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Abstract: In this study, the effect of the width of the n- and p-strips and gap between the electrodes on output
characteristics of the IBC-SHJ solar cell, including short-circuit current density, open-circuit voltage, fill factor, and
efficiency, was investigated using Silvaco ATHENA and ATLAS simulation software. In this regard, the efficiency of the
IBC-SHJ solar cell was improved by developing the geometry of the back contacts. The values for the short-circuit
current density, open-circuit voltage, fill factor, and efficiency of the solar cell were analysed using physical phenomena
and the distribution of the electric field and electric potential for the aforementioned parameters. The results have shown
that the width of the n- and p-strips is one of the most effective parameters for improving the efficiency. Moreover, a
maximum efficiency of 23.52% was achieved for IBC-SHJ with improved solar cell parameters, focusing on the
elimination of additional ARCs and greater structural periodicity. Thus, a simple structure with no complexity in the
fabrication process is proposed. The results show that the best width of the p-strip, n-strip, and gap between the electrodes
is 400 pm, 80 pm, and 30 pm, respectively, to achieve improved efficiency.
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of 20.43% [8]. In 2016, M. Belarbi et. al. achieved an

1. INTRODUCTION efficiency of 23.20% by improving the cell deposition

The main renewable energy sources such as wind and parameters [9]. Taking into account a periodicity of the IBC-
solar energy are not only abundant and affordable, but are also SHJ structure and simultaneously adding further layers and
considered a suitable alternative to fossil fuels. Among the anti-reflective coatings with textured structures on the front
renewable energy sources, solar energy has a high potential side as well as the use of TCO layers in the rear part of the
to be converted into other types of energy [1-3]. So far, much cell, an efficiency of 27.41% was achieved by J. Bao et. al.
research has been done to increase the efficiency of silicon in 2020 [10]. The removal of the amorphous silicon layers

solar cells with the common finger contact structure [4-5]. In and the use of a silver contact in addition to the aluminium
recent years, the design of the contact geometry of the cell has contact for increase the cell current, modelling two samples
been one of the areas of interest for researchers to achieve of IBC solar cells including planar and pyramidal textured
optimal efficiency [6-7]. One of the most important structures ones, with a focus on optimizing the texturing of the front

presented in this field is the silicon heterojunction solar cell surface. In [11], A. R. M. Rais et. al. reported that the
with interdigitated back contacts [7]. The fact that all contacts efficiency of planar and pyramidal textured solar cells were
are arranged behind the cell eliminates the shadow effect and 22.36% and 23.31%, respectively [11]. However, it should be
increases the short-circuit current [8]. In addition, the use of noted that the increase in efficiency in the studies [10] and
the heterojunction structure leads to an increase in the open [11] requires an increase in the complexity of the structure,
circuit voltage due to the use of the intrinsic hydrogenated a- the manufacturing cost due to the use of silver contacts and
Si buffer layer [8]. Over the past 10 years, research has been thus an increase in the challenges of the manufacturing
conducted to increase the efficiency of IBC-SHJ cells. In process. In this research work, the aim is to design and

2013, Silvaco presented the IBC-SHJ cell with an efficiency simulate an improved silicon heterojunction solar cell with
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interdigitated back contacts, which has the simplest structure
compared to other research works and also has the least
fabrication challenges. In fact, the efficiency of the IBC-SHJ
solar cells have been improved by developing the geometry
of the back contacts. In this regard, the effect of the width of
the n- and p-strip and gap between the electrodes on the
output characteristics of the IBC-SHJ solar cell including Js,
Vo, FF and Eff have been investigated. To model the IBC-
SHJ solar cell, ATHENA and ATLAS toolboxes have been
used, respectively, to deposit different layers of the cell and
simulate its electrical behavior in Silvaco software. To
increase the accuracy of the simulation of the structure, the
trap levels of the amorphous silicon layers have been
modelled. MATLAB software was also used to draw the
diagrams as accurately as possible. In the second part of this
research, the analysis of the electric field distribution and its
effect on the charge carrier transport in the IBC-SHJ cell is
presented. In the third part, the mathematical relationships
that determine the density of states (DOS) model and the
particle transport have been investigated. In the fourth part,
the effect of the width of the n- and p-strip and gap between
the electrodes on the output characteristics of the IBC-SHJ
solar cell including Js, Vo, FF and Eff have been
investigated. In addition, the results were compared with
those of previous studies. In the fifth section, the main results
of the proposed IBC-SHJ cell structure are presented.

