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Abstract

The aim of our study is the development and simulation of thin films structure based on Culn;,Ga,Se;
semiconductors alloys to improve the conversion efficiency of solar cells. We studied and simulated the variation
effect of the Gallium concentration on some physical and electrical properties (lattice parameter, strain, energy gap,
refractive index, absorption coefficient and J (V) characteristic), this in order to optimize the best possible
performances for solar cells. Then, we studied the influence of surface state density and temperature on solar devices
characteristics. For better performance of our structure based on Culnl-xGaxSe2, the concentration of gallium must
be less than 40% and this to avoid the lattice mismatch with CdS buffer layer. We have demonstrated by simulation
models the possibility for efficiency to reach 22% in the case of Culny,Ga,Se, thin films solar cells.

© 2012 Published by Elsevier Ltd. Selection and/or peer review under responsibility of The TerraGreen Society.
Open access under CC BY-NC-ND license
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1. Introduction

The copper indium diselenide, gallium (CIGS) is a multi-crystalline semiconductor of p-type with a high
optical absorption coefficient. This material is used in heterojunction structures for thin film solar cells,
often with a thin layer of n-type cadmium sulfide (CdS). The optimal band gap for a single junction solar
cell is about 1.4eV. Pure CulnSe; has a gap equal to 1.04 eV [1]. To increase the width of the band gap,
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indium can be partially replaced by gallium and then we obtain the alloy of copper indium gallium
diselenide (CIGS). When the percentage of gallium is in the margin of 20-40%, the Gap is equal to 1.1-
1.2 eV, which gives the best efficiency for the solar cell. The band gap of pure CuGaSe, (CGS) is equal to
1.67 eV. The direct band gap and high absorption coefficient of CIGS gives the requirements for higher
lifetime of minority carriers. This makes the CIGS material a suitable component for thin film solar cells.
Solar cells based on CIGS were developed by several research teams and the record of efficiency was as
high as 18.8% [2] at a laboratory scale. In terms of stability, the solar cells based on CIGS do not have the
problem of degradation induced by light. Instead, they tend to have a slight increase in open circuit
voltage and efficiency during the first hours of operation, but at the same time, they are more sensitive
than, for example crystalline silicon solar cells to hot and humid environments [3]. Cu (In, Ga) Se; is
considered one of the most promising materials used to manufacture low cost, high efficiency and large
area of PV modules. The first commercial CIGS modules were reported in 1998 by 'Siemens Solar
Industries’, but their manufacturing is still on a limited scale. The success of this new generation of solar
cells is linked to important research topics which are the decrease of indium concentration and the
substitution of the thin layer of cadmium sulfide by a less dangerous material.

Nomenclature

a lattice parameter of Culn,,Ga,Se, in Angstrom unit A
LN lattice parameter of CdS in Angstrom unit A
Eg energy gap of the Culn,,Ga,Se, in electron volt unit eV

Bowing parameter

E incident photon energy in electron volt unit eV

o absorption coefficient of the semiconductor in cm™ unit

J current density of the solar cell in mA/cm? unit

Jo saturation current density of the solar cell device (diode) in mA/cm? unit
q electron charge in coulomb unit C

n ideality factor of solar cell device (diode)

k Boltzman constant in J/K unit

®(c)  photon flux in standard condition for PV modules test at AM 1.5 spectrum in W/m? unit

n energy conversion efficiency in % unit

2. Theory

In the case of CIGS solar cells we designed a heterojunction structure which consists of ZnO / CdS /
CIGS. The layers of n-type layers are often called as "window", due to their transparency to the photon.
Photons of energy <3.3 eV will pass through the ZnO window layer some 2.4 eV photon energy <Eph
<3.3 eV are absorbed in the CdS buffer layers, which was introduced in these cells for technology
reasons, but most photons reach the CIGS layer and are strongly absorbed by CIGS semiconductor having
direct gap with a very high absorption coefficient, so that the absorption length is very short. The
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absorption is minimized by thinning damaging of this layer or alloying with other elements that increase
the energy gap.

The density of CIGS varies with its composition because its crystal structure can change from the
tetragonal form to the cubic one depending of Indium-Gallium ratio. If the mole fraction of gallium is
below 0.5, then CIGS crystalline lattice get the structure of tetragonal chalcopyrite. Otherwise, if the mole
fraction is above 0.5, the CIGS structure is cubic (zinc blende). Al-Bassam[4] has published two
empirical formulas for the CIGS lattice parameters.

achalcopyrite =5.75-0.33x )
Conatcapyrie = 11.45—0.40x %)
Qinclenge = 2-62 —0.1X (3)

The layer can be deformed for a certain thickness because of the disagreement of the lattice
parameter between the CdS and CIGS layer. The theory of elasticity allows us to calculate the stress state
of a film using the elastic constant. The various strains induced by the lattice mismatch are calculated
from the following equation [5].

a, —a (4)
aO
a is the lattice parameter of Culn;.GaySe; and a, that of CdS.

