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High  quality  methyl  ammonium  lead  iodide  (MAPbI3)  perovskite  material  based  single
junction  solar  cell was investigated  by simulation.  We observed  a systematic  variation  in
device performance  due  to a variation  in  optical  absorption  of  the  active  layer.  By changing
thickness  of absorber  layer  from  50 nm  to 1000  nm,  we  obtained  power  conversion  effi-
ciency  (PCE)  of  the photovoltaic  devices  varying  from  7.9%  to  21.1%.  Its  open  circuit  voltage
(Voc)  varied  from  1.26  V to  1.16  V, short  circuit  current  density  (Jsc)  varied  from  7.56  mA/cm2

to 22.61  mA/cm2 while  the  fill  factor (FF)  remained  constant  at 83% in  this  variation.  Front
surface  of the  solar  cell  was  kept  non-textured,  however,  back  reflection  of  unabsorbed  light
was  used  in  the  analysis.  The  maximum  PCE of  21.1%  and  Jsc of  22.61  mA/cm2 was  observed
for  the  solar  cell  with 1000  nm absorber  layer. The  Jsc and  device  efficiency  increases  with
increased  thickness  of absorber  layer  (di).  Therefore,  higher  PCE  can  be obtained  with  a
thicker  absorber  layer.  However,  we  identify  that,  with  94  nm  thick  absorber  layer,  the  rate
of  change  of  PCE is equal  to the  rate  of  change  of  Jsc , due  to the  thickness  variation.  In  this
cell  with  94 nm  thick  absorber  layer  (Cell-94),  the  PCE  was  11.5%,  nearly  half  of the  PCE
obtained  with  1000  nm  absorber  layer.  In  the  Cell-94,  the  diode  ideality  factor  was  2.04,
and reverse  saturation  current  density  was  6 × 10−13 Amp/cm2.

©  2017  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Recent development in methyl ammonium lead iodide (MAPbI3) perovskite material has drawn intense interest to explore
its potential in fabricating photovoltaic (PV) solar cell. Apart from the iodide [1–3] MAPbI3, its chloride [4], bromide [5] and
mixed halides [6] were also investigated. Among the various halide perovskites the iodide one shows attractive optical
absorption [7], carrier mobility (500–800 cm2 volt−1 s−1 [8]), diffusion length [9,10], high lifetime [11,12] that can be even
more than 15 �s [13], photo sensitivity and device performance [14–16]. These perovskite materials have superior opto-
electronic properties than thin film amorphous silicon semiconductors. A simple preparation technique [17–19], superior
crystallinity [20,21] and optoelectronic properties are few of the attractive features that invited various research groups to

explore the material for solar photovoltaics. A number of theoretical [22–25], experimental investigations [1–21,26,27] and
review work [28–31] were also carried out to understand and explore its photovoltaic capabilities. It was  reported that a
careful preparation of material and device fabrication can lead to a larger crystallite grain size [20], lower defect density

∗ Corresponding authors at: College of Information and Communication Engineering, Sungkyunkwan University, Suwon, 440-746, Republic of Korea.
E-mail addresses: iftiquar@skku.edu (S.M. Iftiquar), junsin@skku.edu (J. Yi).

http://dx.doi.org/10.1016/j.ijleo.2017.08.141
0030-4026/© 2017 Elsevier GmbH. All rights reserved.

dx.doi.org/10.1016/j.ijleo.2017.08.141
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2017.08.141&domain=pdf
mailto:iftiquar@skku.edu
mailto:junsin@skku.edu
dx.doi.org/10.1016/j.ijleo.2017.08.141


[
r

I
t
t
r
t
[
m
e
r
o

s
i
t
a
a
w
l
s
s
o

2

c
t

h
a
T

H
i
H

a
a
l
a
t
l
l
r
E
e

c

S.M. Iftiquar et al. / Optik 148 (2017) 54–62 55

32,33] and higher device efficiency [8]. Even though these materials are prepared in a simple technique, yet its defect density
emains remarkably low.

