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Abstract. In this work, we carried out the study of electrical characteristics with twodimensional numerical analysis by using the Aided Design (TCAD Silvaco) software for
CdS/CuInGaSe2 (CIGS) thin solar cells. Their structure is composed of a thin CIGS solar
cell in the configuration: ZnO(200 nm)/CdS(50 nm)/CIGS (350 nm)/Mo. Then ZnO is used
for conductive oxide contacted transparent front of the cell. For rear contact, the
molybdenum (Mo) is used. The layer of the CdS window and the shape of the CIGS
absorber is the n-p semiconductor heterojunction. The performance of the cell was
evaluated by applying the defects created in the grain joints of polycrystalline CdS and
CIGS material and CIGS/CdS interface in the model, and the physical parameters used in
the TCAD simulations have been calibrated to reproduce experimental data. The J–V
characteristics are simulated under AM1.5 illumination conditions. The conversion
efficiency (η) 20.10% has been reached, and the other characteristic parameters have been
simulated: the open-circuit voltage (Voc) is 0.68 V, the circuit-current density (Jsc) is equal
to 36.91 mA/cm2, and the form factor (FF) is 0.80. The simulation results showed that the
molar fraction x of the CIGS layer has an optimal value around 0.31 corresponding to a gap
energy of 1.16 eV, this result is in very good agreement with that found experimentally.
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1. Introduction

The solar cell with CIGS of molar fraction x = 0.3
corresponds to the gap energy of 1.1…1.2 eV and being
manufactured on glass substrates has a yield of 20%
under AM1.5G [5], as reported by the research team of
NREL (National Renewable Energy Laboratory). In
recent years, advances have resulted in better cells with a
CIGS layer between 2.5 and 3 µm thick, and an energy
gap in the range between 1.2 and 1.3 eV, exceeding 20%
efficiency and reaching a new world record of 20.3% [6].
A numerical simulation study by using the AMPS-1D
simulation tool of a solar cell in CdS/CIGS resulted in a
maximum efficiency of 19% [7]. The improvement of the
efficiency of the solar cell in CIGS is mainly through the
use of double solar cells (tandem), triple- or multijunctions which are composed of layers having different
gap energies to exploit the different regions of the
energies in solar spectrum. In this work, we will use the
Atlas simulator of the TCAD-Silvaco software in the
design and study of a solar cell with CIGS. The Atlas
tool allows to design and predict the performance of
semiconductor devices and solar cells. This work will

Thin-film solar cells have large-scale terrestrial
photovoltaic applications due to their low manufacturing
price. A number of semiconductors including CdTe
polycrystalline, CIGS and amorphous silicon (a-SI) have
been developed for thin-film solar cells. CIGS-based
solar cells have excellent stability and radiation
resistance [1, 2]. They have a considerable interest in
space applications, proton and electron irradiation tests
on solar cells in CIGS and CdTe have shown that their
stability against particle irradiation is superior to that of
solar cells in Si or III-V semiconductors [3]. CIGS is a
semiconductor with an appropriate energy gap and a high
optical absorption coefficient in the visible range of solar
spectrum. The film absorption coefficient in CIGS is 100
times higher than that of Si in the visible range of solar
spectrum. The maximum efficiency of the best CIGS
solar cell manufactured on stainless steel substrates is
17.5% under the AM1.5G [4] illumination conditions.
The structure of this device is composed as follows:
MgF2/ITO/ZnO/CdS/CIGS/Mo/stainless steel substrate.
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contribute to a better understanding and analysis of solar
cells based on CIGS. In this study, we will simulate the
effect of thickness, doping of CIGS layers and molar
fraction x on solar cell photovoltaic parameters.
2. Theoretical
2.1. Diagram of solar cell energy bands in CIGS at
thermodynamic equilibrium
The energy band diagram for the CIGS solar cell simulated
at thermodynamic equilibrium is shown in Fig. 1.
2.2. Structure of the cell under study
The solar cell studied in this work is a heterojunction
(n-p) containing the following layers (Fig. 2).

Fig. 1. Diagram of the energy bands of the CIGS solar cell
under thermodynamic equilibrium.

2.3. Physical models and input parameters
The models we used in our simulation are described in
the Atlas literature and in the literature [2, 3]. They and
are as follows:
 The Shockley–Read–Hall (SRH) recombination
model.
 The recombination model at the CdS/CIGS
interface: the recombination speeds of electrons
(holes) Sn (Sp) = 105 cm/s.
 The defect density model: we considered two
Gaussian distributions of defects corresponding to
donor states in ZnO [4], the acceptor states present
in CdS [4] and the acceptor states in CIGS [5].
The parameters of ZnO, CdS and CIGS materials
used in the simulated solar cells are reported from [4] and
summarized in Table 1. In Table 2, we have the grouped
values of the defect density parameters. Where NDG and
NAG are the integrated values of the Gaussian distributions. Gaussians are entered at the energies EGA and
EGD, respectively. WG is the width of the distribution.

