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Abstract

In a context marked by the increased use of energy which powers all the
activities that make up economic life. The search for short and long term
solutions involves improving the performance of renewable energy produc-
tion systems in general and solar photovoltaic (PV) energy in particular. In
the field of solar PV, research is underway to meet these requirements. There-
fore, in this paper we present a numerical characterization of chalcopyrite
copper-indium-gallium-diselenide thin film solar cells using one dimen-
sional simulation program. Charge carrier recombinations play a major role
in CIGS-based solar cells, as a result, the reduction in the lifespan of the charge
carriers in the volume of the absorber leads to their recombination and ex-
plains the drop in performance. On the other hand, V.. increases with the
increase in the gap and J . decreases. If the energy of the conduction band
discontinuity is equal to 0.1 eV, FFand 7 decrease, Ji. decreases sud-
denly for AE; =0.4eV . From our study, it appears obvious that as the sur-
face recombination speed increases, the electrical performance of the solar
cell decreases. When the interface recombination speed is 10° cm/s, for
0.3<AE. <0.6eV, we note a significant decrease in efficiency with a value
0f 20.9%. The activation energy, denoted E,,is a phenomenological param-
eter used to locate the place of predominance of SRH type recombination
mechanisms in the CIGS solar cell. The study shows through the J-V
characteristic, a significant loss of the J,. by SRH recombination and

confirm its domination. The consequences are therefore important, when
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the lifetime of the electron-hole pairs is at its basic value (7, =24, ), for
0.1<AE;. <0.55eV, we note a reduction of 21.6% electrical conversion ef-
ficiency. The activation energy of a value of around 1.3 eV greater than the
gap of the absorber (E; =1.2€V) attest that SRH recombinations predomi-
nate inside the SCR.

Keywords

Numerical Simulation, Thin Film Solar Cell, Dominate Recombination
Mechanism, Shockley-Read-Hall Recombination, Activation Energy

1. Introduction

Photovoltaic solar cells in general and in particular thin-film chalcopyrite solar
cells based on copper-indium-gallium-selenium (Cu(In,Ga)Se,) are increasingly
promising. The record yields obtained so far bear witness to this, in 2019 by Naka-
mura achieved a record yield of 23.35% for solar cells [1]. Flexible solar panel
modules recorded a record 22.22% efficiency in 2022 by the Swiss Federal Labor-
atories for Materials Science and Technology (EMPA) [1]. A record yield with the
use of a zinc sulfide (ZnS) buffer layer reached 23.54% [2]. The technology offers
excellent performance, in part thanks to its low temperature coefficient of only
-0.36%/°C [1].

Despite record yields which continue to increase and above all increasingly
greater stability, PV solar cells based on the so-called second-generation quater-
nary CIGS system still encounter certain difficulties which affect their proper
functioning [3]. Among these difficulties, we note the recombination mechanisms
which manifest themselves in different localities of the solar cell [4]-[6]. The re-
combination mechanisms are the most determining factors in the operation of the
solar cell, a good control of these recombination mechanisms would allow the im-
provement of the electrical parameters and the obtaining of significant conversion
efficiency.

In this paper, our objective is to determine the type of recombination, Auger,
radiative or Shockley-Read-Hall (SRH) mechanism dominant in the Cu(In,Ga)Se,
solar cell model. In addition, we seek to know in which part, buffer layer (CdS),
space charge region (SCR), CIGS/Mo interfaces, CIGS/CdS or CdS/ZnO interface,
this type of recombination mechanism affects the most performance of the solar
cell.

In the remainder of our article, we present the structure of the solar cell, we also
present the software for simulating the capacities of one-dimensional solar cells
(SCAPS-1D) used for the numerical simulation. Using numerical simulation, we
determine the most dominant recombination mechanism, then we show the im-
pact of these recombinations on the performance of the CIGS-based solar cell,

finally we identify its predominance area.
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2. Materials and Methods
2.1. Structure and Operating Principle of the CIGS-Based Solar Cell

Back contact | | Back contact

OTC
CdS

Load

Cu(In,Ga)Se;

Molybdenum

Soda glass substrat

(b)
Figure 1. (a) Image of CIGS solar cell [7], (b) Structure of a CIGS-based solar cell [3].