2. ANALYSIS OF ELECTRIC FIELD DISTRIBUTION AND
ITS EFFECT ON CARRIER TRANSPORT

To create anode and cathode electrodes, a structure of n-
type and p-type layers of hydrogenated a-Si is deposited on
the back side of the IBC-SHJ cell so that the layers are one in
between. Depending on the doping concentration of the c-Si
substrate, these n- and p-type layers play the role of the
emitter or the back surface field (BSF). As shown in Figure
1, the width of the elementary structure (pitch) of the cell is
equal to the distance between the opposing electrodes, taking
into account the gap between them. It is possible to create the
periodicity in more complex structures, which of course poses
more challenges in fabrication. In this research, the
dimensions and the type of materials used in the different
layers have been selected according to the criterion of
reproducibility, so that the simulation results can contribute
to the improvement of the fabrication process [12].

It is worth noting that in Fig. 1, the thickness of SiNy, n-
type c-Si, defective c-Si, i-a-Si, emitter/a-Si, BSF/a-Si, and
electrode/Al layers are 75 nm, 150 pum, 1 nm, 6 nm, 20 nm,
20 nm, 0.2 pm, respectively. Moreover, the optimal doping
concentration of the emitter and BSF regions is 2x10'° cm™®
and 4.3x10'® cm, respectively. The substrate used to
improve deposition parameters is an n-type c-Si wafer with a
thickness of 300 pm and a width of 1750 pm, which is
equivalent to one cell pitch. The resistivity of the substrate is
equal to 2 Q.cm.

Also, using n-type c-Si substrate will lead to an increase
in Vi as a result of increasing efficiency [13, 14]. On the front
surface of the cell, a SiNx layer with a thickness of 75 nm has
been used as an anti-reflection coating, for this purpose, the
physical model of concentration mobility (CONMOB) has
been used in the simulation [15-17]. Therefore, due to not
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Fig. 1: Schematic of the simulated IBC-SHJ structure along
with the approximated regions of space charge in the upper
and lower areas of the cell .

choosing the same type of impurity for ARC layers and c-Si
substrate, the existence of an electric field on the top of the
cell that leads to more drift of the photocarriers and prevents
their recombination will be inevitable. According to Figure 1,
the presence of anti-reflection coating with the opposite
doping concentration of the substrate leads to the creation of
a space charge region in the front part of the cell. The internal
electric field created in this space charge region will prevent
the recombination of the generated photocarriers and move
them towards the back contacts of the cell. Also, near the back
contacts, due to the presence of the back p-n junction, another
space charge region is created, which facilitates the drift of
the electron and hole carriers towards the electrode of the
same name, and by preventing the recombination of
photocarriers, it will increase the photocurrent of the cell.

As shown in Fig. 2, the distribution of electric field and
potential at the rear of back contact prevent the recombination
of photocarriers. In fact, the design of two space charge areas
in the upper and lower parts of the cell, in addition to
preventing the recombination of photocarriers, leads to drift
them towards the interdigitated back contacts.

Consideration of electric field distribution of IBC-SHJ
solar cell structure is so important. In the front part of the cell
where there is the maximum photo generation rate, the
electric field increases so that the photocarriers are separated
and reach the back contacts with the lowest recombination
rate. Also, the electric field reaches its maximum value near
the back contacts; because in this part of the structure, the
amount of carrier collection in metal contacts must reach its
highest value. Therefore, the electric field must be large
enough to collect more photocarriers at the metal contacts by
separating them as much as possible.

3. PHYSICAL MODELS AND EQUATIONS USED IN
SIMULATION

3.1. Physical Models

In order to match the numerical modelling and
experimental results as much as possible, in this research, we
have tried to use accurate physical models to describe the
behaviour of IBC-SHJ cells. In this regard, the band gap
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Fig. 2: (a) Electric field distribution, and (b) Electric
potential distribution of space charge region at the rear of
back contacts.

narrowing (BGN) model has been used to reduce the energy
gap [8]. In fact, the narrowing of the band gap shows how
applying a high doping concentration (greater than 108 cm®)
changes the band gap by reducing the energy of the
conduction band and increasing the energy of the valence
band [8]. On the other hand, in order to model different
recombination mechanisms, Fermi, Shockley-Read-Hall
(SRH), Auger and surface recombination models are also
included in the simulation. Meanwhile, carrier recombination
is also modelled as a function of doping concentration via
SRH and Auger mechanisms [18-20].