Current density (mA.cm-2)

Fig. 2. Structure
(ZnO/CdS/CIGS).

Table 1. Parameters of ZnO, CdS and CIGS materials used in
solar cell simulation.
Material
ZnO
CdS
CIGS
Parameters
Thickness (µm)
0.2
0.05
3.5
Eg (eV)
3.3
0.05
1.16
Nc (cm–3)
2.2·1018
2.2·1018
2.2·1018
–3
19
19
Nv (cm )
1.8·10
1.8·10
1.8·1019
Mobility of
25(100)
25(140)
25(140)
electrons (cm²/V·s)
Permittivity
9
10
13.6
Electronic
4.7
4.5
4.8
affinity (eV)
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Fig. 3. Characteristic J(V) of the solar cell with the CIGS layer.

3. Results and discussion
3.1. Electrical characteristic of the solar cell
The electrical characteristic (J–V) under illumination by
the solar spectrum under AM1.5 and power density
100 mW/cm2 is shown in Fig. 3. The short-circuit current
density Jsc = 36.91 mA/cm², the open-circuit voltage
Voc = 0.68 V, the form factor FF = 80% and the
conversion efficiency η = 20.1%.
We have the possibility to examine the distribution
of the rate of photogeneration in the structure under
illumination with the solar spectrum AM1.5, and in the
short-circuit mode it is represented in Fig. 4. It shows the
rate of photogeneration in logarithmic scale as a function
of the cell thickness. The results show that the photogeneration rate is maximum at the surface of the solar
cell exposed to light, and then it becomes almost constant
in the rest of the solar cell.

Table 2. ZnO, CdS and CIGS material defect density
parameters.
Material
ZnO
CdS
CIGS
Parameters
–3
17
15
NDG, NAG (cm )
D: 10
A: 10
A: 1015
Middle of
Middle of
Middle of
EGA, EGD (eV)
the gap
the gap
the gap
WG (eV)
0.1
0.1
0.1
σn (cm2)
10–12
10–17
2·10–16
σp (cm2)
10–15
10–13
10–15
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Table 3. Simulation and experimental parameters of the
photovoltaic cell with the CIGS layer.

Simulation

Jsc
(mA·cm2)
36.91

Photogeneration (1/s.cm-3)

Experimental

35.4

1021
10

20

10

19

Voc (V)

FF (%)

η (%)

0.68

80

20.1

0.74

77.5

20.3

We see an increase in these parameters with
increasing the CIGS layer. For the thickness of absorbing
layer close to 0.5 µm, the obtained yield is 10%. The
highest efficiency found is 21.5%, which corresponds to
the thickness 5 µm of the absorbing layer. These results
are consistent with simulation results in [8, 9]. The
increase in conversion efficiency is mainly due to the
increase in the thickness of absorbing layer of p-type in
CIGS. As the thickness of this layer increases, more
photons with longer wavelengths can be collected in the
absorbing layer [10, 11].
As a result, this will contribute to higher generation
of electron-hole pairs and, therefore, to increasing the
open-circuit voltage and short-circuit current. The
increase in Voc and Isc leads to an increase in the
conversion efficiency of the solar cell. A very thin
absorbing layer physically means that the back contact
and the depletion region are very close, which promotes
electron capture through this contact. This form of
recombination process is detrimental to cell performance,
as it affects Voc, Jsc and conversion efficiency.

NA= 5x1016 cm-3
photogeneration

1018
1017
1016
1

2

3

4

5

Position (µm)

Fig. 4. Photogeneration rate as a function of the thickness of the
solar cell (Na = 5e16, x = 1 to 5 μm).

3.3. Effect of CIGS layer doping

From Fig. 4, we will see that most of the excess
carriers are generated in the CIGS absorber, with a less
concentration in the vicinity of the surface due to
recombination.

The effect of doping the CIGS layer (3.5 µm) on the
cell’s photovoltaic parameters was simulated using the
doping concentration values within the range 2·1015 to
1018 cm–3. The concentration of CdS doping Nd (50 nm)
was 2·1018 cm–3.
The photovoltaic characteristics have been
illustrated in Figs 6a to 6d. The concentration of CIGS
absorbing layer doping systematically influences Jsc, Voc
and FF. In particular, a maximum of the yield  = 21.5%,

3.2. Effect of CIGS layer thickness
We simulated variation of solar cell photovoltaic
parameters according to the thickness of the CIGS layer
between 0.5 and 5 µm, and the CdS layer is 50 nm. The
simulation results are illustrated in Figs 5a to 5d.

