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Compound evaporated indium sulfide is one commonly utilized cadmium free buffer layer for Cu(In,Ga)(S,Se)2
solar cells. However, cells with such a buffer layer usually need a post-deposition annealing step to reach the
maximum short circuit current, fill factor and open circuit voltage. In this work wet chemical treatments, partly
containing cadmium ions, are applied to commercially available absorber material prior to indium sulfide evap-
oration in order to enhance the initial solar cell parameters. Cells built on treated absorbers showmaximumopen
circuit voltage directly afterwindow layer deposition and a drop in open circuit voltage is observed upon anneal-
ing. All samples, however, show an increased collection length and higher fill factor after annealing. A one diode
model fit to the current–voltage curves gives ideality factors of 1.7 before annealing which are reduced to values
around 1.5 after annealing. Supporting calculations show that the changes upon annealing can be explained
within a model including a highly p-doped absorber surface layer. During annealing the acceptor density at
the absorber surface might be reduced thus leading to a larger space charge region and thereby increasing the
collection length and fill factor while reducing the open circuit voltage.

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

In the search for a non-toxic replacement of the cadmiumsulfidebuff-
er layer for Cu(In,Ga)Se2 based solar cells indium sulfide is a commonly
used material. One advantage of indium sulfide is that the layer can be
formed in dry or semi-dry processes potentially avoiding some of the
negative aspects of the chemical bath deposition process usually utilized
for cadmium sulfide layer formation, such as a high consumption of toxic
chemicals that have to be disposed. So far, themost promising deposition
processes are the Ion Layer Gas Reaction process and thermal evapora-
tion of compound In2S3, both yielding cells with efficiencies above 16%
[1,2]. If grownwithout substrate heating, cellswith thermally evaporated
indium sulfide buffer usually need an additional annealing step of several
minutes in air after cell preparation to reach their maximum efficiencies
[3–5]. The open circuit voltage (Voc) and the fill factor (FF) are observed
to increase after annealing and this is generally attributed to necessary
interdiffusion between buffer and absorber [3–5]. In our experience and
in the literature the time needed for this step varies and seems to depend
on absorbermaterial and buffer layer thickness [3,4]. If it was recombina-
tion at the interface that limited the open circuit voltage before anneal-
ing, a higher initial degree of interface inversion would help reduce the
necessary time for annealing [6]. The starting point for thiswork is the at-
tempt to create a higher degree of inversion by wet chemical treatments
(C. Hönes),
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prior to buffer layer deposition. Itwas shown earlier that a partial electro-
lyte treatment with cadmium ions can improve the junction and even
enable buffer free solar cells [7,8]. This is attributed to cadmium atoms
incorporated directly at the surface acting as interface donors. In this
paper such a partial electrolyte treatment is utilized in comparison to a
treatment in deionized water as there might also be a significant influ-
ence of surface modification by oxide formation or change in sodium
concentration [9]. Furthermore the impact of annealing on the character-
istics of these treated cells is examined in more detail.

2. Experimental procedure

The Cu(In,Ga)(S,Se)2 (CIGSSe) absorberwas produced in a large area
sequential process on molybdenum coated soda lime glass. In order to
achieve comparability the absorber was cut into 5 cm × 10 cm pieces
and neighboring pieces were submitted to different treatments prior to
buffer layer deposition. For this study two different treatments were
conducted. First, a water treatment, where the absorber material rested
in deionized water at a temperature of 80 °C for 20 min and, second, a
cadmium treatment inspired by Bär et al. [10]. The latter involved a solu-
tion of 1.5mMcadmiumacetate and 1.5M ammonia in deionizedwater,
starting out at room temperature and heated up to 70 °C in 10 min, at
which point the sample was taken out of the solution and rinsed with
2.5% ammonia solution. Additionally, absorber pieces with no treatment
before buffer deposition are compared. The indium sulfide buffer layer
was prepared by thermal evaporation of ground crystalline In2S3 source
material at 750 °C without additional heating of the sample holder. The
Cu(In,Ga)(S,Se)2 solar cells with an indium sulfide buffer, Thin Solid
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Table 1
Solar cell parameters extracted from IVmeasurements. These parameters represent the cell with highest efficiency out of 20 in the initial condition. The parameters after annealing belong
to the same cell. The distribution of the whole set of values is narrow so that there is no limitation to the generality of the statements in this paper. While the efficiency and related
parameters were extracted from IV curves measured under AM1.5 illumination, the saturation current J0 and ideality factor A are extracted from dark current measurement by means
of an orthogonal distance regression fit to the one diode model at room temperature.

