Pramana – J. Phys.
(2020) 94:111
https://doi.org/10.1007/s12043-020-01977-y

© Indian Academy of Sciences

Numerical analysis of ultrathin Cu(In,Ga)Se2 solar cells with
Zn(O,S) buffer layer
G L MBOPDA TCHEUM1,3,∗ , A TEYOU NGOUPO1 , S OUÉDRAOGO2 , N GUIRDJEBAYE1 and
J M B NDJAKA1
1 Faculty

of Sciences, Department of Physics, University of Yaounde I, 812 Yaounde, Cameroon
de Matériaux et Environnement (LAME), UFR-SEA, Université Joseph Ki-Zerbo,
03 B.P. 7021 Ouaga 03, Ouagadougou, Burkina Faso
3 Institut für Festkörperphysik, Friedrich-Schiller-Universität Jena, Max-Wien-Platz 1, 07743 Jena, Germany
∗ Corresponding author. E-mail: mbopdagabin@gmail.com
2 Laboratoire

MS received 14 October 2019; revised 27 February 2020; accepted 23 April 2020
Abstract. We performed an investigation on the behaviour of the electrical parameters of ultrathin Cu(In,Ga)Se2
(CIGS) solar cells buffered with Zn(O,S). Using one-dimensional simulations and by defining a new structure, we
achieved a significant reduction of the absorber and the buffer layers to evaluate the changes in the cell’s performance.
The simulation results revealed that a good optimisation of the thickness and sulphur content of the Zn(O,S) buffer
layer could be an ingenious way to reduce the thickness of the absorber without compromising the performance
of the solar cells. A high efficiency of 16.9% is obtained for 0.5 μm of the absorber layer when the thickness and
sulphur content of the Zn(O,S) layer are 10 nm and 0.9 respectively. At this configuration, we introduced p+ -CIGS
and SnS layers at the CIGS/Mo interface as back surface field (BSF) to reduce interface recombinations, which are
very predominant in ultrathin absorber. An improvement of 2% and 5.96% on the efficiency is obtained with the
p+ -CIGS and SnS layers respectively. The shape of the band diagram shows good alignment and low band bending
at the CIGS/OVC/Zn(O,S) interfaces and the corresponding conduction band offset is +0.2 eV between the CIGS
and the Zn(O,S) layers. Ultrathin CIGS and Zn(O,S) layers can be helpful in improving the stability of the cell with
regard to the results obtained from the electrical parameters.
Keywords. Thin films; Zn(O,S); band alignment; back surface field; solar cell capacitance simulator-1-dimension.
PACS No. 68.55.Ln

1. Introduction
Cu(In,Ga)Se2 absorbers, also known as CIGS, are very
important thin film solar cells for converting Sun’s
energy into electricity; they have reached a record efficiency of over 22.6% [1] typically using cadmium
sulphide (CdS) as the buffer layer. The associated
technology is a promising option in industrial productivity, due to its lower manufacturing cost and higher
efficiency [2]. However, developing cadmium-free (Cdfree) buffer layer for CIGS solar cells is significant
in solving environmental issues. Indeed, in September
2013, the European Union registered CdS as a substance
of very high concern, due to its carcinogenicity [3].
Therefore, restrictions for its usage are likely to occur
in the future despite its broad range of application in
CdTe solar cells [4] as in CIGS. The photovoltaic (PV)
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community has done many studies, to find Cd-free buffer
layers and among the alternative buffer layers, zinc oxysulphide (Zn(O,S)) stands as a promising candidate to
substitute CdS. It drew the attention of the PV community within the last decade, especially because of its
wider band gap [5]. A record efficiency of 20.9% has
been achieved using Zn(O,S) buffer layer [6]. However,
the main problem related to the usage of Zn(O,S) as
the buffer layer in CIGS modules, is the stability of the
solar cell. Stability is affected by both the deposition
process of the buffer layer, and by the band alignment
between CIGS/Zn(O,S)/window layer. According to
Naghavi et al [7], the nature and the deposition process
of the Zn(O,S) buffer layer and the undoped window
layer affect the stability and the efficiency of the solar
cell. In this work, we present a new solar structure, in
which we suggest the reduction of the thicknesses of the
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CIGS-absorber and Zn(O,S)-buffer layers as a way of
improving their deposition time and then, we address
the influence of sulphur content in ultrathin device. We
present the influence of such reductions on the electrical properties of the device. Different groups have
studied ultrathin CIGS solar cells experimentally in the
last decade [8-11], but most of them focussed on reducing only the absorber thickness, without considering the
buffer layer. Platzer-Björkman et al [12] showed how
the variation of Zn(O,S) thickness and oxygen concentration influence the energy band alignment. But they
performed their investigations without considering the
advantages of reducing the absorber thickness while in
this work, we take a look at those considerations. We
address the advantages of adding a back surface field
(BSF) layer between the ultrathin absorber and the back
contact. A few studies pointed out the effect of a BSF
layer in ultrathin CIGS solar cell [13–15], but none of
them investigate those effects in ultrathin CIGS solar
cells with Zn(O,S) buffer layer.

