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Numerical modelling is used to confirm experimental and theoretical work. The aim of this work is to present how to simulate
ultrathin hydrogenated amorphous silicon- (a-Si:H-) based solar cells with a ITO BRL in their architectures. The results
obtained in this study come from SCAPS-1D software. In the first step, the comparison between the J-V characteristics of
simulation and experiment of the ultrathin a-Si:H-based solar cell is in agreement. Secondly, to explore the impact of certain
properties of the solar cell, investigations focus on the study of the influence of the intrinsic layer and the buffer layer/absorber
interface on the electrical parameters (Jc, Voo, FF, and 7). The increase of the intrinsic layer thickness improves performance,
while the bulk defect density of the intrinsic layer and the surface defect density of the buffer layer/i-(a-Si:H) interface,
respectively, in the ranges [10°cm™, 10 cm™] and [10'°cm? 5x 10 cm™], do not affect the performance of the
ultrathin a-Si:H-based solar cell. Analysis also shows that with approximately 1 ym thickness of the intrinsic layer, the optimum
conversion efficiency is 12.71% (Jgc = 18.95mA - cm™2, Vo =0.973V, and FF = 68.95%). This work presents a contribution to

improving the performance of a-Si-based solar cells.

1. Introduction

The photovoltaic industry is over 95% focused on the use
of silicon as a base material [1]. The cost of synthesizing
this material has made it possible to switch from crystal-
line silicon (c-Si) to amorphous silicon (a-Si). Thin-film
silicon, mainly the amorphous silicon (a-Si:H) solar cells,
has the potential to be less expensive due to low material
consumption, lower thermal budget manufacturing steps,
and low temperature coefficient of solar cell efficiency
[2]. However, the commercially available stabilized effi-
ciency and reliability of a-Si:H solar cells are greater than
many of the third generation solar cells as reported so
far [3]. When synthesizing amorphous silicon, it has a
high concentration of dangling bonds in its structure. To
overcome this failure, it is necessary to incorporate hydrogen
[4]. This defect reduction allowed the doping of hydroge-
nated amorphous silicon with boron and phosphorus [5].
The a-Si:H has the advantage of having an adjustable band-

gap and a high optical absorption coeflicient. This optical
bandgap varies between 1.6eV and 1.8eV [6]. The effi-
ciency limit for a single bandgap thin film-based solar cell
predicted by Shockley and Queisser is around 31% [7].
Nowadays, the maximum conversion efficiency of a-Si:H
solar cells is 10.2% [8], which is still far from the theoretical
value. There are several methods of manufacturing a-Si:H-
based solar cells such as photo PECVD [9], sputtering
[10]. The most suitable for manufacturing single-junction
solar cells is the PECVD process [11]. However, some
limits should be placed on the preeminence of a-Si:H-based
solar cells, since a degradation effect caused by exposure to
light was highlighted by the Staebler-Wronski effect [12].
Indeed, they observed that exposure to the light of an a-
Si:H-based solar cell, stretched over time, caused a drop
of its electrical parameters: this is known as a light-
induced degradation (LID) effect. This limitation can be
reduced by controlling the thickness of the intrinsic (i)
layer in the structure of solar cell [13, 14]. In the a-Si:H-
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FIGURE 1: Schematic diagram of solar cells.

based solar cell, the thickness of the i-layer controls the
short-circuit current [3].

To facilitate light absorption in a-Si:H-based solar cell,
some advanced tricks are required to utilize the major por-
tion of the incident light in the active layer of the cell, like
light-trapping techniques in order to enhance the optical
path length (OPL) of photons [3]. The optical absorption
and carrier collection can be increased by improving the
reflection characteristics of a back reflector layer (BRL).
There are multiple approaches to suppress the optical losses
in the device; hence, properly designing the device is crucial
[3]. This work presented how to use numerical simulation
in the case of a-Si:H-based solar cell with a nonconventional
back reflector layer (BRL) in their structures. A nonconven-
tional BRL is definite as BRL containing semiconductor
nanoparticles. This type of BRL improves the reflection char-
acteristics of a back reflector layer. Nonconventional BRL
contributes in reducing optical losses by light scattering
behaviour, improves absorbance, and ameliorates photon
management. In this approach, this can be numerically mod-
elled through the rate of reflection at the rear contact and the
absorption coefficient of the active layer (i) of the a-Si:H-
based solar cell in the SCAPS-1D software. As is known to
all, the device quality is mainly determined by factors includ-
ing emitter quality and interface quality [15]. In order to
validate our solar cell model, we start from a comparative
study of the J-V characteristic of the results of the experiment
and simulation, and on the other hand, we study the influ-
ence of the various parameters (thickness, bulk defects den-
sity, and properties of buffer layer/absorber interface) on
the performance of the solar cell, using SCAPS-1D software.

