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Abstract

In this study, numerical optimization and analysis utilizing SCAPS-1D software package of CIGS solar cell structure
are presented. The electrical properties and the photovoltaic performance parameters of CIGS thin film solar cells
with Molybdenum as a back contact have been investigated. The possible effects of absorber CIGS and CdS buffer
layers thickness, doping level and band gap energy on solar cell performance parameters are addressed. The
conversion efficiency of the solar cell has been found to increase significantly with the doping concentration in the
range from 10 to 10'® cm™ and absorber thickness ranging from 500 nm to 4000 nm. An optimum conversion
efficiency of 21.35 % to 24.21 % has been obtained with thinner absorber thicknesses ranging from 1500 nm to 2500
nm at band gap energy of 1.15 eV and doping concentration of about 10" cm™. Moreover, the thickness of CdS
buffer layer should be greater than 40 nm and less than 60 nm to maintain the remarkable overall solar cell
performance. These results are very promising for future potential applications in thin and high performance CIGS
solar cells technology.
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1. Introduction

Copper-indium-gallium-diselenide Culn,Ga;.,Se, (CIGS) solar cells are considered among the prime
candidates for future thin film solar cell devices. This is due to their potential characteristics such as high
performance, high optical absorption coefficient in the visible spectrum of sunlight, excellent outdoor
stability, tuneable band gap, low cost, outdoor long-term stability and their distinguished optoelectronics
properties [2]. The highest laboratory reported efficiency for CIGS solar cell is about 20% [3]. Whereas,
efficiencies of about 17.5 % for CIGS thin film sub-modules have been demonstrated [4]. In high
efficiency CIGS solar cells, soda lime glass substrate and Molybdenum (Mo) back contacts have
generally been used.

Several experimental and theoretical studies to improve the performance of the electrical and optical
properties of CIGS solar cells were reported. For review of the different aspects of CIGS solar cells, the
reader may refer to literatures [5-8]. Despite of these research efforts, further optimizations can be
obtained to increase the device efficiency and to reduce the fabrication costs. Much attention has been
paid recently to the preparation of very thin absorber layers in CIGS based solar cells [9-12]. The
reduction of the absorber layer thickness has been found to play a key role in further improvement of
CIGS solar cells technology. As a result, significant reduction of the consumption of expensive indium
and gallium thereby their cost for large scale production is achieved. Another important layer in a
heterojunction solar cell structure is the buffer layer. The role of a buffer layer is to form a junction with
the absorber layer to maximize the amount of incoming light to the absorber layer. Accordingly, the
buffer layer should have minimum absorption loss, very low surface recombination and electrical
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resistance in order to achieve the maximum collection of photogenerated charge carrier at the back and
front contacts. To satisfy such desired features, the buffer layer should be as thin as possible and should
have wider band gap in comparison with the CIGS absorber layer.

Numerical models of solar cell devices have been used to reach a thorough and clear understanding of
the underlying physics that control the device performance. Applying analytical models and numerical
simulations can be utilized to explore the possible effects of different material parameters on the final
solar cells characteristics. The findings of such numerical studies and analysis can be used later on to
improve their performances. In this paper, we report on a quantitative numerical study, using Solar Cell
Capacitance Simulator in one dimension (SCAPS-1D), of the effects of thinning the CIGS layer by
numerical analysis. We initiate the work with the study of the band gap energy optimization of the
absorber layer, followed by thinning CIGS absorber layer thickness. After that, a study and optimization
of buffer layer was conducted taking into consideration the possible experimental applications and
limitations.

2. Device Simulation and Modelling

The structure of CIGS cells is a heterojunction, which is formed of different semiconductor materials.
A typical CIGS thin film solar cell structure consists of a p-type wide band gap absorber layer (CIGS) of
thickness ranging from 500 nm to 4000 nm with an n-type CdS as buffer layer with thickness ranging
from 30 nm to 210 nm, and 200 nm ZnO as window layer. The structure is deposited on Mo as back
contact coated back glass substrate. Fig. 1 depicts the schematic diagram of the CIGS solar cell. In this
analytical model, SCAPS-1D is used to investigate the effects of CIGS layer thickness and CdS buffer
layer in CIGS-based solar cell. SCAPS is a software developed at University of Gent [13]. It is widely
used for the simulation of different types of solar cells, e.g. CIGS and CdTe based solar cells [14].
SCAPS calculates the steady-state band diagram, recombination profile, and carrier transport in one
dimension, based on Poisson equation together with hole and electron continuity equations [15].
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Fig. 1. The layers scheme of a typical CIGS solar cell with CdS buffer layer based on Mo back contact.