However, this material is not free from its limitations. Degradation is one of the most important aspects of the device.
t is thought that due to poor thermal conductivity of this material, the heat inside the perovskite material may  create
hermal stress [34], due to which ionic migration [33,34] within the bulk material leads to vacancy related defects [35]. In
hat respect a thinner perovskite layer may  help in avoiding such a rapid degradation. Therefore, most of the experimental
esearches are limited to thinner perovskite layer. Ferro-electric hysteresis [36,37] is another effect that bring uncertainty
o the experimental measurements. It was reported that a faster or slower scan rate [38], forward or reverse voltage scan
10,39], can change the current density- voltage (J-V) characteristic curve significantly, thereby the experimental error can

ask the actual device characteristics. A standardized scan (0.01 V/sec [38]) or voltage sweep rate can reduce such an
rror. Furthermore, errors in experimental investigation is not very uncommon. For example, in reference [7], experimental
esults on open circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and power conversion efficiency (PCE)
f perovskite solar cells shows variable measurement errors, as well as trend of variation is not very clear.

In order to systematically explore performance characteristics of such an organic-inorganic halide MAPbI3 perovskite
olar cell, we used numerical simulation, where the experimental errors are avoidable and a systematic device character-
stics can be explored. We  used a simple device structure, with indium tin oxide (ITO) as front electrode, TiO2 as electron
ransporting layer (ETL), MAPbI3 as photo-sensitive active layer, and Spiro-MeOTAD as hole transporting layer (HTL) [40,41]
nd gold (Au) as back electrode. Although ZnO can also be used as ETL [42]. Even though the energy levels of the valence
nd conduction bands of the materials depends upon preparation condition and may  require additional buffer layers, yet
e investigated the devices without such buffer layers. Although, it can be predicted theoretically that a thicker absorber

ayer can generate more electron-hole pairs, therefore increased Jsc and efficiency can be achieved, however, in practice,
everal other inter-dependant parameters may  act against such a trend to mask the expected high efficiency. Therefore,
imulation or theoretical results can be considered as experimentally achievable limiting values. In this article we report
ur investigation of structure of a perovskite solar cell where efficient photovoltaic conversion takes place.

. Theoretical

Photovoltaic energy is generated after absorption of light in solar cell. The light absorption (I
(

�
)

) in active layer of a solar
ell creates energetic electron-hole pairs that should be separated before recombination. The light absorption, in a layer of
hickness d and absorption coefficient �, follows Beer Lambert’s exponential relation

I
(

�
)

= I0
(

�
)  (

1 − e−˛d
)

(1)

ere I0
(

�
)

is the spectral distribution of incident light, � is wavelength. This means, a thicker layer and material of higher
bsorption coefficient can have higher optical absorption. Total light absorption can be expressed by integrating the Eq. (1).
he integrated light absorption (Abs1) and Jsc are known to be related as follows:

Jsc = A1q

∫
�1

�2

I (�) d� = A1qAbs1 (2)

ere A1 is a constant related to external quantum efficiency (EQE), I(�) is spectral distribution of absorbed light, the
ntegration range (�1, �2) is the wavelength range that dominantly contribute to Jsc or photovoltaic energy generation.
ere

Abs1 =
∫

�1

�2

I (�) d� (3)

The photo-generated carriers are separated by the ETL and HTL layers. However, all these carriers cannot be collected,
s some of them are lost by Shockley-Read-Hall type defect mediated recombination (EL(SRH)), Auger recombination (EAuger)
nd band to band recombination (EBB). This carrier separation and recombination in a PV device depends on various factors
ike thickness and opto-electronic properties of the materials. In addition to the electronic loss, optical loss (EL(opt)) also plays

 significant role in device performance. It depends upon optical design of the device, for example, introducing texturing at
he front surface will reduce reflection loss of incident light, therefore EL(opt) will become lower. Few of the major optical
oss channels are, reflection at the front surface, parasitic absorption at the ETL, HTL layers, transmission loss of unabsorbed
ight. The EL(opt) can significantly be reduced by using light trapping structure, in which reflection at the front surface is
educed and the transmitted light are reflected back to solar cell for further absorption. If Ein is energy of incident light and
out is output electrical energy from a PV device and ELoss is sum of other possible loss mechanisms, then cell output electrical
nergy can approximately be expressed as:
Eout = Ein − EL(opt) − EL(SRH) − EAuger − EBB − ELoss (4)

This expression (4) indicates that any kind of loss mechanism can degrade output power from the device. Here Ein is
onstant incident light, EL(opt) is another constant, however, the recombination losses can vary, as discussed later. The Fig. 1
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Fig. 1. Schematic diagram of a perovskite solar cell used in the investigation with device straucture: Glass/AZO/TiO2/MAPbI3/Spiro-MeOTAD/Au, here AZO

represents aluminum doped zinc oxide and Au represents gold, longest downward arrow indicates incident light. The green colored smaller arrows indicate
significant light reflection at interfaces, although the reflection will take place at all the interfaces. (For interpretation of the references to colour in this
figure  legend, the reader is referred to the web  version of this article.)

shows a schematic diagram of light travel and significant reflection at various interfaces, as it travels across the device.
Although there will be reflection at each of the interfaces, but other reflections can be ignored, assuming they are small.