2. Method and Materials

2.1. Method. Numerical modelling is an approach and an
important tool which allows to understand the complexity
of solar cells and the development of these; it also helps to

understand the phenomena that are at the origin of the lim-
itation of the conversion efficiency of solar cells. SCAPS-1D
is a one-dimensional numerical simulation software of solar
cells [16]; it was developed at the University of Gent in
Belgium and was previously tested on the structures of
CulnSe2 and CdTe family [17]. But with the evolution of
research, its functions have extended to crystalline (Si, GaAs)
and amorphous (a-Si, micromorphic Si) structures. Thus, his
choice is justified in this work by the fact that it allows to have
simulation results in agreement with experience [16].

The descriptive equations used by SCAPS-1D software
are the basic semiconductor equations (equations (1)-(3)).
They are three coupled and nonlinear differential equations
that are solved simultaneously in SCAPS-1D.
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Equation (1) is called the Poisson equation; it describes
the phenomena of an electrostatic nature, where v is the elec-
trostatic potential, #n and p are the density of free electrons
and holes, respectively, N}, and N are the concentrations
of ionized donors and acceptors, respectively, and p,. is
the density of deep defect centers. Equations (2) and (3) are
the continuity equations of electrons and holes; they govern
the condition of dynamic equilibrium in a semiconductor;
G is the generation rate; U, and U, are the recombination
rates of electrons and holes, respectively. J, and J, represent
the current densities of electrons and holes, respectively; and
their expressions are given, respectively, by equations (4) and
(5), where y, is the electron mobility and p, the hole
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TaBLE 1: Input parameters in SCAPS-1D.

Parameters p-(a-SiO,) Buffer layer i-(a-Si:H) n-(a-Si:H) 1ITO
Thickness (ym) 0.500 0.004 0.350 0.025 0.060
Bandgap energy (eV) 1.950 1.800 1.800 1.800 3.650
Electron affinity (eV) 4.000 3.900 3.900 3.900 4.800
Dielectric permittivity (relative) 9.000 11.900 11.900 11.900 8.900
CB effective density of states (cm™) 2.20 x 108 1.0x10% 1.0x 10% 1.0 x 10%° 5.2x10%
VB effective density of states (cm™) 1.80 x 10Y° 1.0 x 10%° 1.0 x 10%° 1.0 x 10%° 1.0 x 10'®
Electron thermal velocity (cm/s) 107 10° 10° 107 2.0 x 107
Hole thermal velocity (cm/s) 107 10° 10° 107 2.0x 107
Electron mobility (ecm?/Vs) 5.0 50 20 30 50
Hole mobility (cm?/Vs) 1.0 10 5.0 5.0 25
Donor density N (cm™) 0.0 0.0 1.0 x 10° 1.0x 10'® 1.0 x 10%°
Acceptor density N, (cm™) 1.0 x 10Y 7.0x 10" 1.0x 10° 0.0 0.0
Absorption coefficient SCAPS SCAPS SCAPS SCAPS SCAPS
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FIGURE 2: Experimental and simulated J-V characteristics of the a-Si:H-based solar cell.

mobility; Ep, is the Fermi level of electrons, and Ep, the
Fermi level of holes.

. OE,
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2.2. Materials. Generally, the performance of solar cells is
dependent on three main factors: material selection, material
growth technique, and device architecture [18]. A solar cell
consists of a semiconductor material that absorbs light and
then generates excess electrons and holes [15]. Figure 1 is
the structure of a-Si:H-based solar cells. Figure 1(a) shows
the structure of the solar cell investigated in this work, while
Figure 1(b) represents the schematic diagram of the solar cell

TaBLE 2: Experimental and simulated electrical parameters of the a-
Si:H-based solar cell.