The proposed CIGS structure has been modeled under an AM 1.5 light spectrum with 1000 W/m? light
intensity. Incorporating various material parameters into SCAPS-1D for several analysis aspects, solar
cell performance parameters such as open-circuit voltage (V,), short circuit current density (Js.), fil factor
(FF), and conversion efficiency can be investigated. The various physical parameters used in the
simulation are summarized in Table 1 from Refs. [16-18]. All obtained results in this study have been
simulated using Mo and Ni as back and front contacts, respectively.



Tariq AlZoubi et al.: Numerical optimization of absorber and CdS buffer layers in CIGS solar cells using SCAPS

293

Table 1. Material properties applied in the numerical analysis for CIGS-based solar cell at 300 K for both CdS buffer

and CIGS absorber layers.

Parameter CIGS Cds i-ZnO Zn0
Thickness (pm) 0.5-4 0.03-0.240 0.05 0.15
& 13.6 9 9 9
U (cm?/Vs) 300 10 200 200

iy (cm? JVs) 30 1 25 25

Ny (em™3) 1012-10% 0 0 0

Np (em™%) 0 1012- 1018 1 5x 10%7
Ey (eV) 1.1-1.5 2.40 3.3 3.3
N, (cm™3) 2.2x 10 2.2x 108 22x10® 22x10'8
N, (em™3) 1.9 x 10*° 1.8 x 10%? 1.8 x 10'° 1.8 x 10"
ve_p(cm/s) 1x 107 1x107 1x 107 1x107
Ve_o(em/s) 1x107 1x107 1x 107 1% 107
x (ev) 4.4 4.2 4.6 4.6

3. Results and Discussion

3.1. Modelling and optimization of absorber bandgap energy

One key advantage of using CIGS as absorber is its tunable band gap energy over a wide range starting

from 1eV to 1.7eV, which extremely depends on the ratio of indium and gallium concentration in the film
as described by equation 1. The modeling and optimization of absorber band gap energy are vital and
essential. Undoubtedly the variation of absorbers band gap energy does affect the solar cell performance.
Experimental studies show that the optimum range of CIGS band gap to have high conversion efficiency
is from 1.12 eV to 1.26 eV [19]. Recently, a successful effort has been done to improve the energy
conversion efficiency of CIGS solar cells with band gaps up to 1.45 eV [20]. In this study, the energy
bandgap values of the absorber layer have been varied in the range from 1.1 eV to 1.5 eV. Fig. 2 depicts
the obtained simulated results of the solar efficiency as a function of the bandgap energy with different
CIGS thicknesses ranging from 500 nm to 4000 nm. It can be observed that, for different CIGS layer
thickness the peak of the conversion efficiency is centered at bandgap energy value of 1.15 eV.
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Fig. 2. Solar cell conversion efficiency as a function of CIGS-absorber bandgap energy at different CIGS
thicknesses ranging from 500 nm to 4000 nm.

Varying the bandgap due to the change in the indium (In) contents in Culn,Ga;.Sex (CIGS) layer.
The bandgap energy of the absorber of 1.15 eV corresponds to In concentration of ( X = 30 %) as
described by equation 1.

E,=1.02+0.67x+bx(x-1) )
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Where X represents the proportion of gallium in the absorber i.e. the ratio of Ga/(Ga+In) ranging from
X=0to X=1, bis the optical bowing coefficient reported with values ranging from 0.11 to 0.2 [21-23].
Therefore, increasing the bandgap energy above 1.15 eV promotes structural defects formation at the
interface as well as inside the absorber volume. This can be attributed to the high lattice-mismatched
strain stored inside the absorber layer, which is released as structural defects formation leading to lower
optical absorption that degrades the overall solar cell performance [24-26].

3.2. Modelling and optimization of CIGS absorber thickness and doping level

The CIGS absorber thickness and acceptor carrier concentration (Na) have been numerically
investigated in the ranges of 500 to 4000 nm and 10" to 10" cm™, respectively. The main aim of this
study is to obtain thinner CIGS layer with almost no or very small losses in cell efficiency and
performance. As a result, a cost reduction can be achieved by reducing the amount of the expensive used
materials such as Gallium and Indium in CIGS-based solar cells.
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Fig. 3. The simulated electrical performance parameters as a function of the acceptor charge carrier concentration
(Np): (a) Conversion efficiency, (b) short-circuit current density (Jsc), (c) Filling factor (FF), (d) open-circuit voltage
(Vo) at different CIGS absorber thicknesses ranging from 500 nm to 4000 nm.