Figure 1 shows a photo of the sequence of layers of the model to be simulated.
The different layers were experimentally deposited successfully at the National
Renewable Energy Laboratory by K. Ramanathan [7]. We notice that the mor-
phology of the layers differs depending on their physicochemical properties. The
CIGS absorber which is the largest of the device occupies most of the surface of
the solar cell [7] [8]. Figure 1(b) shows the structure of the CIGS-based solar cell
with cadmium sulfide buffer layer that we extracted from the image (Figure 1(a))
[3]. We distinguish from bottom to top (Figure 1(b)): the substrate layer (Na,0,),
the rear contact layer (Mo), the absorber layer (CIGS), the buffer layer (CdS), the
conductive transparent oxide (ZnO) and the front contact layer (Ni/Al/Ni). The
role and importance of each layer in the operation of the GIGS solar cell is de-
scribed in detail in our previous work [4] [9] [10].

The study on the operating principle of this CIGS-based solar cell structure
(Figure 1(b)) shows that photons with an energy E_ <3.3€V pass through the
ZnO layer. Those with an energy between 2.4 and 3.3 eV are absorbed in the CdS
buffer layer. Once in the CIGS absorber, the incident photons are absorbed in the
space charge region (SCR) [3] [4] [10]. The electron-hole pairs photogenerated in
the SCR are separated by an internal electric field which respectively accelerates
and propels the electrons at the front contact (Al/Ni) and the holes at the back
contact (Mo) (Figure 1(b)) [4] [10]. It is very interesting to specify that the electric
field comes from the presence of the heterogeneous p-n junction formed between
the p-type CIGS layer and the n-type CdS layer. The electron-hole pairs which are
collected at the front and rear contacts of the cell are delivered into the charge

(Figure 1(b)) and give rise to a photocurrent generation.

2.2. One-Dimensional Solar Cell Capacity Simulation Software
(SCAPS-1D)

Software developed by research teams is available in both free and paid versions.

The most popular free software programs include: AFORS-HET (Automat for
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Simulation of Heterojunction), ASA (Amorphous Semiconductor Analysis),
AMPS-1D (Analysis of Microelectronic and Photonic Structures), and SCAPS-1D
(Solar Cell Capacitance Simulator) [11].

SCAPS-1D is a one-dimensional numerical simulation software for Windows
application, it is the work of focuses Marc Burgelman’s team from the department
of electronics and information systems (ELIS), at the University of Gent in Belgium.
Its development is inspired by work on solar cells based on CdTe and Cu(In,Ga)Se;
[12] [13]. The simulated results were in very good agreement with the measured
results [14] [15] but, also with the results obtained with AMPS-1D [16]. SCAPS-
1D on the most sensitive characteristics of the solar cell, namely: J-V, C-V, C-f
and QE-A under illumination and darkness [1]. Taking into account defects that
favor the recombination of charge carriers is effective with SCAPS-1D. The charge
carrier recombination rate R can be described by Equation (1) [3]:
1 pn-n

R (1
with n the density of free carriers, p concentration of holes, n; the density of in-
trinsic carriers, 7, lifetime of electrons. The rate of generation of charge carriers
due to optical excitation is given by Equation (2) [3]:
do
G(Z):—E:aXCD(zo)exp(—ax(z—zo)) (2)

with @ the photon flux density per unit area and time, ¢, is the absorption

x
coefficient, ®(z,) the flux density for an initial depth z,, z isthe penetration
depth of the flux.

Our study is based on a one-dimensional simulation, which has inherent limi-
tations. Our model does not take into account lateral non-uniformities and the
role of grain boundaries in polycrystalline films.

Table 1 below shows the properties of the different layers of our PV solar cell

model.

