared to the
bandgap, is still low. Temperature dependent current-voltage
(IVT) measurements give information about the recombination
mechanisms as well as parasitic effects in the solar cell at
low temperatures. Admittance spectroscopy is performed to
obtain information on deep defect levels as well as their con-
centration [4]. To measure the admittance a small ac-voltage
is applied to the junction and the frequency is swept over a
broad frequency range. To increase the detectable energy range
of defect states inside the bandgap the temperature is varied.

CZTSSe solar cells suffer from parasitic effects at low
temperatures. In particular, current losses at low tempera-
tures are observed, which can be explained by an increased
series resistance. This phenomenon was reported by several
groups[5], [6], [7], [8]. The high series resistance implies that
care needs to be taken, when evaluating admittance data, since
a high series resistance alone mimics a defect signal in an
admittance spectrum [9]. We study the series resistance by
IVT measurements. The series resistance shows a thermally
activated behaviour such that an activation energy can be
deduced. The activation energy is compared to the activation
energies obtained from admittance measurements. As a result

TABLE I: Overview of the solar cell parameters.

cell efficiency/% FF/% Voc/mV Jsc/mAcm−2

A 5.70 57.3 329.5 30.2
B 5.36 58.3 341.0 27.0
C 5.95 51.6 347.9 33.1
D 6.11 48.0 326.4 39.0
E 5.47 52.0 329.0 32.0
F 4.31 53.3 337.8 23.9

it can be concluded that the series resistance is the origin of
one of the capacitance steps.

II. PREPARATION

The Cu-rich precursors were fabricated by co-evaporation
of Cu, Zn, Sn and Se at 320 ˚ C. Afterwards the precursors
were annealed at 500 ˚ C in a tube furnace with additional
Se and SnSe pellets. Before annealing, the precursors were
etched in KCN (CAPRI process [10]). Subsequently the CdS
buffer layer was deposited via chemical bath deposition and
the ZnO window layer was grown by magnetron sputtering.
Finally the cell was finished by e-beam evaporation of a Ni-
Al grid. Detailed information about the growth process of the
absorber layer is given elsewhere[10].

III. EXPERIMENTAL

In this work six different CZTSe solar cells were studied.
The solar cell parameters are given in Table I.
Each of the cell was characterized by temperature depen-
dent current-voltage (IVT) measurements between -0.3 V and
1.5 V and 300 K and 73 K. Figure 1 shows an IVT dark
measurement. The absolute value of the current is plotted
on a logarithmic scale versus the applied voltage. At low
temperatures the solar cell is dominated by the series resistance
resulting in a very low current.
The series resistance is evaluated by fitting the IV curve to
the 1-diode model using the iv-fit routine [11] or the method
proposed by Sites [12], [13]. Comparing both methods, the
obtained series resistances do not vary significantly.

Figure 2 shows the series resistance of sample B with re-
spect to the temperature using the iv-fit routine (black squares)
and the Sites method (red circles). The series resistance stays
roughly constant at a low value for temperatures higher than
250 K. Decreasing the temperature below 250 K the series
resistance increases exponentially until approximately 130 K.
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Fig. 1: IVT measurement under dark conditions of sample B.
Highlighted curve indicates the temperature, where the series
resistance cannot be trustfully determined.
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Fig. 2: Evaluated series resistance from the iv-fit routine and
the method proposed by Sites.

For even lower temperatures the model is no longer applicable,
since no diode behaviour is visible anymore.

It was noted that in the Sites evaluation of the series
resistance a maximum occurred in the plot of dV/dJ ver-
sus (J + Jsc)

−1. This finding is usually explained by the
occurrence of a (blocking) barrier in the solar cell in forward
bias [13]. However, in general the exponential growth of the
series resistance can be explained either by a barrier or by
a carrier freeze-out. In both cases the series resistance is
thermally activated

Rs = K exp

(
ΦB

kT

)
, (1)

where K is weakly temperature dependent, ΦB the activation
energy, k the Boltzmann constant and T the temperature. De-
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Fig. 3: Activation behaviour of the series resistance. In the
intermediate temperature regime the Arrhenius graph shows
rougly linear behaviour. From the slope of the fitted line the
activation energy is deduced.

pending on the origin of the series resistance K has a different
temperature dependence. However, this dependence can be
neglected with respect to the exponential term. Consequently,
for low temperatures, where the thermal activation of the
series resistance is dominant, an Arrhenius plot of lnRs versus
1/T should yield a straight line. Figure 3 shows the thermal
activation of the series resistance of sample B. In the low
temperature regime a straight line can be fitted, such that the
activation energy can be extracted from the slope of the fit. For
the presented sample (Fig. 3), the deduced activation energy
is 129.3 meV and 135.7 meV dependent whether the Sites
method or the iv-fit routine was applied for the determination
of the series resistance.

