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Abstract—This paper presents a 1pmx1.25pmx1pm
heterojunction thin film photovoltaic cell having “p-il-i2-n”
cell structure. The designed “ITO/p-CdTe/il-CdTe/i2-a-
Si/n-a-Si/ITO” photovoltaic cell is investigated, optimized
and simulated in Silvaco TCAD. Finite Element Analysis
(FEA) has been carried out to cater all physical and
numerical models to generate practical results. For
improvement in cell efficiency, a 1.52 eV wide-bandgap p-
layer of CdTe is used which specifically improves the short
circuit current (Jsc). Jsc is directly involved in the
improvement of conversion efficiency. For the active region,
an intrinsic CdTe layer is combined with an intrinsic
amorphous silicon (a-Si) layer. This combination of intrinsic
layers in active region is responsible for maximum
absorption of photons with a wide range of energies and
results in additional electron hole pair generation. Selective
absorption is used to maximize light trapping and strong
scattering of incident light into active region. Indium Tin
Oxide (ITO) is used as front layer and back contact layer
with Aluminum (Al) because it offers low resistivity of ~10™
Qcm and a transmittance of greater than 90%. Results have
been validated by implementing two reported cells with p-i-
i-n and p-i-n structures. The results indicate achievement of
28.05% conversion efficiency of the proposed heterojunction
cell. The achieved efficiency is better than the efficiencies of
the related cells compared in this work and also higher than
that of the 25.6% of conventional Heterojunction Intrinsic
Thin-film (HIT) silicon solar cells.

Index Terms—Photovoltaic cell, p-i-i-n, heterojunction, solar
cell, Silvaco TCAD

|I. INTRODUCTION

Since the dawn of economic development and
industrialization, mankind has continuously been looking
for different energy sources, as energy is a vital input for
the  technological advancement and economic
development of any nation [1]. This rapidly growing
energy demand led to the efforts in discovery of alternate
and renewable energy sources to cope up the energy
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needs. Among various renewable energy sources, solar
energy is rapidly becoming one of the most promising
sources because of its abundant availability. Under the
umbrella of solar research, “photovoltaics” is a promising
technology to exploit solar energy, which actually
converts sun light directly into electricity [2]. However,
photovoltaic cells require efficient design solutions in
terms of output efficiency and cost reduction to replace
conventional energy sources completely. To enhance the
performance of photovoltaic cells, various types of
materials with different dimensions are exploited for
harvesting solar energy [3], [4].

The progress in amorphous silicon (a-Si) cells has
offered great flexibility in the manufacturing of various
solar cell structures [5]. The efficiency of thin film solar
cells is approaching about 23.4% (among all material
types) based on NREL recent research-cell efficiency
chart [6]. Amorphous silicon is considered to be a
suitable material for thin film cells because absorption
coefficient of amorphous silicon is similar to those found
in direct band-gap semiconductors [7]. Copper Indium
Gallium Selenide (CIGS) is also potential candidate of
thin film technology. However in comparison, Cadmium
Telluride (CdTe) is considered to be more efficient and
cost-effective material in thin film technology with
maximum recorded efficiency of 22.1% [6]. CdTe has a
wide bandgap of 1.52 eV [8], hence it can efficiently
convert light into electricity. The bandgap value of 1.52
eV corresponds to the bulk one at the room temperature
(300 K). Moreover, it has a large absorption coefficient
for light in visible spectrum because its bandgap is direct.
This property makes it capable to absorb more than 90%
of photons having energy greater than 1.52 eV even for a
few pm thick layer size [5].

