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Research on thin-film solar cells based on CulnSez has demonstrated the
potential of this compound for photovoltaic conversion. The introduction of
gallium as a substitute for indium has led to the creation of the CulnxGas-
xSe2 (CIGS) structure, which could serve as one of the foundational materials
for high-performance solar cells. This paper focuses on modelling the
bifacial back surface field (BSF) solar cell. We took the CdS/CIGS thin-film
structure as an application example to optimize, through simulation, the
physical-electronic and geometric parameters of the various layers of the
cell. Our study has led us to interesting results that clearly show that the
performance of the cell is precisely controlled by the space charge region
associated with the CIGS absorber layer, which is promising for research in
photovoltaics due to its high absorption coefficient and the ability to vary its
bandgap, allowing for increased conversion efficiency. The high-doped P+
layer (Wbsf) enhances the total photocurrent of the bifacial.
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1. INTRODUCTION

The development of research on crystalline structures with a direct bandgap (high o) allows for a
shift towards thin-film cells, whether amorphous or polycrystalline. Their main advantages lie in their
stability and the variety of deposition techniques available. Among this approach's most commonly used
materials are I-111-VI2 type compounds such as CulnSez, which has a very high a (10° cm™). However, the
bandgap value of CIS (1.02 eV) is quite far from the optimum value for photovoltaic conversion. This is
increased using the quaternary alloy CulnyGaixSe; (CIGS) [1], [2], which forms the basis of the CdS/CIGS
cell we will study in this article.

The solar cell's back surface (total metallization) is characterized by a very high surface
recombination velocity. Installing a back surface field (BSF) involves creating a potential barrier (p+-p
junction) on the rear face to ensure passivation. Thus, adding an electric field at the back surface near the
ohmic contact causes minority carriers to be pushed towards the space charge region for better collection [3].

Recently, investigators have examined the efficiency of CIGS-based bifacial photovoltaic cells, like
Shin et al. [4] propose a semi-transparent and bifacial ultrathin Cu(In, Ga)Se: solar cells via a single-stage
process and light-management strategy. Also, Salhi [5] present the principles and technologies to
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manufacture the photovoltaic cell based on CIGS. Furthermore, Violas et al. [6] address the impact of a
transparent conducting oxide layer used as rear contact in CIGS solar cells. Furthermore, Soheili et al. [7]
propose a novel multi-junction CGS/CIGS solar cell. Moreover, Mufti et al. [8] review the CIGS solar cells
from the point of view of structural engineering. Rawat et al. [9] make use of CIGS-based solar cells due to
their high absorption coefficient, stability, and affordability.

The interest of this work is to improve the efficiency of a photovoltaic cell by increasing the value
of the photocurrent delivered by this cell. Using a bifacial cell captures solar radiation and the collection of
carriers by both sides of the cell on the one hand. On the other hand, the cell is based on the CIGS
quaternary, which has a very high absorption and a possibility of adjusting the Ug2 gap value around the
optimal value (1.35 eV) for photovoltaic conversion. This paper focuses on the modelling of the bifacial BSF
solar cell. We took the CdS/CIGS thin-film structure as an application example. And we performed several
tests on this structure.

2. CRYSTALLINE STRUCTURE OF CIGS

CIGS is among the solid solutions A(B’1.xB’’x) X, obtained by introducing gallium (Ga) into CIS
(CulnSe,) as a substitute for indium (In) [10], [11]. A semiconductor ANIB N*1X,8N arises from the
substitution, in a binary CNX &N crystallized zinc blende, of cations C from column N by those A and B from
columns N-1 and N+1. In group I, N-1=1, thus N=2 and N+1=3; this group belongs to the family of
semiconductors known as 11-VI [12].

The ternary components Cu-111-V1; crystallize in two allotropes. The first, which is of the sphalerite
(zinc blende) type, occurs at high temperatures (T > 810 °C). The second, of the chalcopyrite type (anomaly
of the blende), occurs at temperatures below 665 °C [13] with an ordered tetragonal structure. These
structures are represented in Figure 1. CulnSe; and CuGaSe,, which form the alloy Cu(In, Ga)Se,, belong to
group | and crystallize in the chalcopyrite structure [14].

CcX ABX,; ABX,

géométrie simplifice

Figure 1. Two allotropic forms of the Cu-I11-VI, elemental lattice: Blende-type sphalerite structure and
chalcopyrite structure [13]

3. OPTICAL PROPERTIES OF CIGS

CIGS is a semiconductor material commonly used in thin-film photovoltaic cells. It exhibits several
notable optical properties that make it highly efficient for solar energy conversion. Here is an overview of its
key optical properties.

