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Cu2ZnSn(SSe)4 and CuZnSnSe4 thin film solar cells are analyzed via temperature dependent current–voltage
analysis and quantum efficiency measurements in order to study the dominant recombination pathway and
the temperature dependence of the series resistance. Here we show that in contrast to mixed S/Se devices,
solar cells where the absorber consists of selenide only do not exhibit interface recombination and the series
resistance is small in the complete investigated temperature range. The recombination path difference sup-
ports a band alignment model with a cliff for S and a spike for Se. The measurements are supplemented
with secondary ion mass spectrometry measurements in order to gain insights into the physical origin of
the different device characteristics. The results suggest that the high series resistance originates from a
ZnS(e) secondary phase which is situated at the Cu2ZnSn(SSe)4/CdS heterojunction.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Cu2ZnSn(SSe)4 (CZTSSe) thin film solar cells are promising candi-
dates for high efficiency and cost effective thin film solar cells since
most elements are highly abundant in the earth crust and the funda-
mental optoelectronic properties are suitable for photovoltaic applica-
tions. The solar cell efficiencies have been improved substantially in
the last two years by a number of groups. The best sulfur (CZTS) device
achieved a power conversion efficiency of 8.4% [1], the mixed CZTSSe a
record efficiency of 10.1% [2] and the pure Se devices (CZTSe) reached a
maximum efficiency of 9.1% [3]. In order to further improve the CZTSSe
devices it is indispensable to investigate which properties of the solar
cells are currently limiting the performance. A detailed comparison of
the properties of CZTSSe with different S/Se ratios has been published
byMitzi et al. [4]. They concluded that onemajor problem, which limits
the open-circuit voltage is interface recombination. In this case the
interface bandgap is smaller than the bulk bandgap which can arise
due to an unoptimized band-alignment (cliff like conduction band off-
set), Fermi-level pinning or a non-optimized absorber window doping
[5]. Experimental measurements of the band-alignment between the
CZTSSe and the CdS buffer layer are contradictory. Haight et al. [6] stud-
ied CZTSSe absorbers and concluded that the conduction band offset is
type I, i.e. a spike independent of the S/Se ratio. In another study Bäer
et al. [7] studied CZTS absorber layers and concluded that the band offset
would be of type II, i.e. a cliff.

In addition to the limitations imposed by interface recombination
almost all the devices described in literature exhibit a high series

resistance and a crossover between the dark and the illuminated
current–voltage curves [4]. The series resistance increases almost ex-
ponentially towards lower temperature. This behavior has been
assigned to a blocking backcontact barrier between the Mo and the
CZTSSe [8]. A large barrier at the Mo/MoS(e)2/CZTSSe interface sup-
presses the injecting of the majority carriers. Only recently Bag et al.
[9] demonstrated that the series resistance is much lower in almost
pure Se devices [S/(S+Se)=0.03]. However the solar cell was still
limited by interface recombination.

Both observations point towards non-optimized buffer layers and
backcontacts for CZTSSe. Finally the investigated CZTSSe absorber
layers [4] have a relatively low minority carrier lifetime as deduced
from time resolved photoluminescence. In this paper we address
the problem of interface recombination and high series resistance.
We will show that the restrictions observed by Mitzi et al. [4] are
not universal and depend on the S/Se ratio of the absorber.

2. Experimental details

The CZTSe absorbers have been produced via a precursor/annealing
routinewherefirst a precursor layer has beenprepared via coevaporation
of Cu, Sn, Zn and Se in a molecular beam epitaxy apparatus. The deposi-
tion has been carried out on molybdenum coated soda lime glass at a
temperature of 320 °C. In a second step the absorber layers have been
annealed in a tube furnace in an H2/N2 environment (1 mbar total
pressure). The samples are placed in a graphite box together with addi-
tional Se and SnSe or Sn. Details of the annealing can be found elsewhere
[10]. The Sn source is necessary to ensure that volatile SnSe is not lost
from the absorber layer during the heat treatment. In the case of mixed
S/Se absorbers the procedure is very similar to the Se case except during
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the final heat treatment additional S and SnS or Sn have been included
in the box. Part of the Se is exchanged with S and a mixed SSe absorber
layer is formed. In both cases Cu-poor (Cu/(Zn+Sn)b1) and Zn-rich
(Zn/Sn>1) absorbers have been produced. The Se-absorber character-
ized via 20 keV energy dispersive X-ray analysis (EDX) measurements
has a composition of Cu/(Zn+Sn)=0.8 and Zn/Sn=1.3 whereas the
SSe-absorber has a composition of Cu/(Zn+Sn)=0.9 and Zn/Sn=1.1.