Several simulation tools have been reported to study
the optical and electrical properties of solar cells, e.g.,
SCAP-1D, PC1D, Silvaco TCAD, etc. A CIGS cell has
been investigated in [9] using the SCAP-1D simulation
tool. The output parameters, e.g., short circuit current Igc,
open circuit voltage Voc, and efficiency » have been
investigated and optimized for the change in thickness of
layers. Furthermore, a simulation study on CdS/CdTe
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cells has been performed in [10] using the PC1D tool.
The cells under study have been optimized based on the
parameters like carrier lifetimes, thickness of absorber
layers, doping concentrations, etc. In addition to the
optimization in electrical and optical parameters, the
geometrical parameters have also been in exploited in [11]
using Silvaco TCAD simulation tool. Recently, a novel
nano-pillar based CdS/CdTe cell has been in presented in
[12] using Silvaco. The effect of Zn composition in the p-
layer has been studied effectively using the Silvaco-Atlas
software. Silvaco is an excellent tool to simulate the
designed semiconductor devices and provides physically-
based simulation results [13]. The physically-based
simulators are preferred because they predict electrical
and optical characteristics of the devices by exploiting
and taking into  consideration the  specified
practical/physical structures with bias conditions. It also
applies various differential equations based on Maxwell’s
laws that simulate the important parameters, e.g., carrier
transport, etc., through the designed solar cell.

In this work, a thin film heterojunction cell structure
with layer hierarchy of “ITO/p-CdTe/i1l-CdTe/i2-a-Si/n-
a-Si/ITO” is proposed and implemented. The proposed
cell structure is shown in Fig. 1, where il and i2 are the
two intrinsic layers. Utilizing the beneficial properties of
both CdTe and a-Si, the heterojunction cell structure
proposed in this work is investigated, optimized and
simulated using a commercially available semiconductor
process and device simulation tool, i.e., Silvaco TCAD
(Silvaco Inc., Santa Clara, CA, USA).

Fig. 1. The p-i1-i2-n heterojunction structure of the proposed
photovoltaic cell (12-500-500-12 nm).

Il. DESIGN AND SIMULATION

A. Cell Structure

Thin film cell structures are mostly preferred for
manufacturing photovoltaic cells because of low
manufacturing cost and the ease of large scale fabrication
[14]. Furthermore, heterojunction solar cells having p-i-n
structures with thin films of different materials offer more
efficient utilization of the solar spectrum. Appropriate
bandgaps in the intrinsic layer materials can result in the
successful absorption and collection of photons with wide
range of energies, resulting in additional electron hole
pair generation [15].

The use of a wide bandgap absorber layer is quite
useful while designing solar cells, even if non-
conventional materials are being used [16]. For the
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efficient transmission of light into the absorber layer, a p-
type layer with a wide bandgap is desirable [17]. When
the photons enter the absorbing layer via p-type material
having a wide bandgap, it enhances the short circuit
current density. However, the extra wide bandgap in
doping layers may result in a larger blocking barrier at
the p-i interface which affects the conductivity. This
conductivity reduction deteriorates the fill factor (FF),
which is another important parameter responsible for a
better conversion efficiency of a solar cell.

Among the choices for thin-film solar cells, CdTe is a
promising option to deliver high conversion efficiency.
Moreover, CdTe also exhibits impressive performance at
very low light levels [18]. A point of concern with
polycrystalline materials is the recombination at the grain
boundaries. CdTe, due to having a short absorption length,
minimizes this recombination. The reduction in
recombination at grain boundaries, increases the
generation of carriers within the depletion layer, which
allows efficient collection of photons [19]. Taking all
these reasons into account, CdTe was selected for the p-
type layer in this research because the bandgap of CdTe
is 1.52 eV at 300 K, which is sufficiently high value to be
a wideband p-layer and not that high to cause high
blocking barrier at the p-i interface.

CdTe was also considered to be the appropriate
material for the il layer, which is the first intrinsic layer
due to its high band gap. This high band gap of absorber
layer is responsible for the efficient absorption of photons
[16]. Hence, in this work, a-Si is chosen as the second
intrinsic layer. The unabsorbed photons of il layer are
absorbed in i2 layer for further electron hole pair
generation and hence, increase the current density.
Moreover, a-Si happens to be the most suitable material
for manufacturing low cost photovoltaic cells. Thin films
of a-Si can absorb sunlight efficiently due to its inherent
disorder that is responsible for its high absorption
coefficient, along with many other unique properties [20].

Normally n-CdTe layers are not preferred in thin film
solar cells because they tend to increase the production/
manufacturing complexity. With the involvement of
flexible electronics, this difficulty level has been further
increased [21]. Therefore with p-type CdTe layer, use of
other common n-type semiconductors is preferred [19].
For this reason, a-Si has been chosen for the bottom n-
type layer as well.