3.1. The bandgap Ug
The gap of the CulnixGaxSe, quaternary varies from 1 eV (x=0) to 1.7 eV (x=1). This material's

advantage is that it allows the gap value and crystallographic parameters to be adjusted to approach the
optimum gap value (around 1.35 eV) for photovoltaic conversion and ensure better mesh matching between
the two materials in a heterojunction [15], [16].

3.2. The absorption coefficient

The absorber material's optical absorption coefficient is a fundamental parameter. For ternary CulnSe;
(CIS), CuGaSe; (CGS) and quaternary Cu(In, Ga)Se; (CIGS), the absorption coefficient is very high, on the
order of 10* cm™ above their gap [1]. Figure 2 shows the a(hv) curve of frequently used materials. CulnSe; has
the highest absorption coefficient compared to photovoltaic materials currently used [17].

Int J Elec & Comp Eng, Vol. 15, No. 4, August 2025: 3649-3659



IntJ Elec & Comp Eng ISSN: 2088-8708 O 3651

absorption coefficient (cm")

AR S A
200 400 600 800 1000 1200 1400
wavelength (nm)

Figure 2. Variation in the optical absorption coefficient of absorber materials [18]

4, THE CdS/CIGS SOLAR CELL

The CdS/CIGS photovoltaic cell has a "thin-film" structure, with a stack of films no more than a few
microns thick. Its standard structure includes a back electrode consisting of a substrate on which a thin metal
layer is deposited as a contact. The absorber layer, Cu(In, Ga)Se:, has a high absorption coefficient and an
optimum direct gap of 1.5 eV. A CdS or ZnO buffer layer, 10 to 100 nm thick, provides the junction and
prevents short circuits. Finally, an aluminum-doped ZnO optical window and a Ni/Al/Ni gate complete the cell,
guaranteeing conductivity and transparency while connecting the cell to the external circuit Figure 3 [19].

The bifacial cell allows illumination from both sides. However, illumination from the rear offers
inferior performance to that from the front. These cells exploit light reflected from the ground, thanks to their
double-sided design. Figure 4 shows the semi-transparent in Figure 4(a) and bifacial solar cell based on CIGS
in Figure 4(b).

I,umiu‘:n@ Incident light Front illumination

03-06pm —— S
tsim — o ] N P AT
M=10mm, — S FRS S ZnOA ZnOA
10-50nm —— Cds 700 7n0
CBD-CdS (Buffer) CBD-CdS (Buffer)
CIGS (absorber) CIGS (absorber)
1-3pm
TCO (Back contact) -® TCO (Back contact) —-®
Soda lime glass Soda lime glass
0.2-1pm ——y - ’
pubEiacenNeTe Transmitted red light Rear illumination
(a) (b)
Figure 3. The structure of the Figure 4. Solar cell based on CIGS: (a) semi-
ZnQO/CdS/Cu(In,Ga)Se; thin-film cell [19] transparent and (b) bifacial [20]

5. THE BSF THEORY

The losses generated by defects and ohmic contacts on both surfaces of a solar cell are modelled by
surface recombination, characterized by a velocity that reflects the quality of the surfaces. To tackle this
problem, research has focused on solar cell structures designed to reduce these losses. The simplest
configuration in this field is the back surface field (BSF) bifacial cell, which allows the rear surface to
capture light reflected from the ground [21] as shown in Figure 5.

The solar cell base comprises two regions: the base itself and a heavily doped zone near the back
contact. This has two consequences: creating a small additional energy barrier and the confinement of
minority carriers to the base Figure 5. In this way, we recover the charge carriers created at the back of the
base near the ohmic contact, normally lost in single cells. Figure 6 shows the energetic structure of the BSF
solar cell with minority carrier confinement.
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Figure 5. Solar cell with BSF field [21]

Figure 6. Band diagram of a BSF solar cell [22]

6. CALCULATION OF PHOTOCURRENT AND I(V) CHARACTERISTICS

To obtain the cell's output characteristics, we first had to calculate the photocurrent supplied by the
cell. From the continuity and current equations, we determined the distribution of carriers along the cell and
derived the equation that characterizes the photocurrent. We approached the one-dimensional model
Figure 7, based on four regions: the N+ zone (the emitter), the P zone (the base), the space charge zone
(ZCE) and the heavily doped zone (P+) [23].
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Figure 7. Geometry of the bifacial solar cell [23]

By numerically solving the continuity and current equations using the iterative method, we
determined the distribution of carriers along the cell. We deduced the equation that characterizes the current
for each point of the cell. Our comprehensive approach to determining the total photo-current density
produced by the bifacial cell /,,, which is equal to the sum of the photo-currents generated in each region of
the cell, ensures the accuracy of our findings.