Untreated H2O-treated Cd-treated

Not annealed Annealed Not annealed Annealed Not annealed Annealed

η [%] 12.0 14.3 13.4 13.8 14.1 14.1
Voc [mV] 536 564 560 533 568 527
Jsc [mA/cm2] 37.7 38.4 37.4 38.1 37.9 38.7
FF [%] 60 66 64 68 66 69
J0 [A/cm2] 1.7 × 10−6 7.6 × 10−8 8.5 × 10−8 3.7 × 10−8 7.1 × 10−8 2.7 × 10−8

A 2.2 1.7 1.7 1.5 1.7 1.5
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buffer layer thickness was controlled with quartz crystal microbalance
to be 15 nm. The solar cells were completed by sputtering of an i-ZnO
layer followed by a ZnO:Al window layer and an Al:Ni grid with a cell
area of 0.5 cm2 at the Zentrum für Sonnenenergie- und Wasserstoff-
Forschung Baden-Württemberg (ZSW). The effects described below
were observed for several batches of samples prepared in the same
manner.

Measurements of solar cell characteristics were performed directly
after cell preparation and after an additional annealing step of 40 min
at 200 °C in air. The measurements were performed in darkness and
under a solar simulator with approximated AM1.5 illumination at ZSW.
Additionally, external quantum efficiency (EQE) measurements without
bias illumination were performed on similar cells, treated in the same
way and showing the same trends, before and after annealing.

Orthogonal distance regression curve fits within the one diode
model were used to extract the saturation current J0 and the ideality
factor A from dark current measurements and one-dimensional device
simulation was performed with the SCAPS (a Solar Cell Capacitance
Simulator) 3.2.01 simulation software [11].

3. Results and discussion

As shown in Table 1 and Fig. 1, untreated and unannealed solar cells
show relatively low efficiency mostly due to low open circuit voltage
and fill factor and a high diode factor above 2, indicating tunnel-
assisted recombination. It was already observed by others [3,4] that
these characteristics can be increased by annealing the cell at 200 °C
and this finding is reproduced here. We try to attain this effect, as it is
attributed to interface properties [5], with wet chemical treatments
instead of annealing. The cells prepared onwet treated absorbermaterial
indeed showhigher Voc and higher FF as can be seen in Fig. 1 and Table 1,
as well as lower diode factors. The cadmium treated cells show slightly
better performance compared to the samples treated just with water.
Fig. 1. Impact of wet chemical absorber treatments on the initial IV curves of indium sul-
fide buffered cells. Dashed lines denote the dark current and solid lines denote the current
under AM1.5 illumination. Themain effect is an increase of the open circuit voltage accom-
panied by an increase of the fill factor.
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However, as can be seen in Table 1, annealing of untreated cells also re-
sults in an increase of the short circuit current (Jsc) whereas the treated
cells initially show approximately the same short circuit current as the
untreated cells. In order to gain additional short circuit current and
thus more cell efficiency, the treated cells are annealed as well. After
an annealing step of 200 °C for 40 min in air, fill factor and Jsc increased
but the open circuit voltage decreased significantly as can be seen in
Fig. 2 and Table 1. This is the case for both thewater treated and the cad-
mium treated cells, but for the latter the decreasewasmore pronounced.
This drop in voltage almost exactly cancels out the gains in the other
parameters so that there is no significant improvement in efficiency
upon annealing any more. Dark current–voltage (IV) curve fits within
the one diode model result in ideality factors that are already at 1.7 in
the unannealed condition and decrease further towards 1.5 upon an-
nealing. Therefore it may be assumed that these cells already start out
with a recombination mechanism that is not enhanced by tunneling
with further improvements in the space charge region after annealing,
leading to lower ideality factors. The fact, however, that the open circuit
voltage drops at the same time is confusing at first glance.

A possible explanation can be found by analyzing the reason for the
gain in short circuit current and fill factor. In Fig. 3 a relative increase of
the EQE in the red region of the spectrum is apparent. This points to an
increased collection length and thus an increase in the space charge re-
gion width or a higher diffusion length of electrons in the absorber. The
latter is not very likely sincewe do not expect the diffusion length in the
absorber to change upon annealing at a temperature as low as 200 °C.
An increased space charge regionwidth could also explain the enhanced
fill factor then attributed to a less voltage dependent collection function.
For an estimation of the collection length the simple model of effective
collection length [12] can be used. If the absorption spectrum of the
absorber is known it is possible to make a model fit to the external
quantum efficiency measurement with the effective collection length
Fig. 2. IV curves of an indium sulfide buffered cell prepared onwater treated absorber be-
fore and after annealing at 200 °C in air for 40 min. Dashed lines denote the dark current
and solid lines denote the current under AM1.5 illumination. While the short circuit cur-
rent and the fill factor increase, the open circuit voltage decreases. Cells prepared on cad-
mium treated absorber essentially behave the same way.
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Fig. 3. External quantum efficiency (EQE) measurements normalized to their respective
maximum value. The measurements were performed on an indium sulfide buffered cell
built on H2O-treated absorber before and after annealing at 200 °C for 40 min in air.
Upon annealing there is a distinct increase in EQE from 800 nm on to higher wavelengths.