For photovoltaic cells having adequate conversion
efficiencies, it is important to achieve high current
densities. The other important parameter responsible for a
high current density is light trapping. Light trapping is
extremely dependent on the quality of the transparent
conductive oxide (TCO) used for electrodes. Due to the
fact that near infrared region a-Si has low absorption
coefficient, the parasitic absorption losses need to be
minimized at the front and back electrodes for the
optimum trapping of light. This is done by choosing a
suitable TCO material for the front and back electrodes
[22], [23]. Tin-doped indium-oxide, ITO is used in this
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research as the top and bottom absorbing layers. This
material boasts a low resistivity of up to 7.2x10"Qcm
and a transmittance of greater than 90% [24].

For the selection of carrier lifetimes in CdTe regions,
the values have been chosen on the basis of analyzing
various numerical and experimental studies in literature
that focus on the impact of carrier lifetimes on solar cell
parameters. Carrier lifetimes are quite influential in
determining the cell parameters, i.e., open circuit voltage
Voc, Short circuit current Jsc and the fill factor FF of
solar cell [25], [26]. The carrier lifetimes directly impact
the absorption of photons in the absorber layer of the
solar cell and the absorption of photons can significantly
increase a solar cell’s efficiency [27]. The hole-density of
CdTe, for over the past two decades, has been kept in a
low range of ~10™ cm™. Recently, researchers have tried
to increase the efficiency in CdTe cell by increasing the
absorber doping-density and carrier lifetimes. Various
studies have supported this recent trend and have reported
enhancement in the Voc and conversion efficiency by
increasing the carrier density [28], [29] and lifetimes [28],
[30], [31].

The impact of carrier density and carrier lifetime of
CdTe on the performance of device has been evaluated in
[28]. With the exception of the analysis on homojunction
CdTe devices in [32], most of the modeling studies have
limited themselves to z < 10ns, for the value of hole-
lifetime. This is why in [28], they could not improve the
conversion efficiencies above 20%. The study reveals
that to obtain a adequately high Voc and an efficiency
greater than 4% we need to use high values of hole-
lifetime, i.e., > 10ns with doping (p > 10*cm?) [28]. It
has been observed that by increasing the hole-density and
lifetime, an adequately high Voc is obtained. This is why
in our research, a hole-lifetime of 40 ns is used with the
doping density in the order of 10*%cm™.

In addition, an electron-lifetime of 10 ns, and donor-
doping of order of 10* cm™ has also been analyzed in
[28]. It was observed that it caused variation in carrier
mobility and resulted in the decrement of cell efficiency
by absolute 0.9%. Moreover, for the low electron
lifetimes of 7 < 1ns, significant decrement in Jsc had been
observed. For the aforementioned reasons, in this
research an electron-lifetime of 1ns has been used.

B. Device Simulation on Silvaco TCAD

To obtain the results of optical and electrical
parameters of the proposed cell structure, finite element
analysis (FEA) is carried out in Silvaco TCAD. This
simulation tool solves various physical models i.e.
Poisson equation, drift-diffusion current equation,
Shockley-Read-Hall  recombination (SRH), Auger
recombination (AUGER), optical recombination (OPTR),
parallel field mobility (FLDMOB) by dividing the whole
structure into finite elements.

Besides, the photo-generation model which also
utilizes a ray tracing algorithm, is used to calculate photo-
generation, photon absorption and transmission in the
material layers. For the evaluation of the proposed p-il-
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i2-n cell, the air mass, AM 1.5 standard spectrum is used
with an incident power density of 1000mW/cm? in total.
The important device parameters e.g. the electrical,
optical, mobility and recombination parameters are
mentioned in Table I. While defining a material in the
Atlas-Silvaco, there are some important parameters that
need to be defined. These are defined by specifying the
syntax functions for each parameter by using the
MATERIAL statement, e.g., the bandgap (EG300),
electron and hole density of states ( NC300 and NV300),
electron and hole motilities (MUN and MUP), etc.

TABLE I: IMPORTANT PARAMETERS USED FOR THE PROPOSED
PHOTOVOLTAIC CELL.