2. Device model and simulation details
The investigated cell structure is a stack of several layers
with various thicknesses, built as presented in figure 1.
The layer between the absorber and the buffer layers is
the ordered vacancy compound (OVC) layer. Its growth
on the surface of CIGS films is beneficial to the performance of the cells because, at the buffer/absorber
interface, it moves the electrical junction away from high
recombination [16]. MgF2 acts as an antireflection layer,
thus increases photons absorption. Discussion about the
other layers included in our cell are available in [13,17].
We simulated the cell structure of figure 1b using
the one-dimensional simulation program solar cell
capacitance simulator version 3.3.00 (SCAPS-1D) [18].
SCAPS-1D program calculates the internal electrical
parameters of CIGS solar cells by solving the Poisson’s
equation, as well as electrons and holes continuity equations. Recombination currents are calculated using the
Shockley–Read–Hall (SRH) model for bulk defects and
an extension of the SRH model for interface defects.
Simulations can investigate the effects of doping concentration, free carrier mobility, band gap, structural
properties and layer thicknesses on device performance.
The material parameters used as initial input for simulations are given in table 1. However, the properties
of the absorber layer have been taken from [19]. The
default illumination spectrum is set to the global AM1.5
standard and the influence of the series resistance is
not considered. The temperature and the incident light
power (Ps ) have been set equal to 300 K and 1000 W/m2
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respectively. In the first part of our simulations, we do
not consider the BSF layers.

3. Results and discussion
3.1 Comparison with experimental results
Figure 2 shows the J –V characteristics of our solar
cell of figure 1b using the data of table 1 and the J –
V characteristics obtained using experimental data. We
defined the thickness of the absorber layer to be 2.5
μm as in the experiment and doping concentration to be
2×1016 cm−3 . In our previous paper, we calibrated the
program to reproduce exactly the experimental result
with the CdS layer. We used this previous model by
replacing the CdS layer by the Zn(O,S) layer [19]. The
discrepancy observed in the parameters of the J –V characteristic when the CdS layer is replaced by the Zn(O,S)
layer, mainly the higher short-circuit current density, is
due to the wide band gap of the Zn(O,S) buffer layer
compared to the CdS layer, contributing to the limitation
of the losses caused by high-energy photon absorption
in CdS. Moreover, this discrepancy can also originate
from the cells area, which is set to 1 cm2 in our simulation package and half for the experimental samples.
In table 2, we present and compare the obtained results
with those obtained experimentally by Jackson et al [1]
for the standard CdS. The fill factor (FF) is close to the
one obtained experimentally. However, the difference
noticed in open circuit voltage (Voc ) is obviously due
to the recombination of charge carriers, which occur in
the bulk of the absorber, at the buffer/absorber interface
and at the back contact. Thus, the J –V characteristics
of the experimental data and our simulation have the
same trend, and the obtained results validate our set of
data as baseline for simulation and confirm Zn(O,S) as
an alternative to CdS.
3.2 Influence of the thickness of the absorber on
electrical parameters
In this section, we discuss the influence of the thickness
of the absorber and doping, on the electrical parameters
of the cell; beforehand, we set the buffer layer thickness at 50 nm as it is commonly set in experiments.
We can see in figure 3a that Voc is dependent more on
the variation of the doping concentration and less on
the absorber thickness. It can even reach very important
values which are greater than 0.85 V. This enhancement
may be attributed to dopants which increase the acceptor and free carrier concentration by passivating defects
and reducing interdiffusion of elements in the absorber.
Tokio Nakada [20] reported, for the case of Na elements
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Figure 1. Structures of CIGS-based solar cell used in the simulation: the CdS layer is replaced by a Cd-free layer.