Disordered materials such as amorphous silicon contain
a large amount of defect states in their energy band gap.
Therefore, the density of state (DOS) model in the energy
bandgap is used to model amorphous silicon devices. The
density model of the defect states is described as a
combination of the tail of the band using the exponential
decay function and the mid of the band using the Gaussian
distribution function. It is assumed that the total density of
states, g(E), is composed of four bands: two tail bands (a
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donor-like valence band and an acceptor-like conduction
band) and two deep level bands (one acceptor-like and the
other donor-like) which are modelled using a Gaussian
distribution. g(E) is modeled according to (1) [8]:

9(E) = gra(E) + grp(E) + gga(E) + ggp(E) ()

In (1), E is the trap energy, Ec is the conduction band
energy, Ev is the valence band energy and the subscripts (T,
G, A, D) stand for tail, Gaussian (deep level), acceptor and
donor states respectively. The components of g(E) are
defined as follows [15]:

9ra(E) = Npsexp [27¢] )
gro(E) = Nppexp |27 ®)
96a(E) = Nosexp [~ [222=]'] @
9o (E) = Nopexp [ [E222]'] ©)

For an exponential tail distribution, the DOS is described
by its conduction and valence band edge intercept densities
(Nz4 and Nypp), and by its characteristic decay energy (Wry4
and Wrp). For Gaussian distributions, the DOS is described
by its total density of states (N;, and Ngp), its characteristic
decay energy (W4 and W), and its peak energy distribution
(Ega4 and Egp). The energy distribution of exponential band
tail and Gaussian distribution of trap states in the middle of
the energy gap are key parameters for high accuracy
simulation.

For the c-Si/a-Si interface on the back surface, the
thermionic emission model has been used, in which the
distribution function of the defect states at the interface of two
layers, one for holes and the other for electrons, is modeled.
In order to model the interface between the defects-free
crystalline silicon layer and the amorphous silicon layer as
much as possible, a defective c-Si thin layer has been used
between the two layers [15]. The Sopra database is also used
for the refractive index of a-Si layers [21, 22]. AM1.5G solar
spectrum has been used to simulate sunlight in standard
conditions with a light intensity of 1000 W/m? and a
temperature of 26°C.

3.2. Equations of Carrier Transport

The specialized software used in this research to design
and simulation the IBC-SHJ solar cell is Silvaco software.
The Athena tool in this software models and simulates the
fabrication process in the Monte Carlo method and in
conditions very similar to the new technologies presented in
the field of semiconductor devices fabrication. In addition,
the Atlas tool simulates the electrical behaviour of cell
designed in Athena. It uses the drift-diffusion model based on
the discretization of differential equations and solving
equations using numerical solutions such as Gumel, Newton-
Raphson and Block methods. Output characteristics extracted
from Atlas tool are Fill Factor (FF) and Efficiency (n)
obtained from (6) and (7), respectively [15, 19]:

FF = VmppImpp (6)
Voclsc
n = Pout _ VoclscFF %

Pin Plight
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In (6), Vimpp and Impp represent the voltage and current at
the maximum power point, respectively.

Three sets of basic equations are used to simulate the
solar cell in the Silvaco software based on the drift-diffusion
model. These equations are: Poisson's equation, carrier's
continuity equations and transport (current) equations.
Poisson's equation specifies the relationship between
electrostatic potential () and the space charge density () and
is expressed as follows [19]:

div(eVy) = —p (®)

In (8), ¢ is the permeability coefficient of the environment.
The local space charge density represents carriers (electrons
and holes) and ionized impurities. On the other hand, carriers
continuity equations specify the gradient of electron and hole
carriers in terms of time and are defined as follows [8]:

on 1,.
Ezadl‘l?]n'l'Gn—Rn

©)

L (10)

=~ div], + G, ~ R,
In (9) and (10), n and p are electrons and holes
concentration respectively. J Indicates the current density, G
indicates the photo generation rate and R indicates the
recombination rate for the respective carriers. Electric charge
is also represented by q. Also, the transport equations that
determine the gradient of electron and hole carriers in terms
of location and are defined as follows [15]:

Tn = quanE + gD, Vn(x) (12)

o = quypE — qD,Vp(x) (12)

In (11) and (12), un and wp are electron and hole
mobilities, respectively, E is electric field and D, and Dy, are
electrons and holes diffusion coefficients, respectively.