Parameters p-CdTe | i1-CdTe | i2-a-Si | n-a-Si
Layer thickness (nm) 12 500 500 12
Mobility gap (eV) [8] 1.52 1.52 1.86 1.8
Donor doping density (cm™) - - - 1x10"
Acceptor doping density (cm™) | 5x10%° -
AR 7
Electron mobl[g% (cm“/Vs) [8], 1100 1100 20 20
Hole mobility (cm?/Vs)[8], [33] 80 80 4 4
Electron Life time (us) [33], [34] | 0.001 0.001 0.01 0.01

Hole life time (us) [33], [34] | 0.04 0.04 0.1 0.1

Activation energy (eV)[8], [33] |0.65-0.75|0.65-0.75| 0.87 0.2

Electron Affinity (eV) 4.28 428 | 417 | 417

Characteristic energy (VB Tail)

(eV) [33], [35] 0.65 0.65 0.05 0.05

Characteristic energy (CB Tail)

(eV) [33] .[35] 031 0.31 0.03 0.03

Materials like amorphous silicon have a plenty of
defect states within their bandgap. Therefore, to
accurately model such disordered materials, a continuous
density of states has been used by mentioning
CONTINUOUS in the DEFECTS statement. This
statement helps to define the density of states as
combination of Gaussian distribution of mid-gap states
and the exponentially decaying band tail states. The
model of density-of-states in Silvaco is composed of four
bands, i.e., two deep level bands and two tail bands. The
deep level bands include one ‘acceptor-like’ band and
one ‘donor-like’ band. These deep level bands have been
modeled using a Gaussian distribution. On the other hand,
the two tail bands include a ‘donor-like valence band’ and
an ‘acceptor-like conduction band’. Furthermore, the
density of states for the exponential tail distribution are
described by its valence band and conduction band edge
intercept densities, which are defined as NTD and NTA
respectively. Similarly, the density of states for Gaussian
distributions are described by its total density of states
(NGA and NGD), its peak energy distribution (EGA and
EGD), and its characteristic decay energy (WGA and
WGD). All of the aforementioned values have been
defined in the DEFECTS statement while modeling the
density of states of amorphous silicon in Silvaco. The
device simulated in Silvaco TCAD with embedded
legend representing each layer separately is shown in Fig.
2, and the important SILVACO models used in this paper
are tabulated in Table II.
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TABLE Il: IMPORTANT SILVACO MODELS FOR PARAMETERS USED IN
THIS RESEARCH.

Parameter SILVACO Model
Electron mobility MUN
Hole mobility MUP
Electron density of states NC300
Holes density of states NV300
Valence band edge intercept densities NTD
(Exponential Tail distribution)
Conduction band edge intercept densities NTA
(Exponential Tail distribution)
Total Density of States (Gaussian distribution) NGA, NGD
Peak Energy Distribution (Gaussian distribution) EGA, EGD
Characteristic Decay Energy (Gaussian
distribution) WGA, WGD
Energy Bandgap at 300K EG300
Recombination (Shockley-Rea-Hall Model) SRH
Direct Recombination Model AUGER
Field Dependent Mobility FLDMOB
Optical Recombination Model OPTR
Fermi Statistics FERMI
Donor doping density (cm-3) REGION: DONOR
. . REGION:
Acceptor doping density (cm-3) ACCEPTOR
Electron Life time (us) TAUN
Hole life time (us) TAUP
- MATERIAL:
Electron Affinity (eV) AFEINITY
Characteristic Energy EV0.AMPHOTERIC

Microns
o
[+)]

0 0.2

0.6 0.8 1.0

0.4
Microns
Fig. 2. Designed cell structure simulated in Silvaco TCAD.

The essential parameters to evaluate a solar cell’s
performance include the short circuit current (Jsc), open
circuit voltage (Voc), conversion efficiency (»),
maximum power (P,,), and the fill factor (FF) [5]. The
short circuit current of a photovoltaic cell is the current
through the cell when the output is short circuited or in
other terms the voltage across the cell is zero. The short-
circuit current depends on a number of factors, i.e., the
area of the solar cell, the number of photons, the
spectrum of the incident light, the optical properties such
as absorption and reflection, diffusion length and surface
passivation. To remove its dependence on the area of the
cell, it is more common to list the short circuit current
density ‘Jsc’ (in mA/cm2), rather than the short circuit
current ‘Is¢’. In a photovoltaic cell that has a perfectly
passivated surface and uniform generation, the equation
for short circuit current density can be approximated as:

Joe =G (L, +L,) (1)
where G is the generation rate, and L, and L, are the

electron and hole diffusion lengths respectively and q is
the charge in Coulombs. Even though (1) makes several
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assumptions but this equation in general means that the
short circuit current density Jsc depends on two important
parameters, i.e., the generation rate and the diffusion
length.

The open circuit voltage, Voc is considered as the
maximum voltage which can be measured across a
photovoltaic cell. The open circuit voltage is calculated

by
Vee :Eln(l—LﬂJ @)
q 0

For a solar cell, the Fill Factor (FF) is a parameter that
compares the maximum power of the cell with the
theoretical power. It is the ratio of the actual highest
achievable power. The value of short circuit current lsc
represents the maximum current, and the open circuit
voltage Voc is the maximum voltage from the solar cell.
Yet, at both of these operating point values, the value of
power P from the solar cell is zero. FF is a parameter that
determines the maximum power from a solar cell by
making use of the Isc and V¢ values. The fill factor can
be termed as the ratio of the maximum power from the
solar cell to the product of Vo and Isc so that:

FF — \\//MP IIMP (3)
oc "sC

In the I-V curve of the Voc and Jgc, the fill factor is
actually the maximum covered area in the form of a
square under the I-V curve.

The maximum power of a photovoltaic cell in terms of
Voc, Jsc and FF is calculated by

Prax =Voc lscFF 4)
The efficiency () of a photovoltaic cell is defined as
the ratio of the maximum output power to maximum
input power. Efficiency is determined using (5):
~ VoclscFF
P

in

n ®)

I1l. RESULTS AND DISCUSSION

In the process of perfecting the solar cell proposed in
this work, a number of layer thicknesses with variation of
doping levels were simulated.

The il layer is tested from of 250nm to a layer size of
500nm and i2 layer is evaluated from 500nm to 1500nm.
For the il layer, when the thickness is changed from
250nm to 500nm, the value of current density, Jsc
increases from a value of 34.71mA/cm? to 40.79mA/cm’,
In a similar manner, the open circuit voltage, Voc also
increases from a value of 0.8537V to 0.8539V upon
increasing the thickness of i1 layer from 250nm to 300nm
but it starts dropping when thickness is further increased
up till 500nm. The value of maximum power varies from
0.024W/cm? to 0.028W/cm? in an increasing manner,
upon increasing the thickness of il layer from 250nm to
500 nm. With the same increase in thickness of the il
layer, the conversion efficiency increases from 24.83% to
28.05%. Fig. 3 shows the variation of output parameters
w.r.t variation in the thickness of i1 layer.
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Fig. 5. Output parameters of the proposed cell with change in thickness
of i2 layer from 0.5pm to 1.5pm (500nm to 1500nm).

The current-voltage characteristics or the I-V curves of
the solar cell at different thicknesses of the il layer are
presented in Fig. 4. It can be observed that the
characteristic curve of the designed cell at 500nm, gives
promising results in terms of improved values of Jsc, Py,
and the conversion efficiency #. The improvement in Jsc
and the efficiency # is due the fact that light is being
absorbed more effectively [36].
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In addition, as we increase the thickness of intrinsic
layer, the current starts reducing in spite of the low
absorption coefficient. This happens because the electric
field at the p/i interface starts reducing which results in
the decrement of the intrinsic layer current collection. Fig.
5 shows that with the increase in thickness of i2 layer
from 500nm to 1500nm, all parameters are decreased and
the optimum values are obtained at 500nm. Therefore, the
thickness of i2 layer has also been kept as 500nm. This
can also be observed in the I-V curves of the cell with
thickness of the i2 layer from 500nm to 1500nm in Fig. 6
that the highest curve is obtained at 500nm.

