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Hydrogenated amorphous silicon (a-Si:H) has been effectively utilized as photoactive and doped layers
for quite a while in thin-film solar applications but its energy conversion efficiency is limited due to thin-
ner absorbing layer and light degradation issue. To overcome such confinements, it is expected to adjust
better comprehension of device structure, material properties, and qualities since a little enhancement in
the photocurrent significantly impacts on the conversion efficiency. Herein, some numerical simulations
were performed to characterize and optimize different configuration of amorphous silicon-based thin-
film solar cells. For the optical simulation, two-dimensional finite-difference time-domain (FDTD) tech-
nique was used to analyze the superstrate (p-i-n) planar amorphous silicon solar cells. Besides, the front
transparent contact layer was also inquired by using SnO2:F and ZnO:Al materials to improve the photon
absorption in the photoactive layer. The cell was studied for open-circuit voltage, external quantum effi-
ciency, and short-circuit current density, which are building blocks for solar cell conversion efficiency.
The optical simulations permit investigating optical losses at the individual layers. The enhancement
in both short-circuit current density and open-circuit voltage prompts accomplishing more prominent
power conversion efficiency. A maximum short-circuit current density of 15.32 mA/cm2 and an energy
conversion efficiency of 11.3% were obtained for the optically optimized cell which is the best in class
amorphous solar cell.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

A photovoltaic cell, which specifically converts sunlight into
electrical energy, is one of the rising strategies to satisfy the pre-
sent world’s energy crisis. Crystalline silicon solar cells are excep-
tionally famous because of their higher conversion efficiency and
piece of the pie, yet they are restricted to their massive size and
higher cost [1,2]. In third generation photovoltaic innovation, sili-
con thin-film materials are winding-up plainly which is extremely
encouraging because of their accessibility, light weight, bring down
cost, and less demanding manufacture technique. In this work, to
execute a efficient thin-film solar cell, hydrogenated amorphous
silicon material is considered ought to their extensive variety of
points of interest: higher open-circuit voltage, high absorption
coefficient, adequate carrier lifetime, low manufacturing cost,
and in particular it is conceivable to get a higher yield effectiveness
by utilizing more thiner active layer [1–5]. Amorphous silicon can
be likewise utilized as the best material for the execution of effi-
cient multi-junction alongside the single-junction solar cells,
where different single junction solar cells are in a series connection
with each other to improve the open-circuit voltage of the thin-
film solar cell [6,7]. The highest efficiency, so far, detailed for single
junction planar thin-film hydrogenated amorphous silicon solar
cell is 10.2% [8,9].

All through the exploration, the designed amorphous solar cell
includes three original parts. In the optical model, intrinsic amor-
phous silicon is sandwiched between p-doped and n-doped mate-
rials to the excellent separation of the carriers into free charges
because of the electric field at the p-n junction [10]. Also, it
upgrades the volume of the space charge area to build the measure
of the effective thickness, in this way encouraging more carriers to
be separated into free charges. Therefore, the choice of appropriate
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materials utilized as various layers of the solar cell assumes a
unique part to examine electrical and optical execution parameters
to accomplish highest conceivable efficiency. Besides, the exami-
nations on transparent conductive oxide additionally demon-
strates essential attributes, to trap and absorb adequate light
inside the solar cell [4,11,12]. Moreover, a hydrogenated
amorphous-based thin-film silicon solar cell was investigated uti-
lizing various n-doped materials to observe the impact of those
materials on the similar optical losses, absorption, and external
quantum efficiency of the proposed solar cell structure.
Fig. 1. Optical Structure of a-Si:H thin-film solar cell deposited on a smooth
substrate.
Optical simulation modeling

The simulations for optical wave propagation were performed
on superstrate based hydrogenated amorphous silicon solar cells
on a flat glass substrate as portrayed in the cross-segmental view
in Fig. 1. The optical structure of the solar cell included a 150 nm
fluorine doped tin oxide (SnO2:F) [13–17] as front transparent con-
ductive oxide (FTCO), trailed by a 10 nm of p doped a-SiC:H layer, a
300 nm i-layer of a-Si:H, a 10 nm of n doped a-Si:H layer, and a
300 nm Ag metal back contact covered with 200 nm ZnO:Al layer
back transparent conductive oxide (BTCO), was studied. In the
structure, n and p doped layers were utilized as carrier transport
layers, though i-layer of a-Si:H executed as photoactive layer
[1,18–24]. Simulations were executed in two-dimensional (2D)
case by using the finite difference time-domain (FDTD) technique
[25].

