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Abstract

The temperature dependence of open-circuit voltage (V,,.), short-circuit current (1), fill factor (FF), and relative efficiency of mono-
grain Cu,ZnSn(Se,S,_,)4 solar cell was measured. The light intensity was varied from 2.2 to 100 mW/cm? and temperatures were in the
range of 7= 175-300 K. With a light intensity of 100 mW/cm? dV,./dT was determined to be —1.91 mV/K and the dominating recom-
bination process at temperatures close to room temperature was found to be related to the recombination in the space-charge region. The
solar cell relative efficiency decreases with temperature by 0.013%/K. Our results show that the diode ideality factor n does not show
remarkable temperature dependence and slightly increases from n = 1.85 to n = 2.05 in the temperature range between 175 and 300 K.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years the quaternary CZTS-based semiconduc-
tors such as Cu,ZnSn(Se,S;_,)4 have attracted increasing
attention as possible absorber materials for solar cells.
These materials have an optimal direct bandgap for solar
energy conversion and a high absorption coefficient
(>10*cm™') (Altosaar et al., 2008; Mellikov et al., 2008,
2009; Jimbo et al., 2007; Katagiri et al., 2009; Ennaoui
et al., 2009). They are believed to be suitable alternatives
for CulnSe, absorbers that contain expensive indium.
These semiconductors can be obtained by replacing half
of the indium atoms in chalcopyrite CulnSe, by zinc, and
by replacing the other half by tin. While CulnGaSe,- (CIG-
Se-) based solar cells show efficiencies of up to 20%, record
efficiencies of thin film CZTSSe cells are as yet only about
6-7% (Katagiri et al., 2009). One possible reason for this is
the fact that CZTSSe thin films often contain different bin-
ary and ternary phases. Therefore it seems to be more
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appropriate to use higher temperatures for growth in order
to better control the phase composition of the product.
This is one reason why so-called monograin solar cells
(Altosaar et al., 2008; Mellikov et al.,2008, 2009) look very
promising. At the same time many physical properties of
these compounds are still unknown and also solar cells
made on their basis have not been studied in detail. Espe-
cially important for further use of these materials is the
temperature dependence of the solar cell parameters since
solar cell performance generally decreases with increasing
temperature, fundamentally due to increased internal car-
rier recombination rates, caused by increased carrier excita-
tion. Large number of correlations expressing the
temperature dependence of the PV module’s electrical effi-
ciency can be retrieved, although many of them assume the
familiar linear form, differing only in the numerical values
of the relevant parameters which are material and system
dependent (Skoplaki and Palyvos, 2009; Amy and de la
Breteque, 2009). Knowing these parameter is crucial for
predicting the temperature dependence of CZTSSe mod-
ules also in the future. In this paper we will discuss detailed
I/V-measurements of CZTSSe cells that were performed
using various temperatures and light intensities.
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2. Experimental

Monograin powder materials were synthesized from
metal binaries (CuSe, ZnSe(S), SnSe and elemental Se) in
a molten flux in an isothermal recrystallization process.
The grounded precursors were thermally annealed in evac-
uated quartz ampoules. The crystal size of the materials
was controlled by the temperature and duration of the
recrystallization process and by the chemical nature of
the flux. Surface morphology, phase structure and compo-
sition of the powder crystals were analyzed by high resolu-
tion SEM, XRD and EDS, respectively. The evolution of
crystal shape and morphology of the monograin powders
was analyzed by electron imaging using a high-resolution
scanning electronmicroscope (SEM) Zeiss ULTRASS with
the compositional contrast detector EbS. The chemical
composition and the distribution of components in powder
crystals were determined using an energy dispersive X-ray
analysis (EDX) system (Rontex). XRD patterns were
recorded using a Bruker AXS D5005 diffractometer with
the monochromatic Cu K,-radiation.