Parameters Experimental Simulation
Jsc (mA-cm™) 17.2 16.55
Voc (V) 0.87 0.905
FF (%) 70.0 70.62
1 (%) 10.58 10.58

from the experimental work of Banerjee et al. [3]. In this
subsection, we describe the structure of the solar cell to be
optimized. This single-junction cell (Figure 1(a)) is based
on hydrogenated amorphous silicon and is constructed using
SCAPS-1D software. The improvement of its electrical
parameters depends on the different properties and the
arrangement of the layers in the structure. Cell to be
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FIGURE 3: Energy band diagram of p-(a-SiO,)/buffer layer/i-(a-Si:H)/n-(a-Si:H)/ITO/AL solar cell.

simulated is structured as follows: p-(a-SiO,)/buffer layer/i
-(a-Si:H)/n-(a-Si:H)/ITO/Al, as shown in Figure 1(a).

The i-(a-Si:H) layer, intrinsic type, is situated between the
p-doped buffer layer and the n-doped n-(a-Si:H) layer; it is
the fundamental element of the solar cell in which the photo-
voltaic conversion takes place. This layer is called an absorber
layer. The light enters the structure through the p-(a-SiO,)
window layer, its bandgap depends on the O/Si ratio, and
when this ratio is 34%, it has an intermediate bandgap of
1.95eV, with a conductivity of 3.3 S/cm [19]. This layer max-
imizes the absorption of light in the structure. The photons
absorbed by the i-layer create the electron-hole pairs. The
induced electric field, by the n- and p-layers through the i
-layer, causes the electrons to drift towards the n region and
the holes towards the p region. The p-type-doped buffer layer
reduces the height of the Schottky barrier and the recombina-
tion at the p-(a-SiO,)/i-(a-Si:H) interface [20]. The ITO layer
is an important layer in this numerical simulation; it can
increase the optical absorption and carrier collection by
improving the reflection characteristics of a back reflector
layer (BRL, which is a layer between the metal back contact
and the bottom n-layer in a-Si:H solar cell) [3]. The ITO layer
also reduces transmission losses at the rear contact (Al metal-
lic contact) and promotes adhesion between the amorphous
silicon and the metallic contact [21]. Improving the photo-
voltaic conversion efficiency requires improving the utiliza-
tion of the major portion of the solar spectrum in the active
layer, in order to enhance the OPL of photons [3]. In this
work, we are trying to understand how the presence of ITO
BRL in a-Si:H solar cell contributes to enhance its perfor-
mances with SCAPS-1D software.

To model this type of amorphous silicon solar cell struc-
ture, taking into account the effect of ITO BRL containing
semiconductor nanoparticles which ameliorates photon

management and increases the generation of electron-hole
pairs, in the environment of SCAPS-1D, the optical absorp-
tion submodel applied at the i-layer is based on the square-
law model, given by equation (6). The value of the absorption
coeflicient represents how efficiently the photon energy will
be harvested using the materials [7]. BRL plays a crucial role
in light reflection by backscattering to the active layer of the
cell; thus, the reflection rate at the rear contact is taken at
more than 93% in this numerical simulation as suggested
by the experimental work of Banerjee et al. [3].

a(A) = (A + %) \/ﬁ (6)

where E, represents the gap, and A (cm'.eV''’?) and B

(cm™.eV*'"?) are the parameters of the model in SCAPS-1D.

The electrical input parameters of all materials used in
this numerical simulation, for the resolution of the previous
equations, are given in Table 1; these data are taken from
the literature [3, 19, 22, 23]. In this simulation study, metal

contacts (front and back contacts) are assumed to be flat
bands.