Jon =Jn +Jp +Jzce + Jbss

)
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— Continuity equations [24]:

on

An 1 ,.
E_ Gn—;+;dw(]n) (2)

op _ _4p 1.
5 = Gp o qdw(]p) 3

— Current equations:

7}
Jn = quynE + p, KT 2 4)

X
Jap
Jp = quppE — 1, KT = (5)
6.1. Calculation of current in CdS (n)

This layer gives us a photohole (Ip) expressed by (8).
— Boundary conditions:

_ dAp
Splp =Dy 50| (6)
(Sp: recombination speed at the surface)
SpL SpL xXp\ (X
_ qaily®i(1-R) (g—pp+a1Lp)—exp(—a1xj)( gpp cosh(#>+smh(#))
]p - (@?12-1) Splp . (%) xj - ale exp( - alxj) (8)
1tp Dy smh(g)+cosh(g>
Lp = Leas 9

6.2. Current in the active zone (Ig=JZCE)
The carriers generated in the active zone (in the vicinity of the interface) are effective at dissociation
(charge production), so the photocurrent in this zone is expressed by (10) [25]:

]9 =q®;(1 —R)exp(— a;x;) (10)

6.3. Calculation of current in CIGS (p)
This is the donor zone, giving us a photoelectron (In) [25]:
— Boundary conditions:

S,A, = Dnaﬂ (11)
oX x=h

(Sn: recombination speed at back contact, h= H- Wysy)

Anlx:x]-+w1+w2 =0 (12)
4(1-R) exp(~as (x/+1) exp (-0 02) L 2B 2(cosh(T2) —exp(-azxy)) +sinh(2)+asLn exp(-arxy)
Jn= (a3L%-1) ol = S"Lnsinh(x—b)+cosh(x—b) (13)
Dn Ln Ln
Ly = Leggs (14)
Xo=H- (Xj+W1 +W2o+Wpss). (15)

6.4. Photo current in the highly doped region P+
As with the base, for this region we used a layer of CIGS P+. The photo current generated is given
by (16) [26].
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Josf = — ((wﬂ) [M — np] + cosh (M> (16)

Lpst Npsf Lpsy

with N,: acceptor concentration in the P region. n,: electron concentration in the P region. N,: electron
concentration at x=H- Whsf.

6.5. The effective recombination speed at the back face
The effective recombination speed at the back face of the BSF bifacial solar cell, illuminated by its
back face, S,z is given by (17) [26].

SnLlpsy Whsf
+
— Na Dbsf Dbsf  Lbsp”
- snlL w
Npsf Lpsf 1+'ﬂ_bsfth( bsf)
Dps Lbsf

th(

)

Seff a7

7. SIMULATION OF BIFACIAL CdS/CIGS CELL CHARACTERISTICS

Numerical simulation is commonly used for the optimization of solar cells. It is independent of the
technology used and allows the different parameters to vary widely. Solar cell simulation using different
simulators consists of understanding the behavior of these devices according to parameters such as thickness,
gap and doping of regions on the characteristics of the solar cell (Icc, Vco, FF, n). In this step, we will
present the numerical simulation results using MATLAB software. We took the CdS/CIGS thin-film
structure as an application example to validate our physical model describing the BSF solar cell with:
— The emitter: doped type N Nd. =10'"/cm? and thickness Xj. = 50 nm.
— The base: doped type P Na=2x10%/cm?® and thickness Wh= 1.5 um.
— The BSF layer: high-doped type P Ny = 8x10%/cm? and thickness Wygr = 0.7 um.

7.1. Photocurrent presentation

In this section, we aim to present the BSF CdS/CIGS cell characteristics according to the model
presented in Part 6 of this article. These results have been obtained by solving the continuity and current
equations. Calculating this photo-current will enable us to determine these characteristics. We can observe in
Figure 8 that the number of photons decreases exponentially, following the same variation pattern as the
spectral distribution of solar radiation. The cell is susceptible to incident photons in the range of 0.3 um to
0.75 pm, above which illumination becomes weak.

Figure 9 shows the dynamic variation of the absorption coefficient of the CdS emitter. The curve
demonstrates a rapid change, with a considerable absorption reaching 10™ cm* but over a very short interval.
The nullity of the curve is from the value A=0.5 pum, highlighting the dynamic nature of the material's
behavior.
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Figure 8. Number of incident photons as a function ~ Figure 9. Absorption coefficient of CdS as a function
of wavelength of wavelength
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Figure 10 shows the variation of the absorption coefficient of the CIGS base. The CIGS quaternary

has a significant absorption > 4.5 10* cm™ over a large interval extending to A=1.25 um. This absorption
covers the range where the number of photons is intense. This is the advantage that this semiconductor
represents for CIGS-based photovoltaic cells. The CdS photocurrent shown in Figure 11 with energetic

excitations (the incident flux) varies according to the shape of the photon flux curve Figure 8 and the
absorption coefficient Figure 9.