The thickness of il layer higher than 500nm had also
been evaluated during the simulation and optimization
process, i.e., for 600nm, 700nm and 800nm for the
purpose of observing the effect of the increasing
thickness on the output characteristics. No significant
increase in the values of short circuit current (Jsc) was
observed. However, the values of open circuit voltage
(Voc) continued to decrease. The decreasing pattern of
Voc wasn’t that significant too but it caused deterioration
in the 1-V characteristics. Hence, the results for only the
optimal range of thicknesses have been presented here for
the ease of readers, depicting only those layer sizes which
displayed significant increase or decrease in the output
characteristics. However, for the values of i2 layer
thickness lower than 500 nm, an improvement in values
of open circuit voltages (Voc) was observed but on the
other hand, the values of short circuit current (Jsc)
exhibited a decreasing pattern.

Doping concentration plays a pivotal role in defining
the overall efficiency of a photovoltaic cell. A significant
amount of light is absorbed at the top surface of the cell,
which results in high carrier generation rate and high
doping concentration in the absorber and window layers
[10]. Our modeling showed that having 5x10%cm™ of
acceptors in p-doped CdTe region and 1x10*cm 3 donors
in n-doped a-Si region provides optimal solar cell
efficiency. The optimized layer sizes are given in the
Table I1l. A constant doping profile was chosen in our
case. Although, the increase in the doping concentration
results in an increased built-in voltage and electric field,
but it is increases the recombination rate and the
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absorption coefficient of the p-layer. This increase in the
aforementioned parameters, i.e., the recombination rate
and the absorption coefficient reduces the generated
current. Moreover, the short circuit current density Jsc
gets saturated at larger doping concentrations, i.e., the
concentrations values in the order of 10° cm™2, On the
other hand, very low doping concentrations result in
weaker electric field which in turn prevents the effective
collection of photo carriers at the terminal.

TABLE Il1: SIZE OF THE OPTIMIZED LAYERS OF THE PROPOSED CELL

STRUCTURE.
Layer Type Size (pm) Doping (cm™)
ITO 0.07 -
P 0.012 5e*
i-1 0.5 -
i-2 0.5 -
N 0.012 1e'’
ITO 0.08 -
Al (contact) 0.08 -
0.4 - Ttz |
0.2 4 \ E—. ;
P 0 4 ==
T 0.2 -
o -0.4 -
g -0.6 -
c -0.8 4
s -1
3 -1.2-
w144
-1.6 4

0.2 04 06 0.8 1.0 1.2
Microns
Fig. 7. The energy band diagram of the optimized cell.

The energy band diagram of the optimized cell using
the optimized layer sizes mentioned in Table Il is given
in Fig. 7. EV represents the energy at the top of the
valence band and EC represents the energy at the bottom
of the conduction band.

Conduction and valence band offsets or discontinuities
occurring at the junction are due to the difference in
energy bandgaps of CdTe and a-Si. The results of output
parameters of the cell with optimized layer sizes are
given in Table IV. Short circuit current, an important
factor responsible for better conversion efficiency of a
solar cell, is the maximum current that follows from the
solar cell. Fig. 8 shows the values of cathode current with
respect to supply voltages.

g 8x10-1
3 =
T OAx101 S e e
=
2
5 0 —
(§)
8 -4x1010=
o -—
L
s -8x10:1° 3
O T T T T T
0 02 04 06 0.8 1 1.2 1.4
Anode Voltage (V)
Fig. 8. Peak value of the short circuit current density of the proposed

cell structure.
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TABLE IV: OUTPUT PARAMETERS OF THE OPTIMIZED CELL

Output parameter Value Units

Jec 00340.79 mA/cm”
Voc 0.84459 \Y
Pm 0.028 W/em?
FF 0.814 %
7 28.05 %

<\( t

TAX10M 5 e

c

6 ‘

s 0

o

8 -4x1010—

o

&

= -8x1010 —

o

T T

0 0.2 04 06 0.8 1 1.2 1.4
Anode Voltage (V)
Fig. 9. Open circuit voltage of the cell structure where cathode current is
zero.
4x101° —
3x10-1° —
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-3x10-10 =
-4x10-1°

X Power(Wium?)

Power(W/um?)