When carriers are generated, they can diffuse from higher concentration of carriers to lower concentration. A bending
or gradient in energy levels of conduction and valence band density of states create electric field, because of which the
carriers can be drifted in energetically favorable direction. Furthermore, as described above, the excess electrons and holes,
generated by incident light can be partly lost by recombination. This combination of generation, recombination and drift-
diffusion of electron-hole pairs are exhibited in a solar cell as its output characteristics. Therefore, theoretically combining
these processes, one can simulate characteristics of a solar cell under various conditions. Such a numerical solution is
suitably implemented in AFORS-HET simulation program [43]. We use this program to simulate the J-V characteristics of
the PV devices. Optical absorption of the absorber layers were varied by using different thickness of the perovskite absorber
layer (di) of the cell and keeping other device parameters unchanged.

In order to simplify our investigation, textured front surface was not taken into account in the analysis. Furthermore, the
textured surface may  introduce surface defects [44], difficulty in preparing uniform layers etc. Although textured surface
helps in light trapping and enhancement in device performance, under certain condition, the effect of surface texturing can
be analyzed by using a suitable multiplying factor [45–47], therefore such a textured surface was also not used in the present
investigation.

3. Simulation details

We  investigated MAPbI3 perovskite solar cell, with transparent titanium dioxide (TiO2) as ETL and Spiro-MeOTAD
(2,2′,7,7′,-tetrakis(N,N-di-p-methoxyphenylamino)-9,9′-spirobifluorene or C81H68N4O8) as HTL. The complete device struc-
ture is Au/Spiro-MeOTAD(90 nm)/MAPbI3(50–1000 nm)/TiO2(90 nm)/AZO(500 nm). Experimentally, as larger crystalline
grain sizes are helpful for better charge transport, so investigation of perovskite layer of 1015 nm thickness was  also reported
[10]. In the front side, the TiO2 and AZO also acts as a window layer as it has high transparency. Optical absorption in these
layers are undesirable parasitic absorption loss, therefore thin layers are used. Similarly, the HTL or Spiro-MeOTAD is also
expected to have low absorption. On the other hand, the MAPbI3 perovskite layer is expected to actively absorb light to
generate electrical energy. Therefore, we varied di from 50 nm to 1000 nm,  so that optical absorption in this layer and hence
the current density of the perovskite cell can be varied. The opto-electronic properties of the layers, used in the simulation,
were taken from reference [7,23,24,48], and shown in Table 1. A good quality perovskite material will have low defect den-
sity [14,49], therefore we assumed the defect density to be 4 × 1015 cm−3. Optical absorption, Abs1, that is integrated optical
absorption over concerned wavelength range, can be estimated by using Eq. (2). The Jsc was  obtained from J-V characteristic
curve of the solar cells, by simulating the device characteristicsusing AFORS-HET [43] simulation program.

4. Simulation results and analysis

The external quantum efficiency (EQE) spectra gives an indication about the absorption of solar radiation. The EQE

depends on optical absorption and internal quantum efficiency (IQE). It was  reported that the IQE of the cells can be close
to unity [7,50]. Optical absorption at the perovskite layer depends on its internal optical absorption efficiency (IOAE). IOAE
is defined similar to the IQE, without considering light reflection at the front surface or parasitic absorption at the layers
other than the absorber layer. IOAE is the ratio of light absorbed by the perovskite layer, to the light entering the perovskite
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Table  1
Solar cell parameters used in the AFORS-HET simulation.