Monograin layer (MGL) solar cells were made from
grains with diameters of 56-63 um as selected by sieving.
The absorber material had a composition CujoZn; g;-
Sn(Sep.29S0.71)3.85 as determined by energy dispersive X-ray
analysis (EDS). This material was used for the formation
of the absorber layer in the MGL solar cell structure: graph-
ite/CZTSSe/CdS/ZnO (Altosaar et al., 2008; Mellikov et al.,
2008, 2009). Powder crystals were covered with chemically
deposited CdS buffer layers. For MGL formation a mono-
layer of CZTSSe powder crystals was glued together by a
thin layer of epoxy. The polymer film thickness was adjusted
to 20 um on top of a 10 um glue film before inserting the
monograins. Since the grains sink into the polymer and
reach the underneath glue layer, after washing off the glue
completely, the lower part of each grain sticks out of the
polymer film. After polymerization of this epoxy, i-ZnO
and conductive ZnO:Al were deposited by RF-sputtering
onto the open (i.e. not covered by epoxy) surface of the layer.
Solar cell structures were completed by vacuum evaporation
of 1-2 pm thick in grid contacts onto the ZnO window layer.
Following this, the layer was glued onto glass substrates. The
opening of back contact areas of crystals that were originally
inside the epoxy was done by etching of the epoxy by H,SO4
and by additional abrasive treatment. This finalized the
preparation of the solar cell structure. Graphite paste was
used for the back contacts.

The prepared solar cells have an area of about 0.04 cm?
and their solar efficiency was measured in a Oriel class A
solar simulator (19159A, Newport) to be in the range of
5%.

I-V curves were measured using an Autolab PGSTAT
system. The solar cells were mounted on the cold finger
of a closed-cycle He cryostat (Janis) and the temperature
of the cell was changed from 300 to 170 K with
AT =5K. As a light source we used a standard halogen
lamp with calibrated intensity. The maximum intensity

was 100 mW/cm?. Lower intensities were realized by using
spectrally neutral net filters.

3. Theory

The main temperature dependence in solar cells arises
from variation of three main parameters, which are usually
used to characterize the solar cell outputs (Green, 1982),
these are: I, the short-circuit current, which usually has
a negative sign; the open-circuit voltage V,. which in prin-
cipal is characterized by I,, the diode saturation current,
and n, the diode ideality factor; and the fill factor FF, which
in turn is a function of V..

CZTSSe cells are not really ideal, and therefore it is nec-
essary to take into account also series resistance Rg and
parallel conductance Gy, of these cells. Then the solar cell
equation will be given by

V — Rsl
I1=1, [exp (_q( nkTS )

where I; is the photocurrent, I is the dark saturation cur-
rent and n is the diode ideality factor, which can all be
dependent on bias voltage and temperature. Usually, n
has a value between 1 and 2, but values larger than 2 are
also possible. In the case where there is no recombination
in the space-charge region, n should have a value of 1. If
on the other hand the current is dominated by recombina-
tion in the space-charge region, n should be 2.
V,. we can obtain from Eq. (1) (taking /= 0):

kT G Voe
VOC = L In |:1 — i
q

) _ 1} +Gu(V=R)—1, (1)

I
= 2
I +IJ )
According to theory, I is a function of material proper-
ties and it is also sensitive to temperature. In general
(Green, 1982; Rau and Schock, 1999)
E, 5 E,
Iy =1 ———| = AT - 3
B
where the activation energy £, and also Iy depend mainly
on the dominating recombination mechanism in the solar
cell. In case of bulk recombination £, ~ E, where E, is
the bandgap energy of the absorber material.
According to (2) we expect a linear dependence of V.
on temperature, if I; >> Gy, V,. and I; >> [,. Then from
(2) and (3) we have

Voc = & - nk—T In |:IOO:|

q q

i )

At the same time we must take into account that the ide-
ality factor n and also Iyg have a small but certain temper-
ature dependence (Rau and Schock, 1999).