0 02 04 06 0.8 1 1.2 1.4
Anode Bias

Fig. 10. Peak value of the maximum power, Pm of the proposed cell

structure.

The other important parameter is the open circuit
voltage and is measured at the point on the curve where
total current corresponds to the zero crossing. Fig. 9
shows the value of open circuit voltage which can be seen
to be 0.84459V at the zero crossing of the cathode current
curve. The plot of the maximum power Pm of the
designed cell is also shown in Fig. 10. The values given
in Table IV can be verified through these plots.

In addition to the output parameters, other electrical
properties of the cell have also been evaluated. The
photo-generation model of Silvaco TCAD has been
utilized which further runs a ray tracing algorithm. This
algorithm determines the photo-generation and absorption
of light in layers of photovoltaic cell. The ray tracing
algorithm works by saving the combined effects of the
transmission and reflection coefficients along with the
losses occurring due to absorption. The variation in the
photo-generation rate across the designed cell layers is
shown in Fig. 11. It can be observed that the photo-
generation rate is maximum at the p-i junction validating
the choice of CdTe to be chosen as p and il layers. The
increase in the short circuit current density Jsc and FF
plays an essential role in the enhancement of the
efficiency #» as they are responsible for more electron-
hole pairs which in turn contribute in producing the
photogenerated current. On the other hand, in case of a
small absorber thickness, light is crudely absorbed and
therefore it almost appears transparent to that wavelength.
Speaking of extremely large thickness values, the Jsc
undergoes saturation and it happens to be one of the
important reasons of efficiency saturation.
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Fig. 11. The photogeneration rate of the designed cell depicting the
pattern and the peak value.

The electric field at the p/i interface of the photovoltaic
cell needs to be kept maximum to collect large number of
electron hole pairs (EHPs) that are generated due to the
absorption of photons. However, with the increase in the
electric field, the recombination rate also increases and
this additional increase in the recombination rate may
result in low efficiency of the cell. Hence, a trade-off has
to be done between the electric field and the rate at which
recombination occurs. This compromise can be observed

at the p/i interface of the designed photovoltaic cell in Fig.

12 and Fig. 13 which depict the plots of photon
absorption and recombination rate respectively.
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Fig. 12. Photoabsorption rate of the designed cell depicting the pattern
and the peak value.
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TABLE V. PEAK VALUES OF THE PHOTOGENERATION, ABSORPTION AND
RECOMBINATION RATE

Rate (/cm’s) Value

Peak photo-generation 2%10%
Peak photon absorption 3.15x10%
Peak recombination 133x10®
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Fig. 14. The External Quantum Efficiency (EQE) behavior of the
designed photovoltaic cell w.r.t the wavelength.

The selection of wide bandgap materials for p and i-1
layers, increases the absorption of incident photons. This
can be observed in Fig. 12 that the maximum absorption
rate is evident at the p-i interface of the cell.

It is worthwhile to analyze the generation-
recombination phenomenon in a photovoltaic cell
because the distribution of carrier generation and
recombination directly affect the distribution of the
trapped charge. The net rate of the ‘electron capture’
from the conduction band and the ‘hole capture’ from the
valence band are calculated and are plotted as the
recombination rate at output. The peak values of
photogeneration, absorption and recombination rate are
given in Table V.

Furthermore, it is quite essential to observe how the
designed photovoltaic cell responds to the solar spectrum.
Therefore, to measure the optical performance of the
designed cell more effectively, the external quantum
efficiency (EQE) is plotted. External quantum efficiency
is actually the ratio of the available photocurrent and the
source photocurrent. Fig. 14 shows the simulated EQE of
the designed cell under AML1.5G illumination in the
wavelength range of 200nm to 1000nm. It can be
observed that the maximum absorption region the
designed photovoltaic cell expands between the ranges of
350nm to 800nm with an average EQE of 94%.

Speaking of the experimental CdTe photovoltaic cells
in literature, the latest highly optimized CdTe cells have
attained efficiencies of 22.1% for small area devices and
18.6% for photovoltaic modules [37]. A recent
experimental study [38], incorporates a CdSe layer with a
thin CdS layer for the optimization of CdTe solar cells.
Several cell structures have been fabricated and tested by
the authors. A highest cell efficiency of 17.8% has been
achieved.  Furthermore,  considering the latest
experimental/actual state of the art realizations of CdTe
cells, a ZnSe/CdTe solar cell is fabricated in [39] that
highlights the role of ZnSe layer in improving the
performance of fabricated CdTe cell.