thickness of the absorber layer when the doping concentration is below 1015 cm−3 and it remains almost
constant for a doping concentration greater than this. To
analyse FF losses, we have used empirical expression
that relates FF to Voc and the quality factor A (eq. (1))
[24].
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voc − ln(voc + 0, 72)
(1)
voc + 1

where voc = q Voc AkT .
According to this equation, the losses of FF are related
to those of Voc ; they are mainly due to bulk recombination and granular structure which impede, at low doping
concentration, the collection of charge carriers. Increasing the absorber thickness with such doping level would
bring more defects and not enough dopants, leading to
transient effects on the cell’s performance. This could
explain the drop of Jsc with the increasing thickness
observed under 1015 cm−3 in figure 3c.
The short-circuit current (Jsc ) shows the same trend
as Voc for low doping concentrations (see figure 3c).
However, a high doping level of the absorber layer leads
to an increase in Jsc with thickness. The loss of Jsc , in
the doping concentration range of 1016 –1020 cm−3 is
due to the amount of charge carriers brought in the bulk
of the absorber by doping. Moreover, the reduction of
the space charge region due to the high doping level
could be one reason for this loss [25]. Indeed, in ultrathin
layers, a high doping level increases the concentration
of carriers and then the probability of carrier collision.
Therefore, the mobility of charge carriers decreases by
increasing consequently the recombination, and hence
the low values of Jsc . However, in thicker absorber layers, the collision phenomenon diminishes leading to the
increase of Jsc . When the doping concentration is 1015
cm−3 , Jsc shows no dependency on the thickness and
its value is about 35 mA/cm2 . This result is 5 mA/cm2
FF =

0.8

Voltage (V)

Figure 2. Comparison of current–voltage simulation curve
with experimental data of ref. [1].

for instance, their effects on CIGS structure as a reason
of Voc enhancement. Additionally, according to Anderson’s model used in SCAPS-1D for the calculation of
conduction (E C ) and valence (E V ) band offset [21],
E V ≥ 0.15 eV at the CIGS/OVC interface, leads to
the highest Voc by suppressing the interface recombination. This result is in good agreement with the work of
Nishimura et al [22]. For doping concentrations of 1017
cm−3 and 1018 cm−3 , Voc coincide. At these doping levels, the supplementary carriers are no longer collected
and are recombined as soon as generated because of the
suboptimal band alignment at the absorber–buffer interface. However, we surprisingly observe a large increase
of Voc for doping concentrations higher than 1018 cm−3 .
We are tempted to believe, from our simulations that,
the doping concentration can enhance band alignment
at the CIGS/Zn(O,S) interface, as the generally low
value of Voc in CIGS solar cells buffered with Zn(O,S)
layers is due to the suboptimal band alignment at the
buffer/absorber interface [23].
On the other hand, the trend of FF depends on whether
the doping concentration is less or greater than 1015
cm−3 (figure 3b). In fact, FF sharply decreases with the
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Figure 3. Variation of the electrical parameters with respect to the thickness according to the doping concentration.
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Figure 4. Influence of Zn(O,S) thickness on the electrical parameters according to the CIGS thickness.
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Interface state
Interface conduction band offset: E c (eV)
Defect density and type: N (cm2 )
Capture cross-section electrons: σe (cm2 )
Capture cross-section holes: σh (cm2 )