The photocurrent I; of a solar cell generally increases
slightly with increasing temperature, due to a decreasing
bandgap energy. This decrease in the bandgap allows pho-
tons with longer wavelengths, lower energy, to be absorbed
by the solar cell. As a result, the short-circuit current of the
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cell increases. In good solar cells —/; =~ I,.. In general, from
Eq. (1) we find for I,

Rl
I, = I, {exp (q s ) - 1] — Ry,.Gy — 1, (5)

nkT

It is practically impossible to calculate the T-dependence
of I, but in many cases we can assume a simple linear
dependence. Again, if the series resistance of the cell
becomes larger, then || <|[;| and we will have a more
complex dependence. The same is valid if the intensity
(and therefore also |/,.|) becomes larger and the exponential
term in Eq. (5) starts to play a role.

In many cases it is possible to avoid complications from
series resistance effects by using /. vs. V. curves measured
for different light intensities and temperatures. Taking
I=0 Eq. (1) becomes

Ve
IL = I() [exp (Z[k;f) - 1:| + GshVoc (6)

If the shunting current is small and I; = —I,. then we
will have a simple exponential function. Using Eq. (6) we
are able to extract I and the ideality factor n.

Fill factors FF depend on a range of cell parameters,
including current and voltage operating levels, cell ideality
factors and parasitic series and shunt resistances. As such,
it is difficult to derive generic formulae for the temperature
sensitivity of this parameter. At the same time the temper-
ature dependence of the fill factor often determines the
shape of the temperature dependence curve of the power
outcome of the solar cell, because both I and V. usually
show nearly linear behavior on temperature. In good solar
cells and at higher temperatures FF usually decreases with
temperature (Wiirfel, 2005). At lower temperatures, when
R,, increases, FF usually shows an opposite dependence.
Therefore we may expect a maximum value of FF some-
where below room temperatures.

4. Results and discussion

In Fig. 1, I-V curves measured at different temperatures
under 100 mW/cm? illumination are presented. It can be
seen that increasing the temperature leads to a decrease
of V,. and an increase of I..

The thermal behavior of the V,. under different light
intensities is shown in Fig. 2. As shown here, with an illu-
mination intensity of 100 mW/cm? the open-circuit voltage
V,. increases with decreasing temperature by 1.91 mV/K.
The linear behavior for all light intensities indicates that,
according to Eq. (4), the temperature dependence of the
ideality factor n and of Iy, have only a minor effect on
the temperature dependence of V.. According to theory,
all V,. (T) curves measured for different intensities must
show different slopes but the same E 4 at 0 K. The extrap-
olation to 0 K results in £, ~ 1.2 eV for all intensities. This
is consistent with the spectral response (Altosaar et al.,
2008) and photoluminescence (Grossberg et al., 2009) mea-
surements and shows that £, = E, in this material. This in
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Fig. 1. Temperature dependence of I-V curves of CZTSSe monograin
solar cells obtained in a light intensity of 100 mW/cm?.
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Fig. 2. Open circuit voltage V,. of the CZTSSe monograin cell as a
function of temperature illuminated with different light intensities. The
straight lines are linear fits of Eq. (4).

turn is direct evidence that in these CZTSSe monograin
solar cells the dominating recombination (at least at tem-
peratures close to room temperature) is a recombination
in the space-charge region. All measured V,. (T) curves
were fitted with linear functions and the corresponding fit-
ting parameters are given in Table 1.

Table 1

Parameters obtained from fitting temperature dependent I/V-curves.

@& (mW/cm?) — L (mV/K) E, (meV) O (%/K)
100 1.91 1190 —0.013
47 2.02 1193 —0.016
35 2.06 1193 —0.020
15 2.17 1189 —0.022
2.2 2.51 1193 —0.025
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We also observed linear increase of /. with temperature
in the range 200-300 K. For 100 mW/cm? we found dI,./
dT =6 x 107* mA/K. At lower intensities this slope is even
smaller.