3.3. Ray Tracing

Ray tracing is one of the simplest models of optical
simulation. In this study, the ray tracing optical model has
also been employed. This optical model primarily disregards
the wave nature of light and traces direct paths towards rays
passing through boundaries. Reflected and transmitted
components are calculated based on the Fresnel equations,
and incoming rays at each boundary are divided into two
parts. Following these steps, the system traces the trajectories
of both these rays. The simplified Fresnel equations with
Snell's laws are as follows:

_ tan(0;—6;)

= tan(6;+6;) (13)
tp = sin(zis.:zgt;f&:f_ag (14)
= o) "
S o

In the equations for 7, and 7;, representing the reflection
of p- and s-polarized rays, t,, and t, indicate the transmission
of p- and s-polarized rays, respectively. 8; and 8, denote the
angles of incidence and transmission with respect to the
surface normal vector. Also, reflecting and refracting rays
each present at their respective angles relative to the surface
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normal vector. The incident angles are also specified in the
equations in this illustration. The refractive index of the upper
medium (n;, smaller than the refractive index of the lower
medium ny), is such that the refracted ray approaches the
normal vector of the boundary.

4, RESULTS AND DISCUSSION

In this research, in order to improve the characteristics of
the IBC-SHJ cell, one of the most effective parameter as the
width of the n- and p-strip and the gap width between
electrodes are improved.

In the following, the influence of the mentioned
parameters on the output characteristics of Js¢, Ve, FF and Eff
is investigated to improve the efficiency of the IBC-SHJ solar
cell. 1t should be noted that to investigate the effect of each
parameter, other parameters of the cell are considered
constant.

4.1. Effect of p-Strip Width

The Js, Voo, FF and Eff graphs considered with the
change of p-strip width are presented in Fig. 3.

Increasing the width of p-strip, increases the current. But
at the same time, it does not have much effect on the voltage.
As can be seen in Fig. 3, Js increases with increasing the p-
strip width. Because the width of metal contact is equal to the
p-strip. On the other hand increasing the width of metal
contact decreases the cell series resistance and thus, increases
the cell current. Generally, in the IBC-SHJ structure, the p-
strip width is set to be larger than the n-strip width. Holes are
the minority carriers of the substrate. By choosing a larger
width for the p-strip region, it will be possible to collect more
minority carriers in the metal contacts. It significantly reduces
the possibility of recombination in the substrate and this leads
to an increase the cell current. Meanwhile, Vo increases with
increasing the p-strip width. But the voltage increase is very
small and insignificant. Increasing the width of p-strip does
not have much effect on the voltage. On the other hand, the
FF decreases as the p-strip width increases. Because,
increasing the width of p-strip, increases ls. Therefore,
according to (6), FF decreases. Also, the efficiency of the cell
decreases with the increase of the p-strip width. Considering
the simulation, the most optimal value for p-strip width is
equal to 400 um.

4.2. Effect of Gap Width between Electrodes

The width of the gap between the electrodes is one of the
key parameters in controlling the current of the cell. Because
it can lead to shunting the electrodes if it not adjusted
accurately. On the other hand, its excessive increase reduces
the photocurrent by reducing the optimal value of the n- and
p-strip width and increasing the cell series resistance. Next,
the Js, Voo, FF and Eff graphs considering the change of gap
width between the electrodes are presented in Fig. 4.
Increasing the gap width between the electrodes leads to
decrease the current but does not have a great effect on the
voltage. As shown in Fig. 4, Js. decreases with increasing gap
width. In fact, the gap region between the electrodes has an
important effect on the photocurrent of the cell by influencing
the n- and p-strip width. On the other hand, due to the increase
in cell resistance, Vo increases with a low slope.
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Fig. 3: Effect of p-strip width on Jsc, Voc, FF and Eff, the
doping concentration of Emitter and BSF regions is equal to
2x10% cm® and 4.3x10' cm3, respectively.

According to Fig. 4, as the gap width increases, ls
increases and thus, FF decreases. Also, cell efficiency
decreases. Because the recombination of the minority carriers
between the p- and the n-strip increases due to the increase in
the lateral distance travelled. In other words, the increase of
the gap width corresponds to an additional lateral distance for
the minority photocarriers generated in the c-Si substrate and
in the upper part of the n-strip. This extra distance increases
the probability of recombination before reaching the p-strip.
In addition, by increasing the width of the gap between the
electrodes, the possibility of recombination at the interface
between the c-Si substrate and the gap region increases.
Therefore, according to all reasons mentioned above, the gap
width should be set as low as possible to obtain the optimal
value for cell efficiency. As a result, the most optimal value
for the gap width equal to 30 um is obtained.