Defect density and type: N (cm−3 )
Capture cross-section electrons: σe (cm2 )
Capture cross-section holes: σh (cm2 )

Layers properties
Layer thickness: w (nm)
Layer band gap: E g (eV)
Electron affinity: χ (eV)
Dielectric relative permittivity: ε/ε1
Conduction band effective density of states: Nc (cm−3 )
Valence band effective density of state: Nv (cm−3 )
Electron thermal velocity: νe (cm/s)
Hole thermal velocity: νh (cm/s)
Electron mobility: μe (cm2 /Vs)
Hole mobility: μh (cm2 /Vs)
Doping concentration (cm−3 )

Table 1. Parameters used for the simulation of different configurations.
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Table 2. Comparison between simulation and experimental data of ref. [1].
Voc (V)

Jsc (mA/cm2 )

FF (%)

Efficiency (%)

50
30–50

0.677
0.741

40.13
37.8

79.73
80.6

21.68
22.6

greater than that of the standard CdS reported in [26].
All the other electrical parameters are almost constant
at 1015 cm−3 doping concentration.
Furthermore, the doping concentration enhances the
efficiency as one can see in figure 3d. But it drops significantly for doping concentration below 1015 cm−3 .
This is a consequence of the variation of FF, Voc and Jsc
as shown in eq. (2). Between 0.5 μm and 1.5 μm, efficiencies up to 21.5% can be achieved with a doping
concentration of 1017 cm−3 . This result on the efficiency would be even greater if the band alignment at
the buffer/absorber interface is optimised. Although we
obtain a better result of the efficiency with doping concentration greater than 1017 cm−3 , their effects on the
other electrical parameters (FF and Jsc ) are detrimental
for the cell at ultrathin layers.
FF ∗ Voc ∗ Jsc
.
(2)
η=
Ps
With regard to the previous results, Voc and FF are
more dependent on the doping concentration, while Jsc
depends much more on the absorber thickness. But high
values of those electrical parameters can be obtained
using ultrathin absorber.

17.3
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Figure 5. Comparison of efficiencies of CIGS cells buffered
Zn(O,S) and CdS at 0.5 μm absorber thickness.

The results obtained above show that, using 1 μm of the
absorber and an average doping concentration of 1017
cm−3 , an efficiency of 20.2% can be achieved. Thus,
the thickness ranging from 0.5 to 1 μm looks optimal
for reaching high efficiencies with ultrathin absorber.
In this section and for 0.5–1 μm thickness range, we
investigated the changes in electrical parameters when
the buffer thickness is also reduced and we showed the
influence of sulphur content in ultrathin device.

0.5 μm thick. The corresponding efficiency of 16.9%
is close to the one obtained with a same thickness of
the standard CdS (figure 5). Indeed the reduction of the
CdS layer to 10 nm, as is the case with Zn(O,S), leads
to an efficiency of 17.3% which is only 0.4% higher
than the efficiency of the cell with Zn(O,S). However,
the doping profile shows a high density of charges in
the depletion region (figure 6), which may originate
from the presence of defects in the absorber layer. These
defects increase the band bending at the absorber–buffer
interface and increase recombination, hence the drop
of charge carriers. Indeed, photogenerated charges are
strongly recombined close to the p-area of the depletion
region and are probably tunnelling assisted. But, close to
the interface, we notice a uniform distribution of charges
although they decrease in density. This homogenisation
of charges toward the interface is the proof of a relatively good band alignment in spite of the bending effect
induced by the defects in the p-area of the depletion
region. It also explains the constancy of Jsc and Voc
obtained with the decrease of the buffer layer.