E =

The band gap width of CIGS is mainly influenced by the concentration of gallium (Ga), but also by
the concentration of copper (Cu). The Gap energy Measurements for CulnSe, revealed a value of about
1.01 eV at 300 K, but there are many differences between results. However, it is accepted that the Gap of
CulnzSes is 0.2 to 0.3 eV above the bandwidth of CulnSe,, a comprehensive review led to a value of 1.20
eV at 300 K. The band gap width of CuGaSe, (CGS) is about 1.65 eV. The band gap can be varied
between the values of these two alloys which are CulnSe, and CuGaSe;,. Energy Gap of the Culn; ,Ga,Se,
structure follows the relationship.

By cies= (L—X)E +XEjces —DX.(1-X) (5)

gcis
b is the Bowing parameter [6].

The absorption coefficient a of CulnGaSe;, is very high, above 10°/cm for higher energy photons
more than 1.4 eV [7]. In many studies it was found that the fundamental absorption is well described by

8].
a=a, A (6)

Where E is the incident photon energy and o is the material constant for a type of semiconductor
band gap direct. The proportionality constant ag depends on the density of states associated with the
absorption of photons. The absorption coefficient depends on the material and also the wavelength of
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light that is absorbed. The semiconductor materials have a sharp edge on their absorption coefficient,
since the light has energy below the energy gap, not enough energy to lift an electron across the band gap.
Therefore, this light is not absorbed.

The current density (J), defines the electric current through the cross section and its unit is A/m?, but
usually the used unit is mA/cm?. The equation of the diode can be expressed using the current density:

5.75

57+ Lattice constant a ]

Lattice constant ¢/2

o
)
a
T
L

lattice constant ( A )
u
o
T
L

55 L L L L L L L L L
o] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

composition ( x)

Fig. 1. variation of lattice parameter according to Gallium composition in Culn,,Ga,Se, structure
\Y
3= exp(- 1) (7)
CT KT «

Where J, mA/cm? is the density of saturation current of the diode, V is the voltage applied to the
cell, J the resulting current density, q the electron charge, n the ideality factor and k is the Boltzmann
constant.

- E
Jo = Joo exp( nKT) 8)
Jee = j: E.QE (1)p(A)dA. 9)

Where @i1) is the photon flux to the Air Mass Coefficient (AM) of spectrum in standard PV

modules test conditions referenced AM 1.5 [9-13].
The open circuit voltage is the voltage at zero current. The open circuit voltage is equal to the
difference in quasi-Fermi levels for electrons and holes between the two sides of V., cell is given by:

E

Vg - Eo ﬁm[JiJ (10)
q q Jee

Joo is a pre factor and 1 <n <2

The efficiency of the solar cell is the ratio of maximum power and incident light power:
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J me
I:)Iigth
The spectrum AM 1.5 corresponds to Pjigy; = 100 mW / cm?.

n= (1)

3. Results and Discussion

The Fig 1 shows the evolution of the lattice parameter according to the composition of Gallium. We
notice that the increase of Gallium composition decreases the lattice parameter. The influence of Gallium
composition on the strain is illustrated by the Fig 2. We find that for x = 0%, we have a lattice mismatch
of 1%. For x = 100%, we have a lattice mismatch of 5%. Thus, we can use this deformation to improve
light absorption.
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Fig. 2. variation of strain as a function of the composition of Gallium (x)
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Fig. 3. band gap energy variation according to the concentration of Gallium
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Fig 3 shows the variation of the band gap energy depending on the composition of Gallium; we see that
the Gallium increase the energy of the gap. The gap of the structure Culn,,Ga,Se, increases by 40% by
varying x from 0 to 100%, so there is a major Gallium influence on the solar cell characteristics. This
effect increases the range of Gap, so we have a wide range of wavelengths that can be absorbed. The Fig
4 shows the evolution of the absorption as a function of incident photon energy. The absorption decreases
with increasing the composition of Gallium. It has a significant absorption for compositions below 30%.
Then, we plot the variation of characteristics J (V) which shows that the increase of open circuit voltage
Vco with increasing the composition of gallium against by the current density decrease as represented on
Fig 5. The Fig 6 shows the evolution of the efficiency of the structure according to the composition of
Gallium, for different temperatures and shows that the efficiency increases with increasing the
composition of Gallium but decreases with temperature. For 40% Gallium composition at a temperature

of 300K the cell efficiency reaches 21.45%.
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Fig. 4. absorption evolution as a function of incident energy for different Gallium composition (x)
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Fig. 5. J (V) characteristics of the Culn,.,Ga,Se, structure for different composition (x)
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Fig. 6. effeciency variation versus the Gallium composition (x) at different temperatures (T)