Solar cells have been fabricated as follows. After absorber processing
the samples are etched in 5 wt.% KCN for 30 s in order to remove any
remaining CuxSe. In the next step a CdS buffer layer is deposited via
chemical bath deposition followed by magnetron sputtering of i-ZnO
and Al-doped ZnO which acts as the n-type window layer. The cells
are finalized via e-beam evaporation of Ni–Al grids for front contacting.

The solar cells are characterized with a home-built current–voltage
setup (IV) equipped with a halogen lamp as light source. The system
is calibrated to 100 mW/cm2. Temperature dependent IV-analysis
(IVT) has been performed between room temperature and 120 K.
The temperature of the absorber layer has been measured during the
cooling/heating cycles with a Si-diode connected on top of a dummy
cell in order to get an accurate temperature measure. The light source
is identical to the light source in the IV-setup. Contacting has been car-
ried outwith epoxy glue on the front and the back contacts. All solar cell
parameters have been extracted with the method introduced by Sites
et al. [11]. The solar cells have been further characterized with a
home-built Quantum Efficiency (QE) apparatus in order to extract the
bandgap of the solar cell.

Depth profiles have been carried out via secondary ion mass spec-
trometry (SIMS) where Cs+ ions are used for sputtering and positively
charged Cs-metal clusters are detected.

In the following the discussion is limited to a detailed comparison
of two devices where the one is a pure Se device and the other one a

SSe-device. The conclusions are not limited to these two samples but
the trends and the important observations have been checked for a
number of S and SSe-devices.

3. Results and discussion

Fig. 1 shows a comparison of two kesterite thin film solar cells
with efficiencies higher than 6%. In Fig. 1(a) the absorber has been
produced without sulfur (denoted Se-device ) whereas Fig. 1(b)
shows a device where the absorber layer contains sulfur and selenium
(denoted SSe-device ). The solar cell parameters are indicated below
the IV-curves. Already at first sight there are quite some differences
between the devices. First the sulfur free solar cell has a much
lower open circuit voltage than the mixed device and a much higher
short circuit density. This is a direct consequence of the different
bandgaps of the absorber layers. CZTSe has a bandgap of roughly
1 eV whereas a pure CZTS absorber exhibits a bandgap of 1.5 eV
[12]. A mixed absorber layer has a bandgap between the two extrema
depending on the S/Se ratio. In our case a bandgap of 0.93 eV has
been extracted for the Se-device and 1.23 eV for the SSe-device. The
bandgap is extracted from a linear extrapolation of the low energy
slope of the QE measurements as shown in Fig. 1(c), (d). Moreover,
the SSe device has a much higher series resistance Rs than the
Se-device (2.7 Ω cm2 compared to 0.6 Ω cm2). The high series resis-
tance of the SSe-device can be considered as typical compared to the
devices described in literature. The series resistance of the Se-device
is much lower and a value below 1 Ω cm2 can be considered as
unproblematic for the device operation. It has to be emphasized
that a low value of Rs has also been reported for a Se-device by Repins
et al. [3]. The losses in fill factor (FF) arise from the parasitic resis-
tances and due to the rather high J0 of the devices.
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Fig. 1. Current–voltage characteristics and parameters of (a) the CZTSe device and (b) CZTSSe device. (c), (d) Quantum efficiency measurements of the devices shown in (a) and (b).
Bandgaps Eg are deduced via linear extrapolation of the low energy slope of the QE as shown in the corresponding figures.
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In order to study the recombination losses and the evolution of the
temperature dependence of the series resistance in more detail IVT
measurements have been carried out on the two devices and the re-
sults are presented in Fig. 2.

For the Se-device (Fig. 2(a)) the short circuit current density is tem-
perature independent. The open-circuit voltage shows the expected in-
crease with decreasing temperature. Only at the lowest temperature
(≈120 K) we observe a strong loss in FF. The SSe-device (Fig. 2(b))
shows a completely different behavior where the series resistance
strongly increases with decreasing temperatures. The high series resis-
tance leads to photocurrent suppression. The evolution of the series re-
sistance Rs is shown in Fig. 2(c), (d). For the Se-device Rs is lower than
1 Ω cm2 for most of the temperature range whereas the SSe-device
reaches values of more than 200 Ω cm2. From the experimental results
we can conclude that the barrier which leads to the high series resis-
tance in the SSe-device is not present in the Se-device.