Parameters HTL perovskite ETL

Layer thickness (nm) 90 50–1000 90
Dielectric constant 3 30 100
Electron affinity (eV) 2.2 3.9 4
Band  gap (eV) 2.9 1.5 3.2
Optical band gap (eV) 2.9 1.5 3.2
Conduction band density of states (cm−3) 2.5 × 1020 2.5 × 1020 1 × 1021

Valence band density of states (cm−3) 2.5 × 1020 2.5 × 1020 2 × 1020

Electron mobility (cm2 V−1 s−1) 0.0001 50 0.006
Hole  mobility (cm2 V−1 s−1) 0.0001 50 0.006
Thermal velocity of holes (cm/s) 106 1 × 106 1 × 106

Thermal velocity of electron (cm/s) 4 × 106 1 × 106 4 × 106

Doping concentration (cm−3) 3 × 1018 2.1 × 1016 5 × 1019

Layer density (g cm−3) 2.328 2.328 2.328
Donor defect density (cm−3) 1 × 1016 2 × 1014 6.9 × 1018

Acceptor defect density (cm−3) 1 × 1016 3 × 1014 6.9 × 1018

Defect type Gausian Gaussian Gaussian
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ig. 2. Internal optical absorption efficiency (IOAE) spectra of perovskite solar cell, when thickness of the perovskite layer (di) was increased. The IOAE was
stimated from the ratio of absorption of light in the perovskite absorber layer to the light entering the absorber layer. The direction of the arrows indicate
he  direction of change of the traces, when di was increased.

ayer. Fig. 2 shows that the area under the IOAE increases with increased di, and the enhancement is most prominently in
he longer wavelength region (∼700 nm). It corresponds to the conventional concept that thicker layer is needed to absorb
ong wavelength radiation, as absorption coefficient of perovskite in a longer wavelength is lower. On the other hand light
f wavelength shorter than 350 nm can be absorbed almost completely by an absorber layer thicker than 100 nm.

Due to variation in di, the light absorption in the MAPbI3 absorber layer will vary. With a thicker absorber layer the IOAE
f the cells increases for longer wavelength of radiation (>400 nm). This trend is easy to understand as longer wavelength
adiation have lower absorption coefficient, so with a thicker absorber layer more of the longer wavelength radiation will be
bsorbed and the IOAE increases. The estimated EQE spectra of our devices (not shown here) are similar to Fig. 4 of Reference
7]. Integrated optical absorption (not shown here) in the absorber layer varies with thickness, di [24]. This can be estimated
y using Eq. (2). This integrated optical absorption is related to carrier generation rate (Ge) in the perovskite absorber layer;
igher optical absorption will give higher carrier generation rate. The carrier generation rate was obtained by the AFORS-HET
imulation, and shown in Fig. 3. It shows that with increased di, the Ge increases. It can be noticed that the Ge increases
harply in the lower thickness region than that in a thicker absorber layer. This is also an indication that a stronger optical
bsorption takes place near the front surface of the cell, and the IOAE spectra (Fig. 2) shows that the shorter wavelength of
he radiation is strongly absorbed at a shorter distance from the front surface. Therefore, longer wavelength radiation travels
owards the back of the cell and gradually get absorbed when a thicker absorber layer is used. This optical absorption will
reate photo-generated electron-hole pairs. However, it should be mentioned here that because of recombination loss of
hoto generated electron-hole pairs, all these energetic charge carriers will not necessarily contribute to current generated
y the cells. Therefore, we used AFORS-HET simulation to estimate current generated by these cells.

The integrated EQE is related to Jsc . The nature of variation of the estimated Jsc with increased thickness of the absorber

ayer, tends to reach a saturation, and varies like log(di) [24]. The simulated J-V curves of the solar cells are shown in Fig. 4.
he solar cell device parameters, extracted from these J-V curves, are shown in Fig. 5. The variation in Jsc with increase in
i, is like log(di), as the Jsc continuously increases with the di, but approaching towards an asymptotic limiting value. The
rend in variation in Jsc (Fig. 5) is similar to the trend in carrier generation rate, Fig. 3. A sharp rise in Jsc is noticeable near the
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Fig. 3. Under AM1.5G insolation, variation in total carrier generation rate with thickness (di) of absorber layer.

Fig. 4. Current density-voltage characteristic curves of the perovskite cell, due to variation in thickness of its active layer. The arrow in indicates the
direction of change of the curves as thickness of active layer increases.
Fig. 5. Variation in Voc (in blue color), Jsc (in black color) and power conversion efficiency or PCE, (in red color) of the solar cells due to the variation in
thickness of the perovskite active layer. FF of these cells remain 83%. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

thinner absorber layer. A steady increase in the Jsc with di indicates that a thicker absorber layer is necessary to obtain higher
current density. However, until now, reports on thicker absorber layer are not very common, as thicker layers probably leads
to faster degradation. Although it shows that absorption of longer wavelength of the solar radiation is important in raising
current density of the device. A 21 mA/cm2 current density was  predicted for a 350 nm thick absorber layer [7], however, in

our simulation we obtain 19 mA/cm2 as short circuit current density with a similar device structure [18].