3. Results and Discussion

3.1. Comparison between Simulation and Experience. First,
we validate our solar cell structure model (Figure 1(a)), by
comparing the experimental results of the current-voltage
characteristic from the work of Banerjee et al. [3] to those
of the numerical simulation as shown in Figure 2. The
modelling of the a-Si:H-based solar cell (Figure 1(a)) is made
under AM1.5 solar spectrum, a light power of 1000 W/m?,
and at 300 K, using the parameters of Table 1. In this numer-
ical simulation model, the silver sulfide nanomirrors in ITO
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F1GURE 4: Influence of the variation of the intrinsic layer i-(a-Si:H) thickness on the electrical parameters: (a) Jsc, (b) Ve, (¢) FF, and (d) #.

BRL (nonconventional BRL) of the experimental model were
taken into account, assuming a reflection of the order of 95%
at the rear contact of the a-Si:H-based solar cell and the
absorption coefficient given by equation (6) for the i-layer
of the solar cell.

Further, the short-current density (J4.), fill factor (FF),
open-circuit voltage (V), and conversion efficiency from
experiment and simulation are illustrated in Table 2. In view
of the data from Table 2, we can therefore conclude that there
is a good agreement between the experimental and simula-
tion results; this confirms the validity of the a-Si:H-based
solar cell model (Figure 1(a)). Figure 3 represents the band
diagram of this simulated cell at thermal equilibrium.

3.2. Influence of the Intrinsic Layer Thickness Variation. The
main drawback of a-Si:H solar cells is light-induced degra-
dation (LID), which can be minimized by controlling the
thickness of the intrinsic (i) layer [3]. It is useful to be able
to appreciate the importance of studying the variation of
thickness of the intrinsic layer on the performance of a-
Si:H-based solar cell, because it is in this layer that happens
the phenomenon of photovoltaic conversion, resulting in
the production of photovoltaic energy. Thus, this subsection
allows us to investigate the effect of the variation of the
thickness of the intrinsic layer on the electrical parameters
of the solar cell, as shown in Figure 4. For this study, the
thickness of the intrinsic layer varies from 0.1 ym to 1um
in the case of solar cells with ultrathin absorber layer, by
keeping constant the other parameters of the layers of the
structure of solar cell (Figure 1(a)) and by neglecting the
properties of interfaces between the different layers. Within
this variation range of the intrinsic layer thickness, we
observe an increase in the short-circuit current density from
13.28mA-cm™ to 18.75mA-cm™ (Figure 4(a)). Therefore,
the short-circuit current density increases with the thick-
ness. This result is explained by the considerable absorption
of incident photons in the intrinsic layer, which increases

the number of photogenerated carriers [6], through the gen-
eration rate as shown in equation (7). Similarly, the work of
Chelvanathan et al. [24] has shown that the current density
also increases with thickness in the case of the CIGS-based
solar cell.

Jon=q°Ge (L, + W+L,), (7)

where L, and L, are the diffusion lengths of electrons and

holes, respectively, and W is the width of the space charge
region.

The open-circuit voltage V. (Figure 4(b)) increases as
the thickness of the intrinsic layer increases in the range
[0.2 um, 1 ym]; this can be attributed to a decrease in the phe-
nomenon of bulk recombination and at the level of back con-
tact, and better passivation of the i-(a-Si:H)/n-(a-Si:H)
interface as suggested by Lachaume [25] and De Wolf et al.
[26] in their works. The increase of the open-circuit voltage
thus reflects the nondegradation of the i-(a-Si:H)/n-(a-Si:H)
junction. On the other hand, the decrease in V. in the
range [0.1 ym, 0.2 um] can be attributed to the degradation
of the i-(a-Si:H)/n-(a-Si:H) junction and to the recombina-
tion phenomenon at the interface of this junction.

In addition, the fill factor FF (Figure 4(c)) also shows two
trends: a first in the range [0.1 ym, 0.2 yum] and a second in
the range [0.2 ym, 1 ym]. The increase in FF in the interval
[0.1 um, 0.2 ym] may be due to the reduction in the double
diode effect observed in the i-(a-Si:H) layer [27]. However,
the decrease in FF in the interval [0.2 ym, 1 ym] is due to
the presence of coordination defects in the absorber layer,
and secondly, the resistance of the intrinsic layer increases
with its thickness, which increases series resistance of the
solar cell.

