Journal of Computational Electronics
https://doi.org/10.1007/510825-022-01942-5

=

Check for
updates

Numerical study of high-efficiency CIGS solar cells by inserting a BSF
pc-Si:H layer

Rafik Zouache'® - Idris Bouchama'2 - Okba Saidani® - Layachi Djedoui’ - Elyazid Zaidi’

Received: 17 July 2022 / Accepted: 24 August 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

In this paper, we present a simulation study of Cu(In,Ga)Se, (CIGS) based solar cell using a physically based two-dimensional
device simulator Silvaco-Atlas under AM1.5 illumination. First, we studied the effect of CIGS layer thickness, doping con-
centrations, and defects on the J-V properties and the quantum efficiency (QE) of a conventional cell. The simulated structure
shows an open circuit voltage equal to 0.80 V, a short circuit current density equal to 30.03 mA/cm?, a fill factor equal to
82.77% and the obtained efficiency of the conventional cell is 19.80% with CIGS absorber layer thickness of about 1.5 pm,
our simulation results of the CIGS solar cell are in good agreement with the simulated and experimental results found in
literature. In order to improve the solar cells efficiency, the back surface field (BSF) based on hydrogenated microcrystal-
line silicon pc-Si:H(p+) layer has been inserted between the back contact (Mo) and the CIGS absorber layer, in this case
the structure presents an open voltage equal to 0.84 V, a short circuit current density equal to 32.55 mA/cm?, a fill factor
equal to 85.31% and an efficiency of 23.42%. The obtained results demonstrate that the addition of pc-Si:H(p+) BSF layer
increases the efficiency of CIGS solar cells, reaching a maximum value of 23.42% for 1.5 pm of CIGS thickness and 10 nm

for pc-Si:H(p+) BSF layer.
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1 Introduction

Over the past several years, thin film solar cells have gained
increased attention due to their high efficiency and low
cost [1]. Thin film solar cells may be made from a variety
of materials, including Cu (In, Ga) Se (CIGS), CdTe, and
CZTS [2]. Due to its high efficiency for terrestrial applica-
tions, CIGS-based solar cells are now gaining footing in the
photovoltaic industry [3]. Where the material is simple to
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make [4], has a low manufacturing cost [5, 6] good durabil-
ity and stability [7, 8], and radiation hardness [9, 10]. It
also has a high optical absorption coefficient (10° cm') [11]
and a tunable band-gap ranging from 1.02 eV for CulnSe,
(CIS) to 1.68 eV for CuGaSe, [12-14]. These latter char-
acteristics are among the exceptional advantages of the
CIGS compound material [15-17]. In recent years, several
investigations have been carried out to enhance and advance
CIGS solar cells. Repins and al. suggested a 19.9% efficient
in CIGS-based solar cell in 2008 [18]. In addition, Chirila
et al. published an article of ZnO: Al/i-ZnO/CdS/CIGS solar
cell structure, which presents an efficiency of 20.4% [19].
In 2016, the efficiency of the conventional CIGS solar cell
was improved to 22.6% by using alkali element of Potassium
[11]. Very recently, efficiency up to 22.9% was announced
by Kato et al. [20] in 2019 for the conventional structure
achieved by Caesium treatment. By inserting new layer of
p-type Si, Heriche et al. [21] improved the efficiency to
21.3% with a very thin CIGS absorber layer of about 1 pm,
with a structure ZnO/CdS/CIGS/Si.

The back surface field (BSF) plays an important role in
improving the device efficiency and reducing the thickness
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of the absorbers layers [22—24]. The hydrogenated micro-
crystalline silicon (pc-Si:H) layer used as BSF can raise the
conversion efficiency more than 4% compared to a solar cell
without BSF layer [25].

In this work, we have used the Silvaco-Atlas software
on the design and the study of structure of CIGS thin film
solar cells structure. Firstly, we studied the effect of CIGS
layer thickness, doping concentrations, and defects on the
J-V properties and the quantum efficiency (QE) of a con-
ventional cell ZnO/CdS/CIGS. In the second step, we will
show that the simulation results of the device performance
are affected by adding the back surface field using pc-Si:H
BSF layer. We also studied the effect of defect density on
the performance of substrate ZnO/CdS/CIGS/ pc-Si:H solar
cells structure.