Table 1. Bases parameters of CIGS cell properties. W—thickness, e—dielectric constant,
E,—band gap energy, A Ec—conduction band offset, 0., or—capture cross section electrons
and holes, ye—electron affinity, v—thermal velocity, N,, Ns—shallow uniform acceptor and
donor density. d—donnor, a—acceptor.

Parameters p-CIGS n-CdS n-OVC i-ZnO n-ZnO
W [nm] 1000 30 1 80 100
E;[eV] 1.2 24 1.45 3.4 3.3
Xe [eV] 4.5 4.45 4.5 4.55 4.45

& & 13.6 10 13 9 9
N:[cm™] 2.2x 1018 2.2 x 1018 2 x 10 4 %10 2.2 x 108
Ny [cm™?] 1.8 x 10¥ 1.8 x 10¥° 2 x 10%° 3 x 10Y 1.8 x 10¥°
ve [cm/s] 5% 10° 107 5x 10° 107 107
va [cm/s] 5x 10° 107 5x 10° 107 107

e [cm?/Vs] 102 102 1 50 102
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Continued
e [cm?/Vs] 25 25 1 20 25
N; [ecm™@] 2.5 x 10" [a] - 10Y [a] - -
Na[cm™] - 2.5 % 10% [d] - 5x107[d] 10 [d]
o [em?] 1016 1012 10715 10715 101
o1 [em?] 1016 1012 10715 10715 10715
N: [cm™3] 10" [d] 10'¢ [a] 10" [d] 10" [a] 10" [a]

3. Results and Discussions

3.1. Dominant Recombination Mechanism

Charge carrier recombination plays a major role in CIGS-based solar cells. Con-
trolling the different recombination mechanisms is very important for better per-
formance of solar cells. The recombination of a charge carrier depends on its life-
time 7, its mobility u, its diffusion length (L) and its recombination speed
(vy, ) [3]. There is radiative type, Auger type and Shockley Read Hall (SRH) type
recombination mechanisms.

The simulation with SCAPS-1D allows us to obtain Figure 2, it highlights the
effects of the different recombination mechanisms on the J -V characteristic.
Analysis of the results obtained in Figure 2 shows a significant loss of current
density by SRH type recombination. We deduce from these results that SRH type

recombinations are dominant in the CIGS solar cell studied.

30 T
I
—. 25 |
N
g 20 ',
E - JAuger ,:
%‘ 15 7 “Radiative |
g 10 77 YsrH ,’
o I
k= /
g 5 /
3 _ /
R
-5
0 0.2 0.4 0.6 0.8 1.0
Voltage[V]

Figure 2. Recombination current density.

3.2. Impact of Volume Recombinations on Electrical Performance

Following the study which made it possible to determine the dominant type of
recombination, we set ourselves in this part the objective of evaluating the impact
of recombinations in volume and at layer interfaces on electrical performances.
The electrical performance of the CIGS-based solar cell decreases on the one
hand with the reduction in the lifespan of the charge carriers (Figure 3). As a
result, the reduction in the lifespan of the charge carriers in the volume of the
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Voc [V]

FF [%]

absorber leads to their recombination and explains the drop in performance. On
the other hand, V.. increases with the increase in the gap and Jy. decreases
(Figure 3(a) and Figure 3(b)). If the energy of the conduction band discontinuity
isequalto0.1eV (AE. =0.1eV ), FF and 7 decrease (Figure 3(c) and Figure
3(d)), Js decreases suddenly for AE. =0.4eV (Figure 3(b)). These discon-
tinuities correspond to energy barriers for the electrons photogenerated in the ab-
sorber. If the height of the barrier is greater than 0.4 eV, the photogenerated elec-
trons cannot cross it, which explains the fall of Jg. . The consequences are there-
fore important, when the lifetime is at its base value ( 7, =24, ), for

0.1<AE. <0.55eV, we note a reduction of 21.6% in conversion efficiency (Fig-
ure 3(d)).
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Figure 3. Effect of bulk recombination on electrical parameters.