Maxwell’s curl equations were thoroughly followed for the elec-
tric field distribution and losses at the individual layers. The used
two-dimensional FDTD calculation separated Maxwell’s conditions
into two distinct arrangements of conditions for transverse electric
(TE) and transverse magnetic (TM) energized waves individually.
The polarization of the propagated wave was considered as TE,
subsequently just a single segment of the electric field, EZ must
be illuminated. With a specific end goal to gain better photo-
absorption, perfect matched layer (PML) limit was assumed in Y-
direction during simulation [25,26]. The simulation condition fig-
ured the electrical field distribution inside the proposed structures.

From the electric field distribution, power loss for the individual
areas was computed by the Eq. (1) [25,27].

Qðx; yÞ ¼ 1
2
c�0najEðx; yÞj2: ð1Þ

This power-loss term leads to find the quantum efficiency, which is
expressed by Eq. (2) [28,29].

QE ¼ 1
POpt

Z
Qðx; yÞdxdy ð2Þ

where POpt is the incident optical power and a is the energy absorp-
tion coefficient which is related to extinction coefficient k as (a =
4pk/k).

After calculating external quantum efficiency and power loss
within the solar cell, the short-circuit current can be computed
by condition (3) [30].

ISC ¼ q
hc

Z kmax

kmin

k � EQðkÞ � SðkÞdk ð3Þ

where, S(k) is the solar spectral irradiance for air mass 1.5.
To obtain the characteristics performance parameters under

investigation, further processing of this raw data is necessary. Nev-
ertheless, this work is a demonstration, based on only the device
structure.
Comparative design and loss analysis

Arrangements for the proposed optical model were changed
based on doped layers and front contact materials, where each
layer was subjected to the same condition for breaking down the
better execution. The investigation began with the electron doped
layer, changing the n-type material from a-Si:H to a-SiC:H, and
inspecting the implementation of the cell. In any case, for various
configurations of the optical model, thicknesses of the individual
layers were kept constant, where SnO2:F and a-SiC:H were utilized
as front transparent contact and p-doped layers, respectively. To
examine the total loss, reflection loss, external quantum efficiency,
and parasitic absorption of a solar cell, arrangement of information
were acquired over a wide range (300 nm to 800 nm) of wave-
length utilizing FDTD optical simulations [25,27,31].

This work presents a valuable study on the following three opti-
cal configurations by using FDTD simulations.

Optical configuration-1: The first optical model, using SnO2:F
as front TCO, was solved selecting the same material (a-Si:H) for
the i-layer and n-layer.

Optical configuration-2: In solar cell structure using SnO2:F as
front TCO, the same material (a-SiC:H) was selected for the
p-layer and n-layer.



Fig. 2. Schematic cross-sectional diagram for optical configuration model-1 and 2 in (a) SnO2:F as TCO and a-Si:H as i and n layer and (b) SnO2:F as TCO and a-SiC:H as p and n
layer, respectively with corresponding optical power losses in individual layer for monochromatic shorter and longer wavelength of (c, d) 420 nm and (e, f) 700 nm,
respectively.
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Optical configuration-3: The same material (a-Si:H) was
selected for i-layer and n-layer; however, in this case ZnO:Al was
used as front TCO.

The schematic cross-sectional diagrams of first two optical con-
figurationmodels along with corresponding optical power losses in
individual layers have been demonstrated in Fig. 2. The optical
power loss was calculated utilizing the Eq. (1) for monochromatic
shorter and longer wavelength of 420 nm and 700 nm. The ampli-
tude of the incident photon was considered as 1000 mV/m for the
optical wave propagation simulations. As the amorphous silicon
material has a higher absorption coefficient in the shorter wave-
length by inheritance, a relatively better photon absorption is pro-
nounced in the shorter wavelength depicted in Fig. 2(c) and (b).
The optical configuration-1 has comparatively higher power losses
in the front transparent conductive oxide (SnO2:F) than the optical
configuration-2. This could be, however, because of a relatively
higher amount of light reflected back from the back contact/reflec-
tor (ZnO:Al with Ag) leading to an enhanced photon absorption in
the intrinsic layer as well. Due to the higher product of optical con-
stant of a-SiC:H material in the longer wavelength, the parasitic
losses in the transport layers for the optical configuration-2 is
again relatively higher than the optical configuration-1. However,
for the longer wavelength of 700 nm, a standing wave pattern sim-
ilar to Fabry-Perot waveguide modes is observed in the active layer
due to the forward and backward waves within the unit cell. At the
point when the light goes starting with one layer then onto the
next one, a part of the incident light is reflected back from the
interface. Fig. 3(a) demonstrates a measure of light that is reflected
as a component of the incident light for the wavelength range of
(300 nm to 800 nm). The total reflection patterns for each model
is similar up to the spectral wavelength of 650 nm, whereas it
changes above this point. In the optical configuration when same
material was used for i-layer and n-layer, higher reflection losses
were found in the longer wavelengths which can be clarified from
the power loss plots shown in Fig. 2(e). Overall, at 330 nm and 790
nm of wavelengths, minimum and maximum reflections were
obtained, respectively. Fig. 3(b) outlines optical losses at the front
TCO layer exhibiting almost uniform absorption over the whole
optical spectral range of the models. The highest TCO loss was
recorded at 300 nm, whereas the minimum is in the spectral range
of 520 nm to 540 nm. Fig. 3(c) demonstrates somewhat higher loss
at the p-layer in the wavelength range of 700 nm to 730 nm for the