2 Device structure and simulation

In the conventional structure, the n-type CdS buffer layer
is inserted between the ZnO window layer and p-type
CIGS absorber layer to make a high quality p—n junction
in the interface [26]. In the proposed structure, we have
inserted a BSF layer based on pc-Si:H between the back
contact Molybdenum (Mo) and the CIGS absorber layer.
The CIGS is a p-type semiconductor with 3 pm-thick and
2% 10'® ecm™3acceptor density [27] with a moderate gap
E,=1.3 eV [28]. The n-type CdS buffer layer was taken
using 50 nm-thick and 2 x 10'® cm™donor density with
a gap of 2.4 eV. The degenerate ZnO(n+) window layer
was taken as a wide band-gap the transparent conducting
oxide (TCO) semiconductor (3.30 eV), with 100 nm-thick
and 1x 10" cm™ as a donor density [29]. In the proposed
structure, a very thin back surface field (BSF) pc-Si:H(p+)
of 10 nm-thick, and heavily doped with 1 x 10*! cm~ hole
density and band-gap of 1.45 eV [25]. A schematic view
of the conventional CIGS solar cell structure and the new
structure with a BSF layer are displayed in Fig. 1

The simulations were performed using the 2D and 3D
computer simulator Atlas-Silvaco. It predicts the electrical
behavior of specified semiconductor structures and provides
insight into the internal physical mechanisms associated
with device operation. The Atlas-Silvaco simulator allows
the solution of a set of basic semiconductor equations con-
sisting of the Poisson equation and the continuity and trans-
port equations for electrons and holes [30].

The band-gap E, of the semiconductors Cu (In(,_,), Ga,)
Se, alloys was calculated using the following expression
[31].

E,[eV] =1.010+ 0.626 - x — 0.167 - x(1 — x) 1))
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Window: ZnO (0.1 um)

Window: ZnO (0.1 um)

Back contact: Mo (0.5 pm)

Back contact: Mo (0.5 um)

Fig. 1 The CIGS cell structure with and without BSF layer

where E, ranges from 1.011 to 1.69 eV for x ranging from
0 for CIS to 1 for CGS, respectively.

The input parameters of each layer of the proposed structure
are summarized in Table 1. These parameters are the thickness
w, the permittivity constant er, the band-gap E,, the electron
affinity ., the electron/hole mobility u,/u,, the effective den-
sity of states in conduction/valence band N-/Ny, and the donor/
acceptor concentration Np/N,,. At the front contact, the reflec-
tion was neglected. The values of the surface recombination
velocity for holes/electrons S,/S,, at front and back contacts
were 1x 107 cm/s.

Because all of the layers are polycrystalline, they include a
wide range of defects [18]. Therefore, for the (CIGS/pc-Si:H)
layers, we used a tow Gaussian deep donor defect distribu-
tion, and tow Gaussian deep acceptor defect distribution for the
(ZnO/CdS) layers. The donor and acceptor defect distributions
are provided by Atlas [30, 31].

[Egs — E]°
8ca(E) = Ngaexp | — W ()
L GA .
[ [E-Egp]?]
gan(E) = Nopexp | = | =5 =22 ©)
- GD .

where E is the defect energy, the subscripts (G, A, D) stand
for Gaussian acceptor and donor defect states, respectively.
The effective density of states (Ng, and Ngp), standard
energy deviation (W, and Wgp), and peak energy position
all characterize the density of states (Eg, and Egp). In this
study, the solar cells operating temperature was set at 300 K.



Journal of Computational Electronics

Table 1 Physical parameters and defect state for materials used in the simulation