Fig. 5 shows that the Voc (in blue color) decreases, Jsc (in black color) increases and efficiency (in red color) increases
with increased optical absorption in the active layer, or di. Both of these variations are like log(di) in the sense that both
the Jsc and efficiency increases with di but these parameters tend to reach an asymptotic limit. Experimentally, a 1.05 V
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Fig. 6. Variation of slope of Jsc and PCE with di . The units of the slopes of Jsc and PCE are given in the legend. Here we show the plot in a 60 nm–300 nm
range,  that is the range of interest. The data points in PCE plot is given to clearly identify the traces. The star symbol corresponds to a point where both the
slopes  have equal magnitude, corresponding to di = 94 nm.
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pen circuit voltage was reported in [7], however, in our simulation we obtained 1.2 V as open circuit voltage with a similar
evice structure. The decrease in Voc can be related to increase in total defects in the absorber layer, as thicker films will
ave increased number of total defects. Even though the defect density was constant but due to increase in di, total defects

n this layer increases, leading to the fall in Voc . Due to the fall in Voc , the device efficiency tends to reach to saturation faster
han the Jsc . Yet, with a very thick absorber layer, and lower defect density, higher device efficiency can be obtained, because
t a lower defect density the Voc will remain higher. Furthermore, it can be noticed that when di was 200, 250, 300 nm the

sc was 15.71, 17.05, 18.09 mA/cm2, and PCE was  15.9, 17.1, 18.1% respectively.
Carrier generation (Ge) and recombination rates (Re) are the two  competing mechanisms that work in a solar cell, where

igher Ge and lower Re is preferable. With the increase in di both the Ge and Re increases. As a result, although both the
sc and PCE increases with di, it tends to reach a saturation. The effect of generation and recombination can be qualitatively
nderstood from estimating rate of change of Jsc and PCE. Fig. 6 shows such a plot. The slope indicates rate of change with
nit change in di. At a lower di the slopes for Jsc and PCE were high, and then these values decrease continuously with an

ncrease in di. It also to be noted in Figs. 5 and 6, that with a thinner absorber layer or at a lower di, the rates of increase in
CE remain higher than that of Jsc , partly because Voc also increases for thinner cells, as shown in Fig. 5. Qualitatively the
igher Voc and rate of change of PCE at a lower di, can be explained as follows. In a thinner cell, the recombination loss is

ess because charge carriers have to travel shorter distance.
Now, if we consider that a best cell is one where the rate of change of generation of photo-carrier becomes equal to the

ate of change of PCE, then it can be expected that recombination loss of carriers will remain low with a higher PCE. This
equirement may  become more important in a multi junction solar cell. In a multi-junction solar cell, the optical spectra is
ivided in such a way that a particular subcell, predesigned for a certain wavelength range, should perform efficiently in
hat wavelength range [24,51]. If perovskite solar cell is used as a top subcell in a tandem device, then Fig. 6 indicates that
4 nm thick MAPbI3 absorber layer is best suited. In a two-terminal perovskite-Si tandem solar cell (with two subcells), the
equired thickness of absorber layer of the top perovskite subcell remains higher than the 94 nm,  to 140 nm [51] without
urface texture or 200 nm [24] with surface texture. In a two terminal tandem solar cell, the current matching is an important
spect [24,51,52]. A similar requirement should exist in a triple junction solar cell. Therefore, it can be predicted that a triple-
unction solar cell with perovskite subcell at the top, thickness of its absorber layer below or around 94 nm can produce

 highly efficient device. However, in a single junction device, the problem with such a thin absorber layer is that, as our
resent investigation shows, the device efficiency or PCE remains lower to 11.5%, with Jsc as 11.1 mA/cm2. It is also interesting
o note that in a light trapping structure, 97 nm thick perovskite layer can give maximum effect of light trapping (or increase
n Jsc), as reported in reference [24].

Carrier recombination rate (Re) depends on various factors. In our devices we  estimated the total recombination rates
y using AFORS-HET simulation, and it is given in Fig. 7. In a short circuit condition, total recombination rate increases by a
actor of 10 for an increase in absorber layer thickness of 153 nm.