3.3. Impact of Interface Recombinations on Electrical Performance

For the case of interface recombinations, they are characterized by the variation
in the surface recombination speed (S ). From Figure 4, it appears obvious that
as the surface recombination speed increases, the electrical performance of the
solar cell decreases. Energy barriers appear for values AE. =0.1eV and 0.3 eV,
which explains the significant reduction in the Jy. (Figure 4(a)). Regarding in-
terface recombinations, when the recombination speed is 10° cm/s, for

0.3<AE_. <0.6eV, we note a significant decrease in efficiency with a value of
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20.9% (Figure 4(b)).
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Figure 4. Effect of interface recombination on electrical parameters.

When two bandgap semiconductors Egl (CIGS) and Eg2 (CdS) are brought
into contact, they exchange electrons to align their Fermi levels. Band alignment
is important for solar cell performance because it strongly influences current
transport across the junction. The energy difference between these two bandgaps
determines the discontinuity of the conduction (£;) and valence (£,) bands at the
interface of the two materials [7].

Two types of band discontinuity, namely a “peak” or a “cliff,” can form between
the CIGS absorber and the buffer layer [17]. A peak corresponds to a positive band
discontinuity, meaning that the electron affinity of CIGS is greater than that of
CdS, while a cliff corresponds to a negative band discontinuity. In this study, the
band discontinuity in our model is a peak due to the fact that yqgq ™ Ycgs- A
high energy peak at the CIGS/CdS interface blocks the flow of current in the solar
PV cell.

3.4. Activation Energy

The activation energy, denoted E,, is a phenomenological parameter used to lo-
cate the place of predominance of SRH type recombination mechanisms in the
CIGS solar cell. In the literature, several methods exist for determining the recom-
bination activation energy [4] [17]-[19].

The method that inspired us consists of plotting the V. curve as a function
of temperature and we use the following relation (Equation (3)):
Ng_k_T.n('_ph] @)

a 4q Iy

oc ~

We graphically obtain the activation energy by extrapolating the curve up to

I
the temperature of 0 K at the origin of the benchmark (k—TIn [Iihj ~ OJ. The
!

0

value of the V. read corresponds to the value of the activation energy to a factor
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of 1/q (Vo =E,/q). We make the following hypotheses:

1) if the activation energy is lower than the absorber gap ( E, < E;), the inter-
face recombination mechanisms (CdS/CIGS, CIGS/Mo) are dominant;

2) if the activation energy is substantially equal to or greater than the gap of the

absorber ( E, 2 Eg ), the recombination mechanisms inside the SCR dominate.

1.5

13 <
14 .

0.9 ~.

0.7

0.5 \

0.3 o

Voc [V]
/

™~

0 100 200 300 400 500 600
TIK]

Figure 5. Method for determining activation energy.

0.1

From Figure 5 obtained from the numerical simulation, we see that the activa-
tion energy of the model studied has a value of approximately 1.3 eV. This value
is greater than the gap value of the absorber studied ( E; =1.2€V). In conclusion,
the present model is affected more by SRH type recombinations in volume, more

precisely inside the SCR.

4. Conclusions

In this paper, using the one-dimensional solar cell capacity simulation software
(SCAPS-1D) we studied the Cu(In,Ga)Se; heterojunction solar cell by numerical
simulation.

The study shows through the current-voltage density (J —V ) characteristic a
significant loss of short-circuit current density ( Jo. ) by SRH recombination. SRH
recombinations, dominant in the CIGS solar cell, exert a considerable influence
on these opto-electrical performances. The consequences are therefore important,
when the lifetime of the electron-hole pairs is at its basic value (7, =2y, ), for
0.1<AE; <£0.55eV, we note a reduction of 21.6% electrical conversion effi-
ciency.

Our study allowed us to identify the predominance zone of these SRH recom-
binations, the activation energy of a value of around 1.3 eV greater than the gap
of the absorber ( E; =1.2€V ) attest that SRH recombinations predominate inside
the space charge zone (SCR). Having determined the dominant recombination
(SRH) mechanism in our CIGS-based solar cell model and its dominant recombi-
nation region (SCR), our next studies will focus on targeted defect passivation

strategies during CIGS film growth.
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