4. Conclusion

In this work, we studied the main layers of solar cells based on the CIGS semiconductors. Then, we
indentified the influence of the composition of Gallium (Ga) on some physical and electrical properties
(energy gap, lattice parameter, strain, absorption coefficient and the J (V) characteristic). We determined
the evolution of effeciency according to the Gallium composition. Our study shows that the energy
conversion efficiency n increases with the increasing of gallium composition. We noticed also that the
increase in temperature reduces the efficiency n. For example, for a gallium composition x = 20% at a
temperature of 300K we obtain n = 19.47%. Meanwhile, the optimal conversion efficiency of 22% is
obtained for x = 50% at T = 300K. For a temperature increase of 10 K (from 300 to 310K) which is
equivalent to 10°C (from 27°C to 37°C) the efficiency decrease is only of 0.82%. This means that our
designed solar cell structure made of Culn;,GasSe, semiconductor could be more reliable and

temperature stable.

References

[1]
[2]
(3]
(4]
(5]
6]
(7
(8]

S. J. Fonash, Solar Cell Device Physics, Academic Press Inc. (1981)

M. A. Contreras, B. Egaas, K. Ramanathan, J. Hiltner, A. Swartzlander, F. Hasoon, and R. Noufi, Progress Toward 20%
Efficiency in Cu(In,Ga)Se, Polycrystalline Thin-Film Solar Cells, Progress in Photovoltaics: Research and Applications
7(1999) 311-316

F. Karg, H. Calwer, J. Rimmasch, V. Probst, W. Riedl, W. Stetter, H. Vogt, and M. Lampert, Development of Stable
Thin Film Solar Modules Based on CulnSe2, Inst. Phys. Conf. 152 (1998) 909-913

Al-Bassam, A., Al-Juffali, A. And Al-Dhafiri, A. ,structure and Lattice Parameters of Cadmium Sulphide Selenide
(CsSxSex-1) Mixed Crystals, J. Crystal Growth, 135 (1995), 476-480

A. Aissat , S. Nacer, M. Seghilani, J.P. Vilcot, Effect of on band alignment of compressively strained
Gay_xInkNyAs; y ,Sb,/GaAs quantum well structures, Physica E 43 (2010) 40-44

Wei SH, Zhang SB, Zunger A , Effects of Ga Addition to CulnSe2 on Its Electronic, Structural, and Defect Properties,
Appl Phys Lett 72 (1998) 3199-3201

Kazmerski, L. L.; Hallerdt, M.; Ireland, P.J.; Mickelsen, R. A.; Chen, W. S, Optical properties and grain boundary
effects in CulnSe,, J. Vac. Sci. Technol., A 1, (1983) 395-398

Neumann H, Optical properties and electronic band structure of CulnSe,, Sol. Cells 16, (1986) 317-333

203



204 A. Aissat et al. / Energy Procedia 18 (2012) 197 — 204

[9] W. N. Shafarman, R. Klenk, and B. E. McCandless, Device and material characterization of Cu(InGa)Se2 solar cells
with increasing band gap, J. Appl. Phys. 79, (1996) 7324 - 7328

[10] A. Bosio, N. Romeo, A. Podesta, S. Mazzamuto, and V. Canevari, Why CulnGaSe, and CdTe polycrystalline thin film
solar cells are more efficient than the corresponding single crystal, Cryst. Res. Technol. 40, (2005) 1048

[11] Kannan Ramanathan, Miguel A. Contreras, Craig L. Perkins, Sally Asher, Falah S. Hasoon, James Keane, David Young,
Manuel Romero, Wyatt Metzger, Rommel Noufi, James Ward, Anna Duda, Properties of 19.2% efficiency
ZnO/CdS/CulnGaSe; thin-film solar cells, Volume 11, Issue 4, (2003) 225-230

[12] A. Bosio, A. Romeo, D. Menossi, S. Mazzamuto, N. Romeo, The second-generation of CdTe and CulnGasSe;, thin film
PV modules, Volume 46, Issue 8, (2011) 857-864

[13] Alan E. Delahoy, Sheyu Guo, Transparent Conducting Oxides for Photovoltaics, Handbook of Photovoltaic Science and
Engineering, Second Edition (2011), 600-641