Parameter Zn0 (n) CdS (n) CIGS (p) pe-Si:H (p+)
Thickness w (pm) 0.1 0.05 [32] 3 0.01 [25]
Band gap energy E, V) 3.3 [21] 2.4 [31] 1.3 [28] 1.45 [25]
Doping density Np/N,, (cm™) 1x10" 2x10'8 [28] 2x 1016+ 1x 107t
Electron affinity y, (eV) 4.6 [23] 4.2[23] 4.5 [21] 4[25)
Relative permittivity e, (F cm™) 91[22] 10 [31] 13.6 [4] 11.9 [25]
Density of states at conduction band N (cm™3) 2.2x10'8[32] 2.2x10'%[31] 2.2x10'8 [4] 10" [25]
Density of states at valence band Ny, (cm™) 1.8%x 10" [22] 1.8%x10" [32] 1.8% 10" [4] 10" [25]
Electron mobility 4, (cm?/Vs) 100 [31] 100 [21] 100 [31] 50 [25]
Hole mobility s, (cm?/Vs) 25 28] 25[22] 25[23] 5 [25]
Gaussian defect density Ng, Ngp (cm™) 10" (A) [21] 10" (A) [21] 10™ (D)* 10 (D)
Defect energy position Eg, Egp (€V) Mid-gapm [31] Mid-gapm [31] Mid-gapm [31] Mid-gapm
Standard energy deviation Wg, Wgp (€V) 0.1(A) [32] 0.1(A) [31] 0.1(D) [31] 0.1(D)
Electron capture cross section 6, (cm?) 10712 [28] 10717 [28] 10713 [28] 10712
Hole capture cross section 6, (cm?) 1075 [28] 10712 [28] 1071 [28] 1074
Surface recombination velocity for electrons S, and

holes S, (cm s7hH
At front contact 107 [32] 107 [32]
At CdS/CIGS interface 10° [31] 10° [31]
At back contact 107 [32] 107 [32]

mMid-gap is the middle of the band gap
*A variable field

(A) denote Acceptor defects

(D) denote Donor defects

3 Results and discussion

Understanding the behavior and dependability of any semi-
conductor device depends on the band diagram derived from
such a configuration [33]. The band diagram of the simulated
structure in this investigation was produced using Tonyplot
from Silvaco-Atlas. The obtained band diagram is displayed
in Fig. 2. A good band alignment was obtained between
CIGS absorber layer and the pc-Si:H back surface field.
After introducing the thin pc-Si:H BSF layer, an upward fac-
ing slope is created toward the surface so that the electrons
are repelled from going near the surface as seen in Fig. 2.
The created back-side built-in electric field opposes minority
carrier travel to the back surface, which has a high recom-
bination velocity; hence electrons are reflected away from
the back surface, minimizing rear surface recombination.

3.1 Thickness optimization of CIGS absorber layer

In this part, we'll look at the performance of the ZnO/CdS/
CIGS solar cell using the variables listed in Table 1, in order
to estimate the optimum of CIGS absorber layer thickness.
Figure 3 shows the evolution patterns of V., J ., FF and 7 of

ZnO/CdS/CIGS solar cell as a function of p-CIGS absorber
layer thickness from 0.5 to 10 pm. When the CIGS layer

Energy (eV)

1.5 2

Distance (um)

Fig.2 Band diagram for the CIGS solar cell with BSF

thickness w(CIGS) is increased from 0.5 to 5 pm, J,, rise
significantly from 24 mA/cm? to approximately 33.95 mA/
cm? and 7 increases rapidly from 14.37% to about 23.39%
(by 40.17%), respectively. V. up to (0.84 V) and FF (83%),
on the other hand, remain nearly unaltered. All photovoltaic
properties are nearly identical for a thick p-CIGS absorber
layer (more than 5 pm). This overall behavior is resulted
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Fig.3 Cell performances with variable thickness of CIGS absorber layer

from the increase of the photons absorption and even the
increase of the electron—hole generation in the p-CIGS
absorber layer. Therefore, the thickness of 5 pm is chosen
as an optimum thickness for p-CIGS absorber layer for an
efficient ZnO/CdS/CIGS solar cell [28]. If the absorber layer
thickness is reduced the back contact will be very close to
the depletion region [34]. Additionally, for comparison, sim-
ilar behaviors of the performance parameters were achieved
by Benmir and Heriche [35, 36].