3.3.1 Influence of buffer thickness on the electrical
parameters. There is a slight increase in FF and efficiency when the thickness of the buffer layer decreases
(η=20.3% when the thickness of Zn(O,S) layer = 10
nm), while Voc and Jsc remain constant as shown in figure 4. This may be due to the fact that, the reduction of
the buffer layer does not affect the width of the space
charge region in the CIGS layer. Then, there is no loss
of free charge careers and their collection is slightly
improved. The thickness of the Zn(O,S) layer can also
be decreased from 50 nm to 10 nm without losses in
the cell’s performance, if the CIGS absorber is only

3.3.2 Influence of the band-gap energy on the electrical parameters. The sulphur content in the buffer layer
can affect its band-gap energy, as shown in eq. (3) [27],
in which we assumed that the contribution of hydroxides is negligible. E ZnS = 3.6 eV and E ZnO = 3.2 eV
are the energy band gaps of the binary compounds, b
~3.1 eV [5] is the optical bowing parameter and x is the
sulphur content. The bowing effect results in different
behaviours of the valence band maximum and the conduction band minimum relative to x [28]. For ultrathin
Zn(O,S) layers, the sulphur content in the buffer layer

3.3 Buffer properties
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Figure 6. Doping profile of the cell.

has no significant effect on the electrical parameters (figure 7), and the modifications it implies on the optical
properties, through the band-gap variation, seem to have
no beneficial or detrimental effect on the cell’s properties
as they remain constant when the sulphur content varies.
Indeed, at this thickness range, the Zn(O,S) buffer layer
is not thick enough to have an effective control of the
conduction band offset (CBO) at CIGS/Zn(O,S) interface. Therefore, the change of band-gap energy would
not lead to significant change in conduction band and
therefore in the solar properties. Nevertheless, when x
is set between 0.6 and 0.9 (figure 8) recombination currents diminish leading to an increase in the direct current
of the junction. Indeed, recombination currents cause
the variation of hole and electron currents while crossing the depletion region. This variation, which is due
to the generation and recombination occurring in the
depletion region, cuts down or increases the direct current at the junction. In the latter range of x, the sulphur
content improves the generation phenomena of free carriers in the depletion region and hence decreasing the
recombination current in that range. This explains the
slight increase of η and FF in figures 4a and 4b. The constancy of the electrical parameters of ultrathin devices
can be helpful for improving the deposition time of the
Zn(O,S) buffer layer on CIGS samples and the results
obtained are encouraging in replacing the standard CdS
by Zn(O,S).
E Zn(O,S) = x E ZnS + (1 − x) E ZnO − b (1 − x) x. (3)
3.4 Effects of back surface field (BSF)
In this section, we focussed on the ultrathin absorber
of 0.5 μm and we performed numerical analysis of the
effects on the cell’s performances of two different back
surface field (BSF) materials already reported in literature [14,15]: tin selenide (SnSe) and a highly doped
CIGS layer (known as p+ -CIGS layer). Indeed, the ultrathin state of the absorber layer increases recombination
of minority carriers at the back contact, then it is always

2.6

2.8

3.0

3.2

3.4

3.6

E g (eV)

Figure 7. Variation of electrical parameters with the band–
gap energy.

