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Quaternary semiconductor compound Cu2ZnSnS4 (CZTS) is a promising non-toxic absorber material for solar
cells made from earth abundant elements. In this study temperature dependencies (T = 10–300 K) of cur-
rent–voltage (J–V) characteristics and external quantum efficiency (EQE) spectra of CZTS monograin layer
solar cells were measured in order to clarify current transport in CZTS that is still not fully understood. Three dif-
ferent temperature ranges can be distinguished from the temperature dependence of the series resistance (Rs)
obtained from J–Vmeasurements and the effective bandgap energy (Eg⁎) determined from the EQE spectra. Ther-
mally activated conductivity, Mott's variable-range hopping conductivity, and very low temperature (b40 K)
blocking of the interface recombination were observed.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Multinary semiconductor compounds Cu2ZnSn(SexS1 − x)4 (CZTSSe)
are promising non-toxic absorber materials for solar cells made from
earth abundant elements. Currently, the power conversion efficiency re-
cord of Cu2ZnSnS4 (CZTS) device is 8.4% [1] and that of CZTSSe device
−12.6% [2]. High series resistance and interface recombination are re-
ported as the main limiting factors in CZTS-based solar cells [3,4].
Hence, almost all basic solar cell parameters are limited by recombina-
tion and parasitic losses. Moreover, most of CZTS absorbers used in
solar cells show properties of so-called heavily doped semiconductors,
where high concentration of charged defects leads to a formation of spa-
tial potential fluctuations [5]. Accordingly, different type of current
transport and recombination mechanisms can be observed [6–9].

In CZTS solar cells recombination losses are not only related to the in-
terface between absorber and buffer layers but also to different bulk de-
fects or band tails. The first-principle calculations have been made for
CZTS by Chen et al. [10]. They found that the main acceptor defect in
CZTS is CuZn antisite defect that has a quite deep level at EA = 0.12 eV.
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This acceptor was also found by admittance spectroscopy [11]. Even
deeper acceptor (EA = 0.28 eV) was detected in CZTS by photolu-
minescence spectroscopy [12]. These quite deep defects can be efficient
recombination centers even at temperatures close to room temperature.
At the same time, Chen et al. [13] have shown that the compensation be-
tween the dominant acceptor defect CuZn and the donor defect SnZn

can significantly decrease the formation energies of the defect clusters
(CuZn + SnZn and 2CuZn + SnZn) leading to high concentrations of
these clusters even in stoichiometric samples. It was shown that the re-
combination through these defect clusters dominates inmost CZTS sam-
ples at low temperatures [14]. The presence of different defect
complexes in CZTS was also proposed by Huang et al. [15]. According
to their calculations these complexes can cause a significant local band
gap decrease and boost the recombination.

The temperature-dependent conductivity of polycrystalline CZTS
thin films [3,4,6–9] and single crystals [16] has been studied in many
papers. However, in real solar cell structures many different recom-
bination channels appear which are not present in bulk CZTS. There-
fore, it is extremely interesting to study temperature dependence of
these real structures. We already have studied the temperature de-
pendencies of Cu2ZnSnSe4 monograin layer (MGL) solar cells and
showed how potential fluctuations change the current transport in
these structures [17]. In this study, current–voltage (J–V) character-
istics and external quantum efficiency (EQE) curves were used for
characterizing recombination and parasitic effects in order to identi-
fy loss mechanisms and reveal current transport properties in CZTS-
based MGL solar cells.
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2. Experimental

CZTSmonograinswere synthesized from binaries and elemental S in
molten flux by isothermal recrystallization process. The details of the
monograin growth technology can be found elsewhere [18]. MGL solar
cells with structure: graphite/MGL/CdS/ZnO/glass, were made from
powder crystals with a diameter of 56–63 μm as selected by sieving.
The analysis area of the solar cell is determined by the back contact
area which is typically about 0.04 cm2. More details about the solar
cell preparation can be found in [19].

For the temperature dependent J–V and EQE measurements solar
cells were mounted in a closed cycle He cryostat. J–V measurements
were done by decreasing the temperature while EQE measurements
were done by increasing the temperature in the range T = 10–300 K.
For EQE measurements the generated photocurrent was detected at
0 V bias voltage. 250W standard halogen lampwith calibrated intensity
(100 mW cm−2) was used as a light source and spectrally neutral net
filters for intensity dependence.

3. Results and discussion

Room temperature J–V characteristics of a studied CZTS-based MGL
solar cell showed the following properties: open-circuit voltage Voc =
709 mV, short-circuit current density Jsc = 13.8 mA/cm2, fill factor
FF = 61.4%, and efficiency η = 6.0%. Due to the peculiarity of the MGL
solar cell structure, the active area where the photocurrent is actually
produced is smaller than the analysis area. The active area is estimated
to be 75% of the back contact area after excluding the area of the binder
material between the absorber material powder crystals. After such
consideration the current density per absorber material active area is
estimated to be Jsc

abs. = 18.4 mA/cm2 and the efficiency is estimated to
be ηabs = 8.0%. In spite of that, solar cell parameters are still limited
due to recombination and parasitic losses. The series resistances obtain-
ed from the light and the dark J–V curves determined at room temper-
ature by the process described by Hegedus and Shafarman [20] are
rather high, Rslight = 3.6 Ω cm2 and Rs

dark = 4.5 Ω cm2, accordingly.
The thermal behavior of the Voc under different light intensities is

shown in Fig. 1. It is known [21] that the temperature dependence of
Voc near room temperature can be presented as

VOC ¼ EA
q
−nkT

q
ln

I00
IL

� �
; ð1Þ

where EA, n, k, I00, and IL are the activation energy, diode ideality factor,
Boltzmann constant, reverse saturation current prefactor, and the pho-
tocurrent, respectively. In general, the activation energy EA and also I00
depend mainly on the dominating recombination mechanism in the
Fig. 1. Temperature dependence of Voc measured at different light intensities.
solar cell. In case of bulk recombination EA≈ Eg, where Eg is the bandgap
energy of the absorber material. The bandgap energy of CZTS slightly
depends on the type of crystal structure [12], but is usually higher
than 1.5 eV. In our sample EA ≈ 1.26 eV was determined from the Voc

(T) plot (see Fig. 1). In general, according to the theory [22] in case of
EA b Eg, the interface recombination is a dominating recombination.