Admittance spectroscopy was performed to obtain informa-
tion about deep defect levels. The frequency was varied from
100 Hz to 1 MHz and the temperature from 300 K down to
70 K.

Figure 4 shows a typical measured capacitance profile of
one of our CZTSe solar cells (spectrum shown for sample
B). A low temperature step is observed as well as a rise of
capacitance with low frequencies and high temperatures. The
rise of capacitance with high temperatures and low frequencies
was already observed in CdTe and CIGSe solar cells and was
attributed to a broad deep defect distribution inside the bulk
of the absorber [14], [15]. The low temperature capacitance
step is commonly observed in CZTSSe solar cells [5], [16].

Such a capacitance signature can be caused by a deep defect
state, which stops responding to the ac-testing signal. Hence,
in the low frequency range the defect state still contributes to
the capacitance while in the high frequency range it cannot
follow the external modulation.

Another origin of a capacitance step can be a high series
resistance resulting in a circuit response [9], [17]. The influ-
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Fig. 4: Typical capacitance profile of a CZTSe solar cell.
The black line indicates the influence of the circuit response
calculated according [9].

ence of the series resistance is marked by the black line in
Figure 4 and by the continuing dotted lines of the capacitance
profile. As mentioned above, the high series resistance can
either be caused by a barrier or by a carrier freeze-out. In the
first case, commonly, a second diode in reversed direction to
the junction diode is assumed at the back contact [18], [19],
[20], [21]. Using an ac circuit diagram this corresponds to an
additional RC parallel circuit, which produces a capacitance
step from low to high frequencies. On the other hand, when
dealing with a carrier freeze-out the density of free carriers
in the valence band decreases causing an exponential increase
in series resistance of the device [22] and thus a step in the
capacitance profile [9].

In all three cases the inflection frequency for the transition
of the capacitance step is thermally activated

ωt = ν0 exp

(
−Eωt

kT

)
, (2)

where ν0 is only weakly temperature dependent, Eωt denotes
the activation energy, k the Boltzmann constant and T the
temperature. As in the case of the series resistance (Eq. (1))
the temperature dependence of ν0 will be neglected for the
following investigations.

Two equivalent methods exist for the evaluation of the
activation energies from admittance measurements:

1) An Arrhenius plot of lnωt versus 1/T can be plotted
and the data points should yield a straight line. By fitting
the resulting data, the activation energy and the constant
ν0 can be extracted from the slope and the y-intercept
of the fit, respectively [4].

2) Following the procedure described in [23] and [24]
the frequency axis can be transformed into an energy
axis (Eq. (2)). On the ordinate the scaled derivative of
− dC

dω
ω
kT is plotted, which is a measure for the density of

states inside the bandgap. The constant ν0 is then chosen
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Fig. 5: Scaled derivative of a typical admittance spectrum of
a CZTSe solar cell plotted on an energy axis. The upper part
was aligned that the curves for the first peak coincide. The
lower part was aligned for the second peak.

manually such that the curves for each temperature
coincide at the peak position.

Using the first method the inflection frequencies must be
determined. This can be done by calculating the derivative
of the capacitance with respect to the (logarithm) of the fre-
quency, i.e. dC

d(logω) . However, the derivative of the capacitance
shows no single maximum, but a maximum with a shoulder
to higher frequencies. This feature can also be observed in
Figure 4, where the low temperature capacitance step is not
symmetric but decreases only slowly with higher frequencies.
Thus, the low temperature capacitance step consists of two
interfering capacitance steps. The inflection frequency of the
shoulder cannot be precisely determined. Therefore, it is
easier to evaluate the activation energies according to the
second method proposed above. The scaled derivative of a
typical capacitance spectrum is shown in Figure 5. For a
better visibility the scaled derivative is shown for sample D
and not for sample B. Still, all capacitance profiles show
the same signature. The low temperature capacitance step is
represented by the two peaks of the scaled derivative at lower
energies. The constant ν0 is chosen, such that the curves for
different temperatures coincide for the first (second) peak as
shown in the upper (lower) part of Figure 5. In the following
the activation energies are denoted as EA1 and EA2 for
the first and second peak, respectively. Also observable in
Figure 5 is the broad maximum at approximately 350 meV.
This maximum originates from the rise of the capacitance at
high temperatures and low frequencies and may be identified
as a broad defect distribution around 350 meV in the bulk
of the absorber. An interface state can be excluded for the
present broad defect distribution. The Fermi level is fixed at
the interface with respect to the frequency. Thus, only a narrow
distribution should be sampled.
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Fig. 6: Comparison of the activation energies deduced from
IVT measurements and AS. Black squares and red circles
denote the first and the second activation energy from AS,
respectively. Sold and open symbols denote the activation
energies for the series resistance deduced from the iv-fit
routine and the Sites method, respectively.