of great importance to use a BSF layer to cut down those
recombination effects and use an ultrathin absorber. The
structure of our solar cell is defined as follows: ZnO:B/iZnO/Zn(O,S)/OVC/CIGS/BSF/Mo/substrate
(figure 9).
The thickness and the band gap of the buffer layer
have been set to 10 nm and 3.2 eV, respectively. We
assumed flat band conditions between the BSF and the
back contact. Figure 10 presents the current–voltage
characteristics of the structures without and with the
BSF. Table 3 presents the resulting performances.
The results obviously show that, the BSF has beneficial effects on the cell’s performance, but each of
them does not have the same effect on the cell. The
addition of a BSF layer cuts down the recombination
and increases charge collection, hence the increase of
Voc (table 3). SnSe seems more beneficial to the cell
than the p+ -CIGS layer as it leads to the highest electrical parameters. Moreover, its cell’s efficiency is less
adjustable by doping than the one with p+ -CIGS layer
(figure 11). The efficiency obtained is comparable to the
one obtained by Jackson et al [1]. More interestingly,
we obtained this efficiency of 22.86% with an ultrathin CIGS layer of 0.5 μm and a buffer layer of 10 nm
only, while the results obtained experimentally needed
an absorber thickness of 2.5–3 μm and a buffer thickness
of 30–50 nm, thanks to the BSF, which repels the charge
carriers from recombination at the back contact by modifying the states’ interfaces between the absorber and the
back contact. However, the cell structure with SnSe is
less stable than the one with p+ -CIGS layer. Indeed,
the efficiency drops for both structures (figure 11) as
the temperature varies and the average decreasing rate
is 2.78% and 1.36% in the cell structure with SnSe and
p+ -CIGS layers respectively. The low stability of the
cell with SnSe is due to the atomic diffusion and mainly
to the strong band bending at the SnSe/absorber interface (figure 12a). Indeed, an electron barrier is formed
near the SnSe/absorber interface due to the shift of the
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Figure 8. Variation of the total recombination current with the band-gap energy.
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Figure 9. Structure of the CIGS-based solar cell with BSF.
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can act as carrier traps and as high recombination
area; but regarding the band alignment at Zn(O,S)/OVC
interface, charge carriers would unlikely be trapped
at that interface. The good band alignment observed
can also explain why there is no variation of Voc and
Jsc in ultrathin absorber and buffer layers (figures 4c
and 4d). The range of optimal CBO at room temperature is approximately 0.1–0.4 eV [29,30], and our
result is then in good agreement with the last result.
Moreover, the obtained result is not far from the one
((0.09 ± 0.02) eV) obtained by Mezher et al [31]. On
the other hand, the abrupt valence band offset (VBO) at
the OVC/buffer interface is due to the wide band gap of
the buffer and window layers with respect to those of the
absorber; but this high VBO has no influence on carrier
collection.
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Figure 10. Current–voltage characteristics of the structures
without and with different BSF layers.

Fermi level towards the valence band maximum. Hence,
a strong bending is observed in figure 11a. Actually,
the p+ -CIGS/absorber interface does not lead to such
a strong band bending because both layers are made of
the same material. Therefore, defect states are less at
that interface (figure 12b).
In both structures, CBO at the CIGS/Zn(O,S) interface is +0.2 eV. There is a low band bending between
the buffer, the OVC and the absorber’s conduction band,
because of the uniform distribution of charge carriers
observed in figure 6 leading then, to a good transfer
and collection of charge carriers. However, the spike
at the buffer’s conduction band (figures 12a and 12b)

We performed an investigation on the electrical properties of CIGS solar cells with Zn(O,S) buffer layer
using SCAPS-1D. We showed that, ultrathin absorber
in the range of 1–0.5 μm can exhibit high efficiencies up to 20.2% when the buffer layer is 50 nm. Some
of the electrical parameters of the cell remain constant
when the sulphur content varies and when the Zn(O,S)
layer is reduced from 50 nm to 10 nm, while some of
them increase slightly. Indeed, with only 10 nm thick
Zn(O,S) layer, we obtained efficiencies of 20.3% and
16.9% using CIGS absorber thicknesses of 1 μm and
0.5 μm, respectively. However, the efficiency dramatically increases to 18.91% and 22.86% by introducing a
p+ -CIGS layer and a SnSe layer as BSF respectively, but
the cell with the SnSe is less stable than the one with the
p+ -CIGS layer. The total recombination current drops
when the sulphur content is set between 0.7 and 0.9
and the band diagram of our numerical sample has a
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Table 3. Electrical parameters of the cell’s structures with and without BSF.

Without BSF
With p+ -CIGS layer
With SnSe layer

Voc (V)

Jsc (mA/cm2 )

FF (%)

Efficiency (%)

0.672
.689
.761

32.2
35.05
37.75

77.74
78.25
79.46

16.83
18.91
22.86

Figure 11. Variation of efficiency with temperature and doping concentration of the BSF.

(a)

(b)

Figure 12. Band energy diagram of the structure with (a) SnSe and (b) p+ -CIGS as BSF.

CBO of +0.2 eV at the CIGS/Zn(O,S) interface. These
results on the thickness are relevant as they can lead to
the improvement of the deposition time of the Zn(O,S)
buffer layer and therefore, improve the efficiency of the
cell.
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