.1. Diode parameters
In presence of illumination, the solar cell can be considered as a diode driven by a current source (Jsc) [53]. In this
iode equivalent model, Eq. (5), the Voc is dependent on the reverse saturation current density, higher reverse saturation
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Fig. 7. Variation in recombination rate with thickness of active layer, in the short circuit condition.

current density results in a lower Voc and vice versa. Therefore, we  investigated the diode parameters of these cells, based
on numerical solution of the diode equation.

J = Jsc − J0 [e
(

qVb+qJRs
nkT

)
− 1] − Vb + JRs

Rp
(5)

Here Vb is external electrical bias, Rs, Rp are series and shunt resistances, n diode ideality factor, k Boltzmann constant, T
temperature.

The diode parameters of these cells were extracted using a method as described in Reference [53], and are shown in
Fig. 8. It shows that the reverse saturation current density, J0, increases with increase in di. It was suggested that the reverse
saturation current density is related to recombination loss of carriers [53]. Fig. 7 shows that the Re increases with the increased
in di, and Fig. 8(a) shows that the J0 also increases with the di. Although the exact nature of variation of these two parameters
(Re, J0) differ, but the increasing trend in both the cases indicate that the J0 is possibly related to the recombination loss.
When di was 200 and 400 nm,  the ratio of the recombination loss and the J0 remains ∼1020 cm−1.s−1 Amp−1. Based on the Eq.
(5), the diode ideality factor can be termed as a shielding parameter for applied voltage or electric field, so when the effective
electrical bias gets reduced the n can increase. Here Voc can be considered as the effective electrical bias. Furthermore, when
total defects in the material increases or absorber layer becomes thicker, the electric field across this layer decreases, which
is equivalent to an increase in shielding of electric field or increase in ideality factor. We observed an decrease in Voc with
the increase in di, Fig. 5. Therefore, it seems reasonable that, in Fig. 8(b) the n increases with the increase in di.

As discussed earlier, we identify for a cell with 94 nm thick absorber layer (Cell-94), the rate of change of PCE is equal
to the rate of change of Jsc , due to the thickness variation. In this Cell-94, the PCE was 11.5%, nearly half of the PCE
obtained with 1000 nm absorber layer, and the diode ideality factor was  2.04, and reverse saturation current density was

6 × 10−13 Amp/cm2.

Now, considering the Eq. (4) again, we see that device efficiency increases with increased thickness of absorber layers
(Fig. 5), although Ein was unchanged. With the increase in recombination loss, as seen in Fig. 7, it is expected that the
Eout should decrease. Here, it is to be noted that the ELoss contains unabsorbed light that transmits through the cell. With

Fig. 8. Diode equivalent parameters of the solar cells under AM1.5G insolation, (a) reverse saturation current density, (b) diode ideality factor. The solid
lines  are drawn as an approximate mean along the data or a guide to the eye. The other parameters, like shunt and series resistances remain around
1018 � cm2, and 10−15 � cm2 respectively, that can be considered to have negligible influence on the J-V characteristic curves.
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ncreased thickness, this term reduces, because of which the carrier generation rate increases, as shown in Fig. 3. A difference
n the carrier generation and recombination loss is reflected as efficiency or device output, that is estimated by numerical
imulation in AFORS-HET.

In this investigation we did not use textured front surface. However, a limited number of significant reflections from the
nterfaces were considered to estimate device characteristics. Therefore the optimized device efficiency remains lower than
hat is expected with a light trapping structure. An optimized textured surface [44,54], device structure and back reflector
an improve device performance.

. Conclusions

In our theoretical investigation we have observed that a higher device efficiency can be obtained with a thicker absorber
ayer, but the most efficient use of absorbed photon happens when thickness of absorber layer was 94 nm.  Short wavelength
adiation can be absorbed with a thinner absorber layer but the absorption of long wavelength radiation requires a thicker
bsorber layer or light trapping scheme where the thickness of the active layer can effectively be increased. In our analysis
e considered partial back reflection of unabsorbed light, therefore, even with a back reflection a thicker absorber layer is

equired to raise current density and device efficiency. However, due to a progressive reduction in Voc with an increased di,
he enhancement in device efficiency remains lower with increased di. The reduction in Voc is primarily due to an increase
n reverse saturation current density, J0. This situation can partially be improved by using a less defective material and using
uitable buffer layers at the interfaces.
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