The temperature dependence of the series resistance Rs found using
Fig. 2 is shown in Fig. 3a where three different regions can be distin-
guished. At temperatures T N 90 K (region I) Rs decreases with increas-
ing temperature indicating the thermal activation of carriers [23]. In
this region, the Rs can be presented as:

RS ¼ RS0 exp EA=kTð Þ ð2Þ

where the exponential prefactor RS0 contains all parameters that are in-
dependent or weekly dependent on temperature. Using Eq. (2) the acti-
vation energies EA, d=87± 3meV and EA, l=43± 1meV for dark and
light curves were found, respectively. These activation energies are in
the same range as found in [6,8,24]. At intermediate temperatures
(T=90–40K, region II), the dependence of the series resistance on tem-
perature changes and a typical Mott's variable-range hopping (VRH)
conduction starts to dominate [25]. This type of behavior is expected
in all heavily dopedmaterialswhere spatial potentialfluctuations create
deep potential wells for holes [6,26,27]. At the same time, we also ex-
pect the increasing role of bulk recombination in this temperature re-
gion and therefore the VRH model is not completely valid here. At
about T=40 K, a rapid change of Rs can be seen. In low temperature re-
gion (T b 40 K, region III), Rs drops downmore than one order of magni-
tude and remains almost constant down to the lowest measured
temperature. At these very low temperatures, generated holes are not
able to tunnel through the potential barrier into the interface region be-
tween CZTS and CdS and therefore the interface recombination rate
must be very low.

Quantum efficiency measurement is a well-known method to de-
scribe optical and electronic losses in solar cell devices. From the low-
energy side of the EQE curve i.e. near the bandgap energy E≈ Eg, the ef-
fective bandgap energy Eg⁎ can be determined [17] by using an approx-
imation proposed by Klenk and Schock [28]:

EQE≈ KαLeff ≈ A E−E�g
� �1=2

=E ð3Þ

where constant A includes all energy independent parameters,
Leff = w + Ld is the effective diffusion length of minority carriers,
Ld is their diffusion length in the absorber material, w is the width
of the depletion region, and α is the absorption coefficient of the ab-
sorber material. The constant K is unity in absolute measurements.
Consequently, the Eg⁎ value can be determined from a plot of
Fig. 2. Temperature dependence of dark J–V curves.



Fig. 3. Temperature dependencies of the series resistance Rs obtained from the dark and
light J–V curves (a), the effective bandgap energy Eg⁎ (b), and integrated EQE area
(c). Solid lines correspond to the fitting of Eq. (3) to the experimental data.
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(E ⋅ EQE)2 vs. E at the low energy side of the EQE spectrum.
Therefore, temperature dependence of a quantum efficiency curve
presented in Fig. 4 can be used to analyze the temperature depen-
dence of the effective bandgap energy.

The temperature dependencies of the series resistance Rs, the effec-
tive bandgap energy Eg⁎ and the integrated EQE are presented in Fig. 3. It
can be seen (Fig. 3b) that in the temperature region from room
Fig. 4. Temperature dependence of EQE at 0 V. The arrows guide the trend of the EQE tem-
perature dependence.
temperature to T=180 K, Eg⁎ follows themodel of temperature depen-
dence of the bandgap energy proposed by K.P. O'Donnell and X. Chen
[29]. Then Eg⁎ starts to decrease with further decreasing of the tempera-
ture until the “critical” temperature at about 40 K where the rapid in-
crease of Eg⁎ starts. Similar behavior can be seen for integrated EQE,
see Fig. 3c. It was shown in [17] that the changes at 40 K b T b 180 K
are related to localization of holes inside deep valence band potential
wells. As a result, an exponential Urbach tail starts to affect the absorp-
tion and the effective bandgap Eg⁎ starts to decrease due to holes locali-
zation in deeper potential wells. At the same time the holemobility also
decreases and the bulk recombination through these deep wells in-
creases reducing the overall EQE. The observed sudden increase of Eg⁎

to the “normal” bandgap value Eg at 40 K together with the increase of
the generated current (EQE) and decrease in Rs has to be related to
the step-like change in the Fermi level position at the interface. This
change could cause the blocking of hole transport to the interface states
and as a result the interface recombination decreases. This is why the
photocurrent and Eg⁎ increase. However, there might be also other pro-
cesses taking place causing the same kind of behavior. Consequently
further studies are needed to explain this peculiar behavior of the
CZTS solar cell parameters at very low temperatures.

4. Conclusions

Temperature dependence of CZTS solar cell parameters was mea-
sured in the range of T= 10–300 K. It was shown thatmain recombina-
tion losses are related to interface recombination that was found to be
blocked at T b 40 K. Part of the losses originate also from bulk recombi-
nation and is associated to potential fluctuations of the valence band
edge.
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