4.3. Effect of n-Strip Width

The Js, Vo, FF and Eff graphs with changing the n-strip
width are presented in Fig. 5. Increasing the n-strip width
increases the cell current. But it has little effect on the voltage.
In this situation, due to the increase of the average lateral
distance that the minority carriers must travel to reach the p-
strip, Jsc decreases and increases the probability of carrier
recombination and decreases the cell current. According to
the Voc graph, Vo decreases with a small slope. As the n-strip
width increases to 580 um, FF increases and then decreases.
Because its increase up to 580 pm, increases the lnp, and for
more than 580 pm, ls increases. Therefore, according to (6),
it can be seen that FF increases until reaching a width of 580
pm and then decreases from this value. On the other hand, the
efficiency decreases with the decrease of Js.. Therefore, the
n-strip should be set as low as possible to obtain the best Js
values. In fact, a larger width leads to an increase in series
resistance against with the current of majority carriers
(electrons). As a result, the most optimal value for the n-strip
width is equal to 80 um. Therefore, in the proposed IBC-SHJ
solar cell, the most improved value for the width of p-strip,
gap and n-strip is equal to 400um, 30um and 80um
respectively. Proposed values of IBC-SHJ cell efficiency at
different p-strip, gap, and n-strip widths are given in Tables
1, 2 and 3, respectively. Also in Table 4, the width of p-strip,
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gap and n-strip and Efficiency of the proposed IBC-SHJ solar
cell compared to previous research.

As mentioned preview and as shown in Table 4, in the
proposed IBC-SHJ solar cell, the most improved value for the
width of p-strip, gap and n-strip is equal to 400pm, 30um and
80pm respectively. Generally, in the IBC-SHJ structure, the
p-strip width is set to be larger than the n-strip width. Because
holes are the minority carriers of the substrate then by
choosing a larger width for the p-strip region, it will be
possible to collect more minority carriers in the metal
contacts. It significantly reduces the possibility of
recombination in the substrate and this leads to an increase
the cell current and cell efficiency. On the other hand, the gap
region between the electrodes has an important effect on the
photocurrent of the cell by influencing the n- and p-strip
width. Because the recombination of the minority carriers
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Table 1: IBC-SHJ cell efficiency at different p-strip width.

p-strip width (pum) Efficiency (%)
400 23.52
650 23.48
900 23.40
1150 23.31
1400 23.20

Table 2: IBC-SHJ cell efficiency at different gap width.

Gap width (um) Efficiency (%)
30 23.52
80 23.42
180 23.16

Table 3: IBC-SHJ cell efficiency at different n-strip width.

n-strip width (um) Efficiency (%)
80 23.52
330 22.88
580 21.53
830 19.83
1080 18.05

Table 4: The width of p-strip, gap and n-strip and efficiency
of the proposed IBC-SHJ solar cell compared with previous

stuctures.
Ref. Parameters
p-Strip Gap n-Strip Efficiency (%)

width width width

(um) (um) (um)
[8] 1200 50 500 20.43
[9] 950 50 180 23.20
Proposed 400 30 80 23.52

structure

between the p- and the n-strip increases due to the increase in
the lateral distance travelled. In other words, the increase of
the gap width corresponds to an additional lateral distance for
the minority photocarriers generated in the c-Si substrate and
in the upper part of the n-strip. Finally, increasing the n-strip
width, due to the increase of the average lateral distance that
the minority carriers must travel to reach the p-strip, Js
decreases and increases the probability of carrier
recombination and decreases the cell current. Therefore, the
n-strip should be set as low as possible to obtain the best Js
values.

5. CONCLUSION

In this research, one of the most effective parameters for
the efficiency of the IBC-SHJ cell was investigated, namely
the width of the n- and p-strip and the gap width between the
electrodes. Our improved IBC-SHJ solar cell yields a short-
circuit current density of 37.42 mA/cm? and an open-circuit
voltage of 745 mV with a cell efficiency of 23.52% and a fill
factor of 84.30 under AM1.5G without additional ARCs and
more structural periodicity. Thus, a simple structure with
improved conversion efficiency is proposed. The simulation
shows that the efficiency of the cell depends on the width of
the p-strip, gap and n-strip, so these parameters can be
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improved accordingly. The results show that the optimum
width of the p-strip, the gap between the electrodes and the n-
strip is 400um, 30um and 80um respectively. The presence
of an antireflective coating with the opposite concentration of
the substrate, by creating a space charge region and its electric
field in the front part of the cell, prevents the photocarriers
from recombining and drifts them to the rear contacts of the
cell, so that they are collected in the rear contact of the same
name due to the existence of the rear p-n junction and the
resulting electric field.
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