Fig. 5. Variation of solar cell photovoltaic parameters in accord with the thickness of the CIGS layer.
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Fig. 6. Variation of solar cell photovoltaic parameters in accord with the thickness of CIGS layer.

3.4. Effect of Ga molar fraction in CuIn1–xGaxSe2

Recombination rate (cm-3.s-1)

the open-circuit voltage and the form factor occurs for
the concentration of doping of the order of 5·1017 cm–3.
According to the figure, there is a rapid decrease in
short-circuit current density with the increase in doping
the CIGS layer, this is caused by the increase in recombination rate inside the CIGS [12] layer with doping as
shown in Fig. 7. This effect of doping was also obtained
in [10].

The quaternary compound CuIn1–xGaxSe2 (CIGS) is
characterized by a forbidden band that varies with the
composition in Ga. The molar fraction x = Ga/(Ga+In)
changes the bandwidth (gap) according to the following
equation [13]:
E g x   1.010  0.626 x  0.167 x 1  x  .

(1)

Table 4 shows the change in gap energy as a
function of x.
In our simulation model, we used experimental
measurements of the density of defects as a function of
the molar fraction in CIGS performed by Hanna et al.
[14]. We took into consideration the increase in the
defect density of the CIGS layer with the molar fraction x
(Fig. 8).

1020

1019

1018

Na =1016 cm-3
Na =1017 cm-3

1017

Table 4. The gap energy as a function of x.

Na =1018 cm-3

16
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0
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2
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Fig. 7. Recombination rate in the structure for different values
of the doping concentration Na in the CIGS layer.

Composition x

Gap energy (eV)

0
0.31
0.45
0.66
1

1.01
1.15
1.25
1.38
1.63
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Fig. 8. Change in defect density as a function of the molar
fraction x of Ga used in solar cell modeling in CIGS.

Fig. 9. Characteristics J(V) as a function of the molar fraction x
of Ga.

The density of defects is 3·1015 cm–3eV–1 for x = 0
and then decreases to 1.8·1015 cm–3eV–1 for x = 0.2. From
this value, the defect density increases to 5·1017 cm–3eV–1
for x = 1.
Fig. 9 shows the J(V) characteristics for five molar
fraction values taking into account the dependence of the
CIGS defect density on x (Fig. 8).
We note that the main effect of increasing x (the
gap) of the CIGS layer is in the growth of the opencircuit voltage and decreasing the short-circuit current.
The increase in the width of the gap enhances the opencircuit voltage that reaches the value 0.88 V for x = 1,

while there is a decrease in the short-circuit current
caused by reducing the number of photons absorbed.
The solar cell photovoltaic parameters as a function
of the molar fraction x are shown in Fig. 10. The yield
increases with x, starting from x = 0.31, the yield
decreases down to 11% at x = 1. A high Ga x composition corresponding to a high density of defects causes a
drop in the short-circuit current and subsequent solar cell
efficiency. Noting that the optimum value of the yield
20.1% at x = 0.31 corresponding to a gap energy of the
order of 1.16 eV is in very good agreement with that
measured [7, 15].

Fig. 10. Variation of solar cell photovoltaic parameters as a function of the molar fraction x.
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Fig. 11. Efficiency as a function of the energy gap of the CIGS
layer.
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The energy efficiency of the experimental gap [16]
is shown in Fig. 11. The energy of the optimal gap is
~1.15 eV, which is in very good agreement with that we
obtained by simulation.

Fig. 13. Characteristics J(V) of three solar cells with CIGS; the
first with a window layer of ZnO, the second with a window
layer of ZnO:Al, and the third – with a double layer of ZnO and
ZnO:Al.

3.5. Effect of the ZnO window layer: Al on the solar
cell in CIGS

Table 5. Photovoltaic parameters.