However, the absorber thickness is still considered as one of the key challenges in today large-scale
and massive production CIGS solar cells industry. Fig. 3 (a to d) shows the electrical performance
parameters as a function of holes concentration (N,) (log-scale) at different CIGS absorber thicknesses.

Fig. 3 (a) shows that low hole doping level (< 10™ cm®) results in a dramatic drop of device
conversion efficiency with values less than 8 %. On the other hand, small cell efficiency variations were
detected with the increase of CIGS absorber thicknesses at this doping level. Short circuit current density
(Jso) in the cell is observed to have a value of about 38 mA/m? at absorber thicknesses ranging from 1500
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nm to 4000 nm (see Fig. 3b). For absorber thicknesses below 1000 nm, a significant decrease of Jg.
values was observed with the increase of the doping level. On the other hand, open-circuit voltage (V)
shows a linear increase with carrier concentrations above 10" cm™ (Fig. 3d). Additionally, the fill factor
(FF) shows similar behavior with the increase of the doping concentration in the same range (Fig. 3c).
Based on equation 2, the combined effect of current density Jg. saturation (Fig. 3b) together with the rapid
increase of the V. and FF (Fig.3 c-d) as a function of acceptor concentration explain the enhanced
efficiency in the simulated results.
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The impact of CIGS absorber thickness variations on solar cell basic properties was extensively
investigated. Fig. 4a shows the spectral response of the device as a function of CIGS absorber thickness.
The simulated results reveal the significant increase of the quantum efficiency (QE) with the increase of
absorber thickness in the range of 500 nm to 4000 nm. Using this model, Enhanced quantum efficiency of
about 90 % at reduced CIGS absorber thicknesses ranging from 1500 to 2500 nm has been maintained.
This can be ascribed to the increase of photons collection at longer wavelengths. The absorption of longer
wavelengths photons has resulted in generation of more electron-hole pairs in the device, leading to an
increase in current density (Js) at thicker absorber layers (Fig. 4b). Additional reduction in CIGS
thickness below 1000 nm results in more optical losses, which might be caused by the surface
recombination at the back contact. The recombination of the charge carriers at the back contact is due to
the close position of the depletion region, which becomes very near to back-contact at very thin absorber
thicknesses.
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Fig. 4. (a) Spectral response of the enhanced quantum efficiency (QE) at longer wavelength with the increase of
absorber thickness. (a) Short-circuit current density (Jsc) as a function of CIGS absorber thickness.

3.3. Modelling and optimization of CdS buffer layer thickness and doping level

One of the main targets of this simulation is to reduce all optical and electrical losses caused by the
buffer layer. Therefore, the thicknesses and doping level of CdS layer were varied in the ranges of 30 nm
to 210 nm and 10% - 10% cm?, respectively. Fig. 5 depicts the influence of CdS buffer on the CIGS
performance parameters. The simulated results suggest that no change of all performance parameters with
doping of buffer up to donor concentration (Np) of 10" cm™. However, a further increase in doping level
has resulted in an overall CIGS efficiency improvement by 4 % at a higher donor concentration of 10

cm?®,
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Fig. 5. The simulated electrical performance parameters as a function of donor charge carrier concentration (Np): (a)
Conversion efficiency, (b) short-circuit current density (Jsc), (c) Filling factor (FF), (d) open-circuit voltage (\VVoc) at
different CdS buffer thicknesses (30 - 210) nm.

However, it is desirable to keep the buffer layer as thin as possible with very high doping level to
maintain the remarkable overall CIGS-Based solar cells performance. The optimum buffer thickness must
be in the range of 40 - 60 nm with doping level of about 10™® cm® due to experimental limitations of CdS
thicknesses below than 40 nm [27]. The maximum conversion efficiency of the optimized model is as
high as of 26.15 %. This represents a new record value in numerical simulation of CIGS solar cells
technology compared to the recently reported efforts [28-32].

4. Conclusions

An analytical model was used to simulate CIGS-based thin film solar cells. From the simulation results,
it is found that the contribution of the space charge region in the photocurrent density is dominant
compared to those of the neutral regions. However, the increases of the buffer layer thickness only reduce
the cell performance at lower doping levels. In contrast, the optimum thickness of the absorber layer is
around 1500 — 2500 nm from which the efficiency has not a significant increase. On the other hand, the
increase of the absorber bandgap reduces the optical absorption, which is summarized in the reduction of
the photocurrent density, while the open circuit voltage increases. The compromise between these effects
is a bandgap of 1.15 eV that results in maximum conversion efficiency of about 26.15 %. The obtained
optimized efficiency is better than those that have been reported so far. These findings are very promising
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and provide a helpful guidance for future thin and high performance CIGS solar cells.
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