In view of the above, the combined action of these three
parameters (Jg., Ve, and FF) contribute to an increase of
conversion efficiency (equation (8)) of the a-Si:H-based solar
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cell, as a function of the thickness of the intrinsic layer
(Figure 4(d)); therefore, we observe a variation of the conver-
sion efficiency from 8.26% to 11.63%.

Jsc*VocoFF
= PO (8)

3.3. Influence of the Defect Density in the Intrinsic Layer.
Figure 5 shows the effect of varying deep bulk defect density
(N,), acceptor type, of the intrinsic layer on the performance
parameters of the a-Si:H-based solar cell using the data from
Table 1 and for N, ranging from 10°cm™ to 10" cm™. These
defects form following the breakdown of the chemical equi-
librium of the weak Si-Si bonds during the deposition of
amorphous silicon [28]. Their energy distribution in the
bandgap varies depending on the incorporation of the pro-

TAaBLE 3: Properties of buffer layer/absorber layer interface.

Parameters Buffer layer/i-(a-Si:H)
D, (cm™) Variable (A)

o, (cm?) 107"

7, (cm?) 107"

portions of hydrogen in the intrinsic layer; by convention,
these defects are located in the upper part of the bandgap.
The results obtained show that, for N, took in the range
[10°cm™, 10" cm™], the electrical parameters (Jsc, Voe
FF, and #) are constant (Figure 5). In this region, the donor
density (10°cm™) is the same as acceptors. Taking into
account the amorphous nature, the intrinsic layer can be con-
sidered to be heavily doped; therefore, the combined effects
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of acceptors and donors compensate that of bulk defects. In
other words, the recombination rate is negligible in the
intrinsic layer.

On the other hand, we observe that, for N, took in the
range [10"° cm3, 10" cm™], all the electrical parameters are
greatly affected by the variation of the bulk defect density;
there is an abrupt decrease of all these parameters
(Figure 5). This decrease is reflected in the fact that the
increase of these defects creates localized states in the band-
gap [29, 30]. These localized states influence the intrinsic
Fermi level by creating tail states and by inducing additional
charges, which are taken into account in the p,, term of
equation (1). Thus, the phenomena of recombination of the
photogenerated carriers in this layer predominate over the
phenomena of generations. The current density ] decreases

from 16.61 mA/cm” to 8.79 mA/cm?, the open-circuit voltage
Vo from 0.910V to 0.845 V, the fill factor FF from 73.0% to
41.33%, and the efficiency from 11.04% to 3.07%. The pres-
ence of these defects is the cause of optical loss due to a high
Shockley-Read-Hall recombination rate, resulting in a sharp
decline in all electrical parameters. These results are in agree-
ment with those of the work of Ghahremani and Fathy [31].

3.4. Effect of State Density of Buffer Layer/ Absorber Interface.
Defect states at the interface of two layers can cause strong
interface recombination in solar cell. A low interface state
in the midgap can be achieved by the insertion of intrinsic
hydrogenated amorphous silicon in the a-Si/c-Si passivated
contact (a-PC) solar cell [15]. Modelling and optimizing a
solar cell require controlling the interface states between the
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different layers that constitute it, in order to ensure the pas-
sage of charge carriers through a junction. The previous
results are obtained by neglecting the interface properties
between the different layers. The buffer layer/absorber inter-
face plays a crucial role in the charge transport mechanism in
a-Si:H solar cells [32]. In this section, we explore the influ-
ence of the density of surface defects D, (Table 3) at the
buffer layer/i-(a-Si:H) interface, using the data from Table 1
and for N, = 10'® cm™ in the intrinsic layer, on the electrical
parameters (Joc, Vo, FF, and #) of the a-Si:H-based solar
cell, as presented in Figure 6. This density of surface defects
(D,,) varies from 10'cm™ to 5 x 10'° cm ™.

For surface defect densities ranging from 10'°cm™ to
10" cm™, the electrical parameters are almost insensitive.
Moreover, when the density of the surface defects increases
from 10 cm™ to 5x10'°cm™, the short-circuit current
density decreases drastically from 16.43mA/cm® to
11.47 mA/cm? (Figure 6(a)). This decrease is due to increased
recombination centers at the interface buffer layer/i-(a-Si:H),
favouring electron traps but also the loss by optical absorp-
tion of the incident light [33].