3.2 Optimization of the acceptor density N, (CIGS)

The acceptor concentration of the CIGS layer has been dis-
covered to be significant factors that have a direct impact
on the performance of CIGS based solar cells. As a result,
the absorber layer's acceptor concentration, N, (CIGS), is
adjusted from 10" to 10'® cm~3, and the simulated photovol-
taic characteristics are displayed in Fig. 4. The J , exhibits
a very modest drop from 34,08 mA/cm? for a concentra-
tion of 10" ¢cm™3 to an acceptable limit of 31,55 mA/cm?
for a concentration of 4 x 10'7 ¢cm™3, which is caused by
an increase in free carrier charge recombination that occurs
inside the bulk [37]. On the other hand, V., FF and effi-
ciency are increased significantly with the increase of N
(CIGS) from 10'2 to 10'” cm™ whereas the optimum effi-
ciency achieved is 22.49% in the acceptor concentration of
about 10'” cm™, the V,_ ~ 0.83 V and FF ~84.37%. After

@ Springer

2 3 45 6 7 8 9 10
Thickness of CIGS (um)

0 1

this value the structure presents a strong decrease in the V
FF and efficiency. The result indicates that the N, (CIGS)
must be higher than 10'® cm™ and lower than 10" cm™ to
obtain a good performance.

3.3 Influence defect state density of CIGS absorber
layer N¢; (CIGS)

The conversion efficiency of CIGS-based solar cells is
drastically reduced when defects caused by increased Ga
content are considered. The simulation results of CIGS
solar cell with various Gaussian defect state densities posi-
tioned in the CIGS bulk band-gap Ng (CIGS) are presented
in Fig. 5. When Ng (CIGS)> 10> cm™, the figure depicts
a negative influence on the device's performance. All the
photovoltaic parameters, including V,, J, FF, and 5, are
reduced. Charge carriers become trapped or recombined
in flaws, resulting in a waste of energy that does not con-
tribute to the transportation of current to the external load.
When N (CIGS) 10" cm™3, the greatest attainable values
of photovoltaic parameters were reached. J,,=32.41 mA/
cm?, V..=0.81 V, FF=84.65%, and n=22.21% were the
highest obtained parameters at Ng (CIGS) = 10 cm™. The
J-V characteristics were reduced due to a defect concen-
tration of around 3 x 10'8 cm™3, with J.=18.95 mA/cm?,
Voe=0.57V, FF=22.1%, and  =2.4%. Because of the high
recombination rate, this deterioration occurs. As a result,
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the bulk defect density, which is connected to creating trap-
ping (recombination state) in the absorber bulk, may have a
significant impact on current transport [38].

3.4 Performance optimization of CIGS layer
for the new structure

In Fig. 6, the quantum efficiency (QE) of the solar cell struc-
ture ZnO/CdS/CIGS/uc-Si:H(p+)/Mo with various CIGS
layer thicknesses is shown. We can see that QE increases as
the CIGS layer thickness increases. This is because as the
thickness of the absorber layer increases, more photons are
absorbed [39].

The simulation results for conventional solar cells and
solar cells with BSF layer are given in Fig. 7, which was
achieved by adding 10 nm of the new layer uc-Si:H to the
simulation results for conventional solar cells and solar
cells with BSF layer. We can see in Fig. 3 that the optimum
thickness was in the range of 5 um, which corresponds to
an efficiency of 23.39% in the conventional cell; however,
using a cell with BSF, the new optimum thickness of 1.5 um
achieves an efficiency of 23.42%. Note that the electric effi-
ciency increases rapidly in the cell with BSF; it is note-
worthy that the efficiency has jumped from 18.6 to 22.08%
for the 0.5 um and 1 pm, respectively. This is owing to the
fact that the majority of electron/hole pairs are created when
the absorber layer is bulky. Given the high cost of gallium
and indium materials in CIGS solar cells [40, 41], lowering
the usage of indium and gallium materials by reducing the
layer thickness is sufficient to minimize the cost of CIGS cell
manufacture. Furthermore, by inserting the BSF between
CIGS and Mo, it is feasible to enhance the efficiency of the
cell with a thin layer of CIGS, which is advantageous since
it saves money and time in the CIGS solar cell production.

10 ——m—m—r— """
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& 60 Increasing -
S 50 CIGS thickness ym 1
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0 }—————————————
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Fig.6 Quantum efficiency for the cell structure with BSF layer
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In Fig. 8, we found that the cell with BSF layer exhib-
ited better J-V characteristics. Indeed, from this plot, it is
clear that the cell with BSF possesses better performances
comparing to the basic cell; in Table 2, the main results are
displayed. According to this table, it is evident that all these
parameters are improved by the insertion of the BSF layer.