Fig. 4. SCAPS simulation of IV curves within the p+ layer model (parameters in Table 2).
The varied parameter here is the shallow acceptor density in the p+ layer as statedwithin
the figure.
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as a parameter. Since it was not possible to measure the absorption
spectrum of our absorber material, as it is deposited on molybdenum,
we utilize the relation for absorption near the absorption edge of a di-
rect band gap [13]. The remaining material dependent parameter can
be integrated in a normalized effective collection length so that even
though we cannot calculate the absolute effective collection length we
are able to calculate the relative change from two EQE measurements.
Therefore, under the assumption of no change in absorption upon an-
nealing a relative increase of 1/4 can be estimated for the collection
length from the EQE measurements in Fig. 3.

As an explanation for the relatively low fill factor of indium sulfide
devices a highly p-doped absorber layer next to the absorber/buffer in-
terface is offered in the literature [14,15]. For one dimensional device
simulation of our sampleswe therefore adapt such amodel from Igalson
et al. [14]. The important parameters used for the simulation are given
in Table 2. We assume a highly doped p+ layer at the surface of the
absorber. The p+ layer width is assumed fixed here and the shallow
acceptor concentration in this p+ layer is changed from 7 × 1016 cm−3

to 3 × 1016 cm−3, thus decreasing the p+ nature and increasing the
width of the space charge region. The simulated IV curves can be seen
in Fig. 4 and the corresponding quantum efficiencies in Fig. 5. A small
change in external shunt resistance from150Ω cm2 to 200Ω cm2was in-
cluded in the simulation to account for this change in the measurements
in Fig. 2. The characteristics of the treated cells before and after annealing
are represented quite well. The reduction of doping in the p+ layer in-
creases the dark current in forward direction and thus reduces the open
circuit voltage. At the same time due to the increased space charge region
width the collection length increases with an increase in short circuit
current and fill factor in consequence.

The reason for such a high acceptor density near the absorber surface
in thefirst place and its decrease upon annealing could be defects formed
by copper–selenium/sulfur divacancies [16], with the assumption
that the mechanism proposed in the literature for copper-chalcogen
divacancies still holds true in a sulfur-rich environment. Sulfurmight dif-
fuse from the buffer layer into the absorber during annealing and reduce
Table 2
Layer thickness and doping parameters used in the SCAPS simulation as presented in Figs. 4 an

Layer Width

Absorber 1.5 μm

p+ layer 30 nm

Absorber/buffer interface
Buffer 30 nm
i-ZnO 80 nm
n-ZnO 400 nm
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the density of vacancies, thereby decreasing the doping density in the
absorber near the surface. Another possible explanation for the basic IV
curve characteristics would be an acceptor with significant density at
the interface between buffer and window which is reduced during an-
nealing [17]. But it has to be noted here that these interface defects
would lead to significant curve flattening in forward direction which is
not observed. On the other hand a voltage drop over the n-side of the
junction is necessary for the effect of the p+ layer to be visible and
this voltage drop might be due to a low doping level in the i-ZnO, as
assumed in our SCAPSmodel, or due to interface states. Therefore a com-
bination of these effects cannot be ruled out.

4. Conclusion

In this paper the impact of a wet treatment of the absorber for indi-
um sulfide buffered cells was shown. The initial efficiencies could be
enhanced by improving fill factor and open circuit voltage, but there
was no improvement of the short circuit current. Upon annealing at
200 °C these treated cells gain short circuit current and fill factor similar
to the behavior of untreated cells but loose open circuit voltage. The
manner of this decrease is explained here within a model involving a
highly p-doped layer at the surface of the absorber with a reduction of
doping density during annealing. Simulation and experiment are in
good agreement and the model can also explain the observed increase
of collection length for all prepared cells upon annealing.

The results presented here show again that the surface condition is a
critical parameter for the production of CIGSSe solar cells with a com-
pound evaporated indium sulfide buffer. Wet treatments might prove
to be a good way to stabilize this condition in a favorable state.
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Doping/defects Energy level

NA = 5 × 1015 cm−3 Shallow acceptor
NA = 1 × 1016 cm−3 Midgap acceptor
NA = 3 × 1016 cm−3 to 7 × 1016 cm−3 Shallow acceptor
NA = 1 × 1016 cm−3 Midgap acceptor
ND = 1 × 1011 cm−3 0.2 eV below Ec,a
ND = 1 × 1014 cm−3 Shallow donor
ND = 1 × 1016 cm−3 Shallow donor
ND = 1 × 1021 cm−3 Shallow donor
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Fig. 5. SCAPS simulation of the quantum efficiency within the p+ layer model (parame-
ters in Table 2). The simulations correspond to those shown in Fig. 4. The reduction of
doping within the p+ layer improves the quantum efficiency in the red region of the
spectrum due to the enhanced collection length.
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