The dominant recombination pathway can be investigated from the
extrapolation of VOC to 0 K. Eq. (1) describes how VOC varies with tem-
perature (for more details see for example [13]). The prefactor of the
saturation current density is denotedwith J00, A denotes the diode qual-
ity factor, kB the Boltzmann constant, T the temperature, q the elemen-
tal charge and EA the activation energy of the dominant recombination/
generation pathway. In the case of interface recombination the extrap-
olation of VOC to 0 K yields an EA which is smaller than the bandgap Eg
whereas dominant bulk recombination results in EA=Eg.

VOC ¼ EA
q
−AkBT

q
ln

J00
Jph

 !
ð1Þ

The result of this evaluation is shown in Fig. 3 for the Se- and the
SSe-device. The data is compared to quantum efficiency measure-
ments shown in Fig. 1(c), (d).

The two devices exhibit again a different behavior. The extrapola-
tion of VOC for the Se-device shows the same activation energy as the
bandgap deduced from QE. This result shows that this device is not

limited by interface recombination and indicates that the dominant
recombination current occurs in the absorber layer. Moreover the
ideality factor of the device is temperature independent between
300 K and 220 K with a value below 2 which indicates that the re-
combination proceeds via trap states in the space-charge region of
the absorber. The SSe-device shows an activation energy EA smaller
than the bandgap of the absorber. The result for the SSe-device is in
agreement with other reported evaluations [4]. Moreover the diode
quality factor is temperature dependent in the complete temperature
range which is a hint towards a high amount of tunneling enhanced
recombination.

The main question arising from the experimental observations
above is why we observe interface recombination and a high series
resistance for the SSe devices and not for the Se-devices. The obser-
vations described here are valid for different compositions of the
absorber layer. We observe low series resistance in the complete tem-
perature (100 K–300 K) for Zn/Sn ratios between 0.98 and 1.35. The
extrapolation of the open circuit voltage to 0 K has been observed
equal to the bandgap for a number of solar cells higher than 3% in ef-
ficiency. High series resistance and interface recombination are ob-
served for all SSe devices.

As described in the outline, interface recombination can be observed
if the band alignment of the CZTSSe/CdS is not ideal i.e. the conduction
band minimum of the buffer layer is lower than the conduction band
minimum of the absorber. In a recent density functional theory study
Chen et al. [14] investigated the band alignment of CZTSSe absorbers
for different S/Se ratios for the case of a CdS buffer layer. They find
that the Se-absorbers exhibit the desired spike-like conduction band
offset whereas the S-based absorbers exhibit a cliff-like conduction
band offset. This result which is in accordance with the band alignment
study of Bär et al. [7] explainswhy the S-baseddevices suffer from inter-
face recombination. Since the Se-devices do not suffer from interface re-
combination we can conclude that it is very likely that CdS is a suitable
buffer layer for S-free devices.

The high series resistance of the SSe devices cannot be explained
by the existence of a cliff-like conduction band offset since a large

CZTSSeCZTSe
(b)

(d)

(a)

(c)

Fig. 2. (a) Temperature dependent current–voltage characteristics of the Se-device, (c) evolution of the series resistance Rs with temperature, (b) temperature dependent current–
voltage characteristics of the SSe-device, (d) evolution of the series resistance Rs with temperature. The arrows in (a) and (b) indicate the variations in temperature from 300 K to
120 K.
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barrier has to be present which suppresses the photocurrent and in-
troduces a large series resistance. It is very likely that the barriers
are situated at interfaces, namely at the CZTSSe/CdS heterojunction
or at the Mo/MoS(e)2/CZTSSe back-contact.

Currently the high series resistance is attributed to a thick MoS(e)2
layer at the backcontact [8,15]. A barrier height of roughly 100 meV
for the SSe-devices has been found. According to simulations [5]
performed for the closely related CIGS-devices this barrier is not high
enough to explain a significant impact on the solar cell properties in
the case where the two diodes can be considered as independent
(film thickness larger than the depletion regions of the diodes). More-
over large barriers should manifest themselves in a roll-over effect
[5,16] which is not observed in the SSe-IV-curves. It could be speculated
that the difference between the SSe-device and the Se-device is due to
MoS2 instead of a MoSe2. However in our case the SSe-devices do not
have a homogeneous S/Se ratio in depth and SIMS analysis indicates a
MoSe2 backcontact.