Fig. 3. Comparative (a) total reflection from the incident light, (b) loss at front transparent conductive oxide layer, (c) loss of the p-type layer, (d) loss at the n-type layer over
a range of wavelengths in solar cell when doped layers were optimized.

Fig. 4. Comparative (a) parasitic losses at metal reflector and (b) calculated quantum efficiencies of a solar cell over a range of wavelengths when doped layers were
optimized.

4290 W. Qarony et al. / Results in Physics 7 (2017) 4287–4293
i-layer and n-layer, containing a similar material. The most note-
worthy loss in the p-layer was acquired at 360 nm wavelength,
though the minimum was found at 660 nm. Fig. 3(d) exhibits the
losses at n-layer. The figure shows that losses start expanding at
the incident light wavelength of 530 nm.

The most surprising loss for a-SiC:H material, utilized as the n-
type layer, was acquired at 730 nm. Despite what might be
expected, for the n-type a-Si:H the most astounding loss was found
at 630 nm, which compares nearly to the bandgap energy of the
material. Fig. 4(a) shows the losses at the electrode, where the
losses began expanding quickly with the light of wavelengths more
prominent than 530 nm. Higher losses were found for the material
of a-SiC:H in the optical scope of 530 nm to 800 nm. Be that as it
may, the most dazing loss was recorded for the incident light
wavelength of 730 nm. Also, the optics in flat amorphous silicon
solar cell with the varieties of the doped layer materials were
examined as far as external quantum efficiencies (EQEs) as
appeared in Fig. 4(b). It can be observed from Fig. 4(b) that both
QE bends demonstrate practically similar patterns except the
upsetting range from 650 nm to 730 nm. This visual range com-
pares to the most extreme photon absorption when same material
was utilized for i-layer and n-layer.

It is observed that, after 800 nm, there is no absorption, which is
from the inherent property of amorphous materials. A maximum of
80% absorption was found at a wavelength of 550 nm, after which
the absorption was steadily diminished. On the off chance that we
take a glimpse at the bends for the reflection losses, we can see
that at 550 nm reflection losses were truly low. A maximum



Fig. 5. Comparative (a) total reflection from the incident light, (b) loss at front transparent conductive oxide layer, (c) loss of the p-type layer, (d) loss at the p-type layer over
a range of wavelengths in solar cell when TCO layer is optimized.

Fig. 6. Comparative (a) parasitic losses at metal reflector and (b) calculated quantum efficiencies of a solar cell over a range of wavelengths when TCO layer was optimized.

Table 1
Comparative performance parameters for three different optical models.

Optical model JSC [mA/cm2] VOC [V] Pmax [mW/cm2] FF g [%]

1 15.312 0.92 11.3 0.80 11.3
2 15.035 0.85 9.97 0.78 9.97
3 14.821 0.80 8.77 0.74 8.77
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short-circuit current density of 15.32 mA/cm2 was obtained when
a-Si:H was utilized as n-type material. After effective investigation
of the optimized optical model, the examination of the variety of
front transparent contact was performed. The materials utilized
for this layer were SnO2:F and ZnO:Al. As the first study demon-
strated lower losses for the n-type a-Si:H layer, henceforth, for
this front TCO layer-based study, this material was further used.
Fig. 5(a) demonstrates the total reflection of light, recorded from
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both of the optical models. It is evident from the assumption that
both of the optical models also studied all through the range of
incident light utilized as a part of the simulations. The SnO2:F front
contact mirrored a somewhat bigger measure of the incident elec-
tromagnetic waves contrasted with the ZnO:Al front transparent
contact. The most extreme and least estimations of total reflection
were found at the light of wavelengths of 330 nm and 790 nm,
respectively.