IV. DISCUSSION

Since a high series resistance can cause a capacitance
step [9], the activation energy determined from the IVT
measurement should also be obtained from the admittance
spectroscopy. Figure 6 shows a comparison of the activation
energies obtained from the IVT measurement and the AS. As
mentioned above, the series resistance can either be obtained
by the method proposed by Sites [12], [13] or by the iv-fit
routine [11]. Dependent on which method is used, slightly
different values for the series resistance are obtained. Conse-
quently, the activation energies differ somewhat. In Figure 6
this difference is distinguished by the open and the solid sym-
bols for the Sites method and the iv-fit routine, respectively.
On the ordinate the two different activation energies obtained
from the capacitance profile are plotted. The lower activation
energy EA1 (first peak) and higher activation energy EA2

(second peak) are marked as black squares and red circles,
respectively. The dotted straight line denotes a line with slope
one, i.e. an ideal agreement between the values obtained from
IVT measurements and AS.

It is noticeable that the first activation energy EA1 deter-
mined from AS is very close to the activation energies of
the series resistance. Therefore, the shallowest lying activation
energy obtained from the admittance spectrum for CZTSe
solar cells is probably due to the activation energy of the series
resistance.

By allowing the factors K and ν0 to be weakly temperature
dependent, the deduced activation energies from IVT and AS
will differ from the ones deduced above. However, the same
model must be applied for the series resistance (Eq. (1)) and

the inflection frequency (Eq. (2)), for instance carrier freeze-
out. As a consequence, K and ν0 will follow the same weak
temperature dependence. The deduced activation energies will
then shift simultaneously to lower/higher activation energies,
dependent on the underlying model. Thus, by considering
the temperature dependence of K and ν0 will only result
in slightly different activation energies. However, this con-
sideration will not influence the tendency, that the shallower
activation energy from the admittance spectrum EA1 is closer
to the one of the series resistance.

The origin of the series resistance cannot be determined with
this method. Recently, a current blocking behaviour of a ZnSe
secondary phase was demonstrated by electron beam induced
current (EBIC) measurements [25]. In addition, a nanometer
sized ZnSe network was detected throughout the absorber by
atom probe tomography (APT) [26]. These findings suggest
the current blocking behaviour to be caused by a barrier
originating from the ZnSe secondary phase [8]. In accordance
to that assumption stands the fact, that IVT measurements
indicate the presence of a blocking barrier, but no roll-over
effect is observed in forward bias, as would be expected for a
blocking back barrier.

V. CONCLUSION

In temperature dependent current-voltage measurements a
thermally activated series resistance for our CZTSe cells is
observed. The deduced activation energy of the series resis-
tance was compared to the activation energies obtained by
admittance spectroscopy.

In general we observe three capacitance steps in our ca-
pacitance profiles. One capacitance step occurs at high tem-
peratures and low frequencies and is attributed to a deep
defect state with a broad energy distribution. The other two
steps are observed at low temperatures, interfere with each
other, and fall in the range that is determined by the circuit
response of a large series resistance. These capacitance steps
were investigated and the deduced activation energies were
compared to the activation energies of the series resistances.
It was pointed out that the smaller activation energy shows
good agreement with the one of the series resistance. Thus, it
can be concluded that the lowest energy capacitance step is
caused by the series resistance in agreement with our previous
analysis [9], whereas the origin of the series resistance is still
unclear. It is assumed that the series resistance is either caused
by a carrier freeze-out or by a barrier caused by the secondary
phase of ZnSe, which is incorporated throughout the absorber
layer. From the analysis of the IVT measurements by the Sites
method, the theory for a blocking barrier is preferred.
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