Moreover, by utilizing various improved designs and
majorly removing CdS from these design, an eminent
improvement has been observed in last 5 years. The new
designs, apart from experimenting new materials other
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than CdS, exploit the new features, e.g., copper
embedding, band gap grading, and improved transparent
n-layers. With the aforementioned changes, manufacturers
like “First Solar’ have produced devices offering 21.5%
to 22.1% efficiencies. When compared to these latest
reported solar cells, the proposed and simulated cell in
our research  outperforms the  aforementioned
experimental cells.

IV. COMPARISON WITH THE P-1-1-N (A-SI/uC-SI) AND THE
P-1-N (CDTE/CDS) SOLAR CELLS

Two other solar cells, i.e., a p-i-i-n solar cell having
layer hierarchy as “p-a-Si/il-a-Si/i2-pC-Si/n- pC” [33]
and a p-i-n solar cell with cell structure “p-CdTe/i-
CdTe/n-CdS” [40] are also simulated. Both cells are
simulated as per the dimensions and material properties
mentioned in their published work. The comparison of
results of output parameters is given in Table VI. It can
be seen that the designed cell has the higher short circuit
current value with a lower Voc but due to the improved
short circuit current and the maximum power, the
conversion efficiency is also improved.

The 1-V curves for the cells to be compared have also
been generated on Silvaco TCAD and compared with the
solar cell designed in this study. The comparison is given
in Fig. 15. The I-V curves and the results in Table VI
clearly indicate that the conversion efficiency of the
proposed p-il-i2-n cell simulated in this study is higher
than the other two solar cells. This is due to the large
bandgap of the i1-CdTe layer and also because light is
absorbed more effectively by both the i1 and i2 layers.
This efficient absorption tends to generate of more
electron hole pairs (EHPs) and the carriers which
improve the current density of the cell. The increase in
Jsc is evident from the comparison of the results given in
Table VI.

TABLE VI: COMPARISON OF RESULTS OF OUTPUT PARAMETERS OF THE
PROPOSED CELL, THE CELL IN [33] AND THE CELL IN [40].

. This Study (p-il-
Output Parameters | Chang [33] | Hossain [40] i2-n Solar Cell.)
Jsc (MA/C?) 9.2018 27.29 40.79
Vo (V) 0.916 1.10 0.84459
FF 0.83 0.89 0.814
n (%) 8.73 26.74 28.05
4X1 0‘10 _f | %—XCathode Current (A)
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Fig. 15. Comparison of the I-V curves of the proposed cell simulated in
this study (green), the p-i-i-n cell in [33] (blue) and the p-i-n cell in [40]
(red).
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V. CONCLUSION

In this study, a heterojunction thin film photovoltaic
cell has been designed, optimized and simulated. The
designed cell has a double intrinsic layer making the
structure of cell to be p-il-i2-n. The layer hierarchy as per
the material selection is “ITO/p-CdTe/i1-CdTe/i2-a-Si/n-
a-Si/ITO”. The double intrinsic layer used in this research
proved to be a good photon absorber. The materials
chosen for il and i2 layers are CdTe and a-Si respectively.
This combination of intrinsic layers in active region is
responsible for maximum absorption of photons with a
wide range of energies and results in additional electron
hole pair generation. For the p-type layer, CdTe was
chosen due its property of having a wide bandgap. For the
n-type layer, a-Si is considered. The improvement in the
results of electrical and optical parameters of the
proposed cell indicates the advantage of optimizing the
thickness of i1-CdTe and the i2-a-S layers. To maximize
light trapping and strong scattering of incident light into
active region, ITO is used as front layer and back contact
layer with Aluminum because it offers low resistivity of
~10™ Qcm and a transmittance of greater than 90%. The
results indicate achievement of 28.05% efficiency of the
designed thin film cell which is higher than the compared
solar cells of similar or related reported cell structures.
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