3.5 Influence of acceptor density of BSF layer on cell
performance

The influence of BSF doping level on cell performance
is seen in Fig. 9. The concentration of the pc-Si:H layer
was varied from 10" to 102! ecm™3, and we noticed that
the photovoltaic parameters the efficiency and the open
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o 351 -
g |
E 30 . -
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Fig.8 J-V characteristics for CIGS solar cell with and without BSF
layer
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Table 2 The influence of BSF pc-Si: H layer in comparison with similar research and compared with other reported CIGS solar cells

No Type of research CIGS (nm) thick- Joo (mA/cm?) Voe (V) FF (%) n (%) References
ness
1 Experimental 2500 38.50 0.74 79.70 22.92 [20]
2 Experimental 1000 35.71 0.69 78.12 19.20 [43]
3 Experimental 2200 35.50 0.69 81.20 19.90 [18]
4 Theoretical 2000 38.90 0.74 79.68 22.94 [28]
5 Theoretical 3000 33.50 0.78 82.00 21.32 [34]
6 Theoretical 1000 34.47 0.74 83.09 21.30 [21]
7 Theoretical 3500 44.39 0.65 77.49 22.69 [42]
8 Theoretical 1500 32.55 0.84 85.31 23.42 gl
No. Type of research Absorber layer BSF layer n without BSF 7 with BSF (%) Enhancement in References
(%) 1 (%)
1 Experimental Si 7ZnS 6.40 11.02 72.19 [44]
2 Experimental CIGS MoSe, 9.00 14.00 55.55 [45]
3 Theoretical CdTe SnS 17.40 21.83 25.45 [22]
4 Theoretical CIGS Si 16.39 21.30 29.96 [21]
5 Theoretical CIGS pe-Si: H 19.80 23.42 18.28 [®]
[®] Our work
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Fig. 9 Output characteristics of the solar cells versus BSF doping level

circuit voltage increase significantly as the concentration
of BSF increases. This is due to the electrical field distri-
bution at the rear contact, which prevents minority car-
rier recombination [23]. It can be shown that raising the
BSF doping concentration from 10'” cm™ to an accept-
able limit of BSF concentration has no significant effect

uc-Si:H Doping level (cm's)

on the short circuit current and form factor, and that the
efficiency improvement is restricted to between 23 and
24%. As aresult, it can be stated that using a highly doped
BSF of defining the parameters of a CIGS solar cell will
be preferred.
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3.6 Effects of operating temperature on efficiency
of CIGS solar cells with BSF

As illustrated in Fig. 10, lowering the temperature has a
favorable and significant impact on the cell performance
metrics. As the temperature drops, so does the electric effi-
ciency. The efficiency gain is around 0.28%. At a tempera-
ture of 300 K As a result, 300 degrees Fahrenheit is the ideal
temperature. Similar behaviors of performance parameters
were reported in [46]. As a result, temperature is a funda-
mental determinant of CIGS solar cell performance; a drop
in temperature boosts cell efficiency greatly. As a result,
lowering the cell temperature to 300 K is preferable. Install-
ing the cell in low-temperature areas or employing PV cell
cooling methods is two ways to lower the cell temperature.

4 Conclusion

In summary, this study investigates the results of a numeri-
cal simulation of electrical properties of Cu(In,Ga)Se,
(CIGS) based solar cell by using Silvaco-Atlas 2D numeri-
cal simulator. First, we study the effect of CIGS thickness,
doping concentrations, and defects on the J-V properties
and the quantum efficiency (QE) of a conventional cell.
The obtained efficiency of the conventional cell is 19.80%
with CIGS absorber layer thickness of about 1.5 pm, and
our simulation results are in good agreement with the simu-
lated and experimental results found in literature. The back
surface field (BSF) based on hydrogenated microcrystal-
line silicon pc-Si:H(p+) has been introduced between the
back contact (Mo) and the CIGS absorber layer in order to
increase the efficiency of the solar cells. The obtained results
show that the efficiency of CIGS solar cells is increased

@ Springer

by the insertion of pc-Si:H(p+) BSF layer, And up to the
value to 23.42% at 1.5 pm of CIGS thickness and 10 nm for
pc-Si:H(p+) BSF layer.
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