According to Eq. (6), a semilogarithmic plot of I, versus
V,. will yield a straight line for high-enough V.. From this
slope n can be calculated if one knows the temperature. I,
can be found by taking the intercept of the straight part of
the plot with the I -axis. In Fig. 3 I,. (V,.) curves for dif-
ferent temperatures were plotted. It can be seen that all
curves show a simple exponential behavior. All experimen-
tal curves were fitted using the exponential part of Eq. (6).
Fitting results shows that the diode ideality factor n does
not exhibits a remarkable temperature dependence and
only slightly increases from n» = 1.85 to n = 2.05 in the tem-
perature range 7 = 175-300 K. This is a quite surprising
result because in most solar cells the ideality factor
decreases with temperature (Rau and Schock, 1999; Wiir-
fel, 2005). One reason for this different trend in our cells
can be the temperature dependent bulk recombination cur-
rent which increases at higher temperatures. Therefore we
observe an ideality factor very close to n =2.

From Fig. 3 we also extracted I, values and the temper-
ature dependence of I is shown in Fig. 4. We fitted these
calculated points with Eq. (3), by using an average value
on n (n=1.87). Although this fitting is not very accurate
we still got £, =1.24¢eV and this value is very close to
the £, value we found using V,. (T) curves. This coinci-
dence supports assumptions we made regarding the role
of Gy, and R, and the use of a simplified theoretical model
where we did not directly take into account the decrease of
the bandgap energy with temperature.

Especially important is the temperature dependence of
the relative efficiency # of solar cells. Therefore we plotted
also 1 (T) curves measured at different light intensities, see
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Fig. 3. I,/ V,-curves for temperatures in the range of 175-295 K. Every
measurement was done with five different illumination intensities ranging
from 2.2 to 100 mW/cm?. Lines represent the least square fit showing good
correlation with Eq. (6).
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Fig. 4. I,/T -graph. Experimental points were fitted using Eq. (3).
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Fig. 5. Temperature dependence of the relative efficiency n of a CZTSSe
monograin solar cell illuminated with different light intensities. Linear
fitting was used for the high temperature region and fitting results are
presented as lines.

Fig. 5. Calculated efficiencies are not calibrated, because we
used a simple halogen light source and therefore AMI1.5
spectral conditions were not followed. It can be seen that
the efficiencies have a maximum value below room temper-
ature. The corresponding maximum efficiency temperature
increases with light intensity and at 100 mW/cm? it is at
about 250 K. At low temperatures the efficiency starts to
decrease with decreasing temperature. The same decrease
can be observed also with increasing the temperature above
250 K. At this “high” temperature region the decrease of
the efficiency is nearly linear with temperature. Corre-
sponding slopes are also given in Table 1. This curved
(7) dependence is caused by the temperature dependence
of the fill factor FF.
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Measured temperature coefficients of CZTSSe mono-
grain solar cells indicate that in many cases they are lower
than for other type of solar cells. For example Cu(In,-
Ga)Se, cells usually show dV,./dT values from —2.01 to
—3.3mV/K and dy/dT values from —0.017 to —0.064%/K
(Kniese et al., 2003). Si cells show dV,./dT values from
—2.07 to —2.17 mV/K and dn/dT value about —0.042%/K
(Singh, 2008). The same is the situation in CdTe cells,
where dV,./dT is typically in the range of —2.1 to
—2.2 mV/K (Phillips et al., 1994). These low values of mea-
sured temperature coefficients of CZTSSe solar cells show a
great potential of this compound.

5. Conclusions

In summary, from I-V measurements we have calcu-
lated the monograin Cu,ZnSn(Se,S;_,)4 solar cell parame-
ters as a function of temperature. For a light intensity of
100 mW/cm? the dV,./dT = —1.91 mV/K and E , was close
to the bandgap energy of 1.2 eV. The dominating recombi-
nation is related to recombination in the space-charge
region. The solar cell relative efficiency decreases with tem-
perature with a slope of 0.013%/K. The diode ideality fac-
tor n was close to a value of 2 and showed very small
increase with temperature.
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