Fig. 5(b) shows the comparison between TCO losses for SnO2:F
and ZnO:Al. Lower losses were recorded when SnO2:F was utilized
as FTCO material. Losses for the two materials turned out to be just
about zero in the middle of 500 nm to 570 nm of wavelength. In
the wavelength range of 500 nm to 800 nm, the SnO2:F FTCO
demonstrated altogether bring down losses than that of ZnO:Al
front transparent contact. Fig. 5(c) shows that the losses for p-
layer are higher in the range 300 nm to 400 nm and 700 nm to
730 nm. The highest loss for the p-layer was found at 360 nm
wavelength for SnO2:F. Then again, the lowest point was found
at 660 nm. Fig. 5(d) shows the contact losses at the n-layer of the
optical models. Fig. 6(a) demonstrates the limited losses at the
anodes. Despite the fact that the optical models indicated condi-
tional execution for the shorter wavelengths, exceptionally bring
down losses were found for SnO2:F than that of ZnO:Al inside the
optical range of 530 nm to 800 nm. However, the maximum loss
was recorded at 730 nm for the two models utilizing several trans-
parent conductive oxide layers.

Fig. 6(b) exhibits the external quantum efficiencies of the two
optical models used for this correlation. From the Fig. 6(b), it is
seen that, SnO2:F demonstrates higher estimations of quantum
efficiencies contrasted with the ZnO:Al, over the whole range of
light utilized as a part of the simulation. It likewise indicates sub-
stantially bigger locale of operation for SnO2:F than ZnO:Al front
contact. The most extreme and least quantum efficiencies are
recorded for the light of 530 nm and 790 nm wavelengths, individ-
ually. The wavelengths of light between 300 nm and 400 nm, obvi-
ously demonstrated better quantum efficiency for the SnO2:F front
TCO contrasted with that of the ZnO:Al front transparent conduc-
tive oxide. Moreover, between 680 nm and 730 nm spectral range,
SnO2:F based FTCO indicates higher absorptions. From Figs. 5 and
6, it can be noted that in contrast to ZnO:Al used model, signifi-
cantly better performance was found for SnO2:F used the model
in the shorter light wavelength range. The maximum loss at the
n-type layer was dropped by 75.84% when the FTCO material
was selected as SnO2:F instead of ZnO:Al. At the electrode, maxi-
mum loss minimization of 59.59% was obtained for the same mate-
rial of SnO2:F rather than ZnO:Al. Thus, it could be concluded that
SnO2:F would serve as a better Front Transparent Conductive Oxide
than ZnO:Al.
Comparative results and discussions

Short-circuit current densities were calculated for all the three
optical model configurations using the finite-difference time-
domain simulations. The estimation of the values of open circuit
voltage (VOC), fill factor (FF), maximum power (Pmax), and conver-
sion efficiency (g) for each of the optical models were determined
by following the conditions, which were taken from the literature
[9,20].

VOC ¼ nkT
q

ln
jsc
j0

þ 1
� �

ð4Þ

j0 ¼ qWN
1
2
CN

1
2
Vffiffiffiffiffiffiffiffiffiffispsn

p e�
Eg
KBT ð5Þ
FF ¼ voc � lnðvoc � 0:72Þ
voc þ 1

ð6Þ

Pmax ¼ VocISCFF ð7Þ

Efficiency;g ¼ VOCISCFF
Pin

� 100% ð8Þ

where n is identical to 1, open-circuit voltage is in volt [V], JSC is the
short-circuit current density in mA/cm2, and J0 the dark current
density. Here Pin is considered for AM 1.5 case which 100mW/cm2.
Based on simulation results and calculations, the performances of
the individual optical model are summarized in Table 1.

From the Table 1, the main optical model gave higher short-
current density and conversion efficiency. Along these lines, if
advance examination, for example, texturing the front surface
and individual layer in the cell can be performed on this optimized
cell it would break the present world record efficiency of amor-
phous silicon based thin film solar cell.

Conclusion

The execution of the proposed single junction flat amorphous
silicon solar cell has been effectively enhanced through relative
examination. The simulated model of the cell traps the adequate
amount of the incident light, through the introduction of the Back
Transparent Conductive Oxide (BTCO) layer coated on a conven-
tional metal electrode. We have likewise demonstrated the execu-
tion of the three several optical models, which have been built by
the blends of various materials, utilized for the n-layer and the
Front Transparent Conductive Oxide (FTCO) layer. The maximum
conversion efficiency can be obtained for the configuration where
a-Si:H and SnO2:F is utilized as a part of the n-layer the FTCO,
respectively. The maximum short-circuit current density has been
obtained as 15. 32 mA/cm2 leading to a very high conversion effi-
ciency of 11.3%. By introducing some nanotexture or using this
champion amorphous based solar cell as top cell of tandem cell,
it could be possible to break the existing record efficiency in
practice.
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