It could be concluded from this discussion that it is unlikely that
the origin of the barrier is situated at the interfaces. However it is
well known that CZTSSe tends to form a large number of secondary
phases as soon as slightly non-stoichiometric growth conditions are

used. In our case the material is Cu-poor and Zn-rich. A plausible sec-
ondary phase is certainly ZnS(e).

We therefore investigated CZTSe-devices with a high Zn-content
since a highly Zn-rich absorber should trigger the formation of ZnSe.
We restrict ourselves to the pure Se-devices since here we hope to
observe a transition from low series resistance to high series resistance
as the Zn-content is increased. Two solar cells with Zn/Sn=1.35 and
Zn/Sn=1.37 ratios have been analyzed by IVT measurements. Second-
ary ionmass spectrometrymeasurements shown in Fig. 4(a), (b) corrob-
orate that the near surface regions of the absorber layers are Zn-rich. The
device parameters are depicted in Fig. 4(c), (d). Compared to our 6.2%
efficient CZTSe solar cell the Se-devices have a much lower JSC.

The temperature dependence of the series resistance is shown in
Fig. 4(b), (d). It is clearly visible that the series resistance increases
significantly at lower temperatures for the device with the largest
Zn-concentration at the heterojunction (bump in the Zn-profile
(Fig. 4(b)) versus constant Zn-profile (Fig. 4(a)) in the SIMS
measurements).

This finding suggests that a high series resistance can be linked to
the occurrence of a highly Zn-rich surface. It is reasonable to assume
that the Zn-rich phase at the heterojunction is ZnSe. However one has

E =0.95 eVA E =1.09 eVA

(a) (b)

Fig. 3. Temperature dependence of the open-circuit voltage for (a) the Se-device and (b) the SSe-device. The line shows a linear fit to the high energy part of the data.
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Fig. 4. (a), (b) Secondary ion mass spectrometry data of two different Zn-rich Se absorber layers (note: the differences in sputtering time arise mainly from different sputtering
conditions, the intensities are normalized in the middle of the absorber), (c), (d) Temperature dependence of the series resistance Rs of the solar cells produced with the absorber
layers shown in (a), (b), insets: solar cell parameters deduced at room temperature.
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to be very careful when comparing the Zn/Sn ratio to the occurrence
of ZnSe at the heterojunction. EDX probes a large part of the absorber
depth and the Zn concentration does not necessarily be higher at the
front than at the back. In this particular case the excess Zn accumu-
lates at the front which does not need to be the case in all samples.

At this point an analogy to CIS based solar cells can be discussed.
Yoo et al. [17] studied the influence of an intermediate ZnSe layer
for the CuInSe2/CdS system. They found that 20–40 nm of ZnSe
already leads to a significant loss in photocurrent and increased series
resistance very similar to our observations. Based on our experiments
and the above discussion we propose that the high series resistance of
the devices arises from small amounts of a ZnSe secondary phase at
the heterojunction. However it is currently unclear how the ZnSe grains
are distributed in the CZTSe matrix. A thick ZnSe layer can be ruled out
since it will only lead to inactive regions at the heterojunction as it has
been shown recently by Wätjen et al. [18]. The influence of small
amounts of ZnSe (very thin layer or ZnSe inclusions in the CZTSe
matrix) is not clear at present and is currently under investigation.

The high series resistance in the SSe-device could thus be related
to the presence of ZnS with a much higher bandgap.

4. Conclusion

We showed that high series resistance and interface recombination
are only observed in mixed S/Se devices whereas the performance of
the Se-devices are not limited by these constrains. For Se-devices we
observe low series resistance and the dominant recombination path-
way is situated in the bulk of the absorber. The results suggest that
the solar cell structureMo/CZTSe/CdS/ZnO is suitable for high efficiency
thinfilm solar cell applications. The band-alignment of CdS/CZTSe inter-
face seems appropriate for the production of kesterite thin film solar
cells if only Se is used as chalcogen. For the mixed CZTSSe devices we
observe a non-ideal buffer/absorber interface. In analogy to CIGS, the
tendency for interface recombination increases if (a) sulfur is included
in the film and (b) the fundamental bandgap is enlarged. The origin of
the series resistance is most likely due to a ZnS(e) secondary phase
which is present at the heterojunction since we observe a transition
from low series resistance to high series resistance if the Zn-content is
large. In contrast to our Se-devices the SSe-devices always exhibit a

large series resistance. It is likely that the presence of ZnS is much
more detrimental to the device than ZnSe since this secondary phase
has a much higher bandgap. Consequently a smaller amount of ZnS
will already have a huge impact on device performance.
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