Figure 6(b) shows that, for D; took in the range
[10"cm™, 5x 10" cm™], the open-circuit voltage decreases
considerably from 0.908 V to 0.896 V. This decrease is the con-
sequence of dangling bonds in the absorber layer, which cause
recombination phenomena, and atomic interdiffusion of the
buffer layer/i-(a-Si:H) interface.

Figure 6(c) shows the variation of the fill factor as a func-
tion of the density of the surface defects. For surface defect
densities greater than 10" cm, the fill factor decreases from
70.56% to 68.09%. FF is affected by surface recombination at
the buffer layer/i-(a-Si:H) interface. This decrease can also be
explained by an empirical expression of FF as a function of
Voc (equation (9)) [32, 34].

-2

Voo —In (v, +0.72)
T+v,

qVOC (9)

FF= .
AKT

, wherev, =

TaBLE 4: Comparison of the electrical parameters of the
experimental and optimized solar cell structures.

Parameters Experimental Optimized
Jsc (mA-cm™) 17.2 18.95
Voc (V) 0.87 0.973
FF (%) 70.0 68.86
n (%) 10.58 12.71

These three electrical parameters (Jgc, Ve, and FF) con-
tribute to the decrease of the conversion efficiency
(Figure 6(d)) given by equation (8); these results are in agree-
ment with the works of Rached and Rahal [35]. The trend of
the influence of interface state density on cell performance is
similar to that obtained in the work of Zhou et al. [36].

3.5. Optimized a-Si:H Solar Cell. Optimizing a solar cell con-
sists of finding the values of the parameters that make it the
most efficient. In this paper, it is to determine the optimal
electrical parameters of our model ultrathin film hydroge-
nated amorphous silicon solar cell. Our approach in this sub-
section consists in using the optimal values of the parameters
studied in the previous subsections, in order to simulate the
electrical parameters of the optimized solar cell. The optimal
parameters, previously determined, are 1um, 10°cm™, and
10" cm™, respectively, of the thickness and the bulk defect
density of the intrinsic layer and of the density of surface
defects of the buffer layer/i-(a-Si:H) interface. The optimized
cell thus leads to a conversion efficiency of 12.71%. Figure 7
gives the current-voltage characteristics of the three struc-
tures used in our work, and Table 4 summarizes the electrical
parameters of experimental and optimized solar cells. The
decrease in FF from the experimental solar cell to the opti-
mized one is due to the phenomenon of surface recombina-
tion at the buffer layer/i-(a-Si:H) interface and to the
increase in the series resistance of the solar cell, which
increases with the thickness of the intrinsic layer.
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4. Conclusion

In this work, we present the factors that can be at the origin of
the electrical losses in the ultrathin a-Si:H-based solar cell
with a ITO BRL, through a study by numerical simulations
using the SCAPS-1D software. From the p-(a-SiO,)/buffer
layer/i-(a-Si:H)/n-(a-Si:H)/ITO/Al structure of the solar cell,
we simulated the current-voltage characteristic whose electri-
cal parameters (J¢c =16.55mA-cm™, V. =0.905V, FF =
70.62%, and # =10.58%) reproduce the experimental data,
and we have shown how the thickness and bulk defects of
the absorber and the density of the surface defects of the
buffer layer/i-(a-Si:H) interface affect the electrical parame-
ters of the ultrathin a-Si:H-based solar cell. These properties
are crucial for high-performance solar cells. Increasing the
thickness of the intrinsic layer contributes a lot to the process
of generation of photogenerated carriers, which increases the
performance of the solar cell. We have also observed that the
increase in the density of the bulk defects of the intrinsic layer
and the surface defects at the buffer layer/i-(a-Si:H) interface
increases the recombination phenomena, which contribute
to the reduction of a-Si:H-based solar cell performance. The
optimized structure of the ultrathin a-Si:H-based solar cell
gives a conversion efficiency of 12.71% for a thickness of
1um and a bulk defect density of 10°cm™ of the intrinsic
layer and a surface defect density of 10'°cm™ at the buffer
layer/i-(a-Si:H) interface.
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