Figures 10 and 12 show the absorption coefficient and photo-current delivered by the CIGS base.
The CIGS quaternary has a high absorption. This is the advantage that this semiconductor represents for
CIGS-based photovoltaic cells because if we compare the current density it delivers with that delivered by
CdS, we find that CIGS delivers a very high density, in addition to the advantage given by its wide
absorption range and very high absorption coefficient.

Figure 13 shows the photocurrent delivered in the ZCE. This figure clearly shows that the
photocurrent generation in this zone gives a high current for a very small thickness compared with that of the
base due to the E field inside this zone. The shape of this curve is identical to that of the CIGS layer,
indicating the predominance of the CIGS photocurrent density over that of CdS.

The results of the simulation presented in Figure 14, show that the highly doped layer introduces a
significant current for a minimal thickness compared to the base. Also, the total photocurrent density
produced by the Jph bifacial cell is equal to the sum of the photocurrents generated in each region of the cell
shown in Figure 15. The addition of an electric field to the back surface in the vicinity of the ohmic contact
means that minority carriers will be repelled toward the space charge zone, resulting in better collection.

4
5 x10 0z _7~l[)'3
45F
\
1
4+ 1T 1
|
1
351 |
0.8 |
3r |
|
£ ] |
S 25 Sosf |
= F .
2 |
II
gl 0.4 I'.
\
1F |
0.2 '.I
05F |
|
o . . I L i 7 |
0 0.5 1 1.5 2 2.5 (]

1.5 2
Wave length [pm]

Wave length [?m]

Figure 10. Absorption coefficient of CIGS as a Figure 11. CdS emitter current density (hole current)
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7.2. Presentation of the I(V) and P(V) characteristics
Due to the nonlinearity of the output equation 1(\V) [24], its resolution is difficult. For this purpose,
we use numerical resolution methods, utilizing a powerful software called MATLAB.

1V) = Isc — I exp (L220) (18)
We will also present results that highlight the importance of this type of solar cell.

Figures 16 and 17 show an increase in the cell's output characteristics due to the photocurrent of the
highly doped P+ zone. We have deduced the CdS/CIGS BSF solar cell parameters, which are grouped in
Table 1. These results are compared with those of the conventional CdS/CIGS structure and with experimental
results from NREL (National Renewable Energy Laboratory from the USA Department of Energy) Table 2.
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Figure 16. Output characteristic 1(V) of the Figure 17. CdS/CIGS BSF cell power P(V) as a
CdS/CIGS BSF cell function of voltage

Table 1. Output characteristics of the CdS/CIGS cell

Parameters I (Alcm?) Vo (v)  Efficiency (%)  FF (%)

Bifacial cell 0.0312  0.7310 21.8956 83.5628
conventional cell  0.0288  0.6022 19.3087 81.0869
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Table 2. Output characteristics of the CIGS-based cell by NREL (National Renewable Energy Laboratory
from the USA Department of Energy) [27]

Device Name  Sector (cm®) n (%) Vco(mv) FF (%) Jsc(mA/cm?)  Civil servant Measurement?
M2992-11#5 0.419 19.9 690 81.2 354 Yes

8. CONCLUSION

This work presents a simulation of the characteristics and performance of the bifacial CdS/CIGS
thin-film photovoltaic cell obtained by solving the continuity and current equations. These equations
model the photocurrent density exiting each of the four parts of the cell (emitter, base, ZCE, and P+ layer).
The cell shows an optimum conversion efficiency 1=22.39% for Na=10'°* c¢cm?, Nd=10 c¢cm, and
Ug2=1.15eV.

The main results obtained show that: The operation of the BSF bifacial solar cell is the same as that
of the conventional solar cell, with the addition of an electric field at the rear surface in the vicinity of the
ohmic contact (the effect of the highly doped P+ layer). CIGS photocurrent density predominates over that of
CdS. Photo generation in the ZCE zone produces a high current for a very small thickness compared with
that of the base. The total cell current is dominated by the diffusion photocurrent of the base, which
accumulates with the photocurrent generated in the ZCE, increasing the total current. The heavily doped
P+(Whsf) layer boosts the total photocurrent of the bifacial cell from 28.8 to 31.8 mA/cm?, A practical
enhancement that will inspire further research and development in the field.
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