CIGS solar cells use an Al-doped (ZnO:Al) ZnO layer
more frequently. A combination of an intrinsic layer
(ZnO) and a doped layer (ZnO:Al) is generally used
because this double layer promotes higher yields [17]. So
in our study, we simulated the effect of the ZnO:Al
window layer (300 nm) and the ZnO and ZnO:Al double
layer (500 nm). The structures of the two solar cells
are shown in Fig. 12. The doping thickness and
concentration of the two layers in CdS and CIGS are as
shown in Table 3.
The electrical characteristics J(V) of three solar
cells with CIGS; the first with a window layer of ZnO,
the second with a window layer of ZnO:Al, and the third
with a double layer of ZnO and ZnO:Al are shown in
Fig. 13.
The photovoltaic parameters Jsc, Voc, FF, and  of
the three solar cells are grouped in Table 5.
Being based on these results, we note that the
efficiency of the solar cell with the double window layer

ZnO

FF
(%)
80

Voc (V)
0.68

Jsc
 (%)
(mA·cm–2)
36.91
20.1

ZnO:Al

81.38

0.68

36.36

20.21

ZnO:Al + ZnO

80.06

0.68

37.33

20.37

of ZnO and ZnO:Al is higher than that with the window
layer of ZnO or ZnO:Al only, it increases from 20.1 up to
20.37%. The improvement of the efficiency of the solar
cell in CIGS by using the double window layer in ZnO
and ZnO:Al is related to the improvement of the
conductivity of the ZnO:Al [18] layer by the doping with
Al and the decrease of its serial resistance. Increased Al
doping concentration affects the optical gap, and ZnO
conductivity increases [6, 19]. The ZnO:Al layer has a
high transparency in the visible range, it is characterized
by a high optical transmission, which allows the efficient
transport of photons to the active CIGS layer [20, 21].

(a)

(b)

Fig. 12. (a) Structure with ZnO:Al, (b) structure with ZnO + ZnO:Al.
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4. Conclusion
The numerical simulation of the solar cell allowed us to
calculate the photovoltaic parameters that characterize
the solar cell. The values of these photovoltaic
parameters are as follows: the short-circuit current
density Jsc = 36.91 mA/cm², the open-circuit voltage Voc
= 0.68 V, the form factor FF = 80%, and the conversion
efficiency  = 20.1%. These values are in very good
agreement with those found experimentally.
We then studied the sensitivity of the photovoltaic
parameters of the solar cell to the dimensions (thickness,
doping) of the CIGS layer of p-type and the molar
fraction x of CIGS. We observed an increase in
photovoltaic parameters, when the thickness of the CIGS
layer increases. The highest found efficiency is 21.5%,
which corresponds to the thickness close to 5 µm. The
concentration of the CIGS absorbing layer doping
systematically influences the photovoltaic parameters.
There is a rapid drop in short-circuit current density with
doping. In particular, the maximum efficiency
 = 21.5%, the open-circuit voltage and the form factor
occur for the concentration of doping close to
5·1017 cm–3. An improvement in the performance
inherent to the solar cell with CIGS has been reached by
addition of the ZnO:Al window layer.
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Дослідження електричних характеристик сонячних елементів з гетеропереходом CdS/CIGS
H. Amar, M. Amir, H. Ghodbane, B. Babes, M.N. Kateb, M.A. Zidane, A. Rauane
Анотація. У роботі проведено дослідження електричних характеристик двовимірним чисельним аналізом за
допомогою програмного забезпечення Aided Design (TCAD Silvaco) для тонких сонячних елементів
CdS/CuInGaSe2 (CIGS). Структура складається з тонкого сонячного елемента CIGS у конфігурації:
ZnO (200 нм)/CdS (50 нм)/CIGS (350 нм)/Mo. Потім ZnO використано для провідного оксиду у контакті з
прозорою передньою частиною елемента. Для зворотного контакту використовується молібден (Mo). Шар
вікна CdS і форма поглинача CIGS – це напівпровідниковий n-p гетероперехід. Продуктивність елемента
оцінювалась з урахуванням кількості дефектів, утворених поблизу стиків полікристалічного матеріалу CdS і
CIGS біля інтерфейсу CdS/CIGS у моделі, а фізичні параметри для TCAD моделювання було відкалібровано з
метою відтворення експериментальних даних. J–V характеристики моделюються за умови освітлення AM1.5.
Ефективність перетворення (η) досягає 20,10%. Tакож моделюються інші характерні параметри: напруга
розімкнутого контуру (Voc) дорівнює 0,68 В, густина струму контуру (Jsc) дорівнює 36,91 мА/см2 та формфактор (FF) становить 0,80. Результати моделювання показали, що молярна частка х шару CIGS має
оптимальне значення близьке до 0,31, що відповідає енергії забороненої зони 1,16 еВ, це дуже добре
узгоджується з експериментальними значеннями.
Ключові слова: фізичне моделювання, програмне забезпечення TCAD Silvaco, CIGS сонячний елемент,
гетероперехід.
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