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Abstract
In this paper, a thin-film InP-based solar cell designed and simulated. The proposed InP solar cell has a 
periodic array of plasmonic back-reflector, which consists of a silver layer and two silver nanowires. The 
indium tin oxide (ITO) layer also utilized as an anti-reflection coating (ARC) layer on top. The design creates 
a light-trapping structure by using a plasmonic back-reflector and an anti-reflection coating layer on top, 
which increase the light absorption in the solar cell. The enhancement of light trapping was observed in the 
proposed configuration of the solar cell with an 1000 nm thick InP absorption layer, which improved the 
short-circuit current density and efficiency. The highest short-circuit current density and efficiency were 
determined 32.07 mA/cm2 and 26.6%, respectively, for the nanowire radiuses of R1=50 nm and R2= 120 nm. 
Therefore, this structure improves the ultimate efficiency of 38% compared with the InP-based solar cells 
counterparts.

Keywords: Efficiency; InP Material; Light Trapping; Nanowire; Plasmonic Solar Cell; Short-Circuit Current 
Density.
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INTRODUCTION 
Thin film solar cells are a very important class 

of photovoltaic solar cells. They are recently the 
subject of intense researches, commercialization, 
and development efforts due to their high 
efficiency and low cost. The film thickness of thin 
film solar cells is in the range of few micrometers 
or less when high absorptive materials are used [1, 
2]. The thickness of the solar cell is a very important 
parameter in the optimization procedure [3]. 
In all solar cells, there is a trade‐off between 
absorption of light, which has a higher rate in 
the thicker device, and carrier collection, due to 
a shorter transport length in thinner solar cells 
[4]. Therefore, a physically thin but optically thick 
solar cell is very desirable. It can be achieved by 

light trapping in the solar cell materials [5, 6]. Light 
trapping leads to more absorption and thus more 
generated electron and hole pairs [7]. This reduces 
the absorber layer thickness, which is beneficial 
in two cases of reducing the cost of the epitaxial 
growth of absorption layers and increasing the 
efficiency due to the shorter transportation length 
[7]. 

Light trapping in solar cells has played a 
significant role in improving the absorption 
performance of the device by multiple reflections 
within the absorption layer [4]. It is possible to 
achieve efficient light‐trapping by the formation of 
a wavelength‐scale texture on the substrate and 
then the deposition of the thin‐film solar cell on 
top, which causes a large increase in photocurrent 
[8]. Different light trapping structures, including 
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randomly or periodically textured surfaces, 
photonic crystals and plasmonic structures (such 
as nanoparticles of metal) have been intensively 
studied in various kinds of solar cells [9, 10]. Metal 
nanoparticles like silver and gold interact strongly 
with infrared and visible photons due to the 
excitation of localized surface plasmons (LSPs) [4]. 
Silver and gold are the most broadly used materials, 
since their surface plasmon resonances situated 
in the visible spectral range. Silver (Ag) is usually 
considered to have a good optical property for 
plasmonic applications in photovoltaic efficiency 
enhancement and has a strong resonance and low 
absorption in the visible and near‐infrared part of 
the solar spectrum [9].

Biswas et al. [11, 12]  designed a photonic 
crystal  back reflector for a‐Si:H solar cells and 
compared their results with the classical 4n2 limit. 
The design considers a 2‐D photonic crystal with 
tapered cones in a triangular lattice to improve the 
efficiency of the solar cell. They have reported the 
weighted absorption of 89% with nc‐Si absorber 
layer thickness of 1 mm. Pillai et al. demonstrated 
an overall enhancement of photocurrent of 33% 
on silicon‐on‐insulator geometry with 1.25 mm 
thick absorption layer, respectively, by depositing 
silver nanoparticles on the surface of the solar 
cells. Ouyang et al. showed the short‐circuit 
current density enhancement of 27% on thin 
film silicon solar cell employing self‐assembled 
silver nanoparticles on the rear surface of the 
solar cell [4]. Ghosh et al. have been reported a 
short‐circuit current of 24.59 mA/cm2 and an 
open circuit voltage of 491 mV for InP/nano‐Ag 
(6 nm)/CdS solar cell [13]. A short‐circuit current 
density of 2 mA/cm2 was determined without the 
deterioration of open‐circuit voltage and fill factor 
by using Ag nanoparticles as a plasmonic back 
reflector [4]. A solar cell using InP nanowire array 
solar cells was reported with an efficiency of 13.8% 
and short‐circuit current density of 24.6 mA/cm2 
[14]. When the roughened silver is used as a back 
reflector, the localized surface plasmons will be 
increased [15]. The size and shape of the metal 
particles affect the light scattering in plasmonic 
back reflector solar cells. Chen et al. demonstrated 
that the particles with a size of 200 nm show an 
enhancement in short‐circuit current density (Jsc) 
in comparison to the smaller particles [16], which 
has been confirmed by other refs [8, 17].  Larger 
particles cause more scattering of light in the 
wider distribution angles with higher absorption. 

InP material has a direct band gap of 1.34 eV 
[13, 19] equivalent wavelength of 925 nm, which 
is suitable for the solar spectrum. InP‐based solar 
cells are also very desirable for space solar cells 
applications on account of their special tolerance 
to radiation [14, 20]. Sumaryada et al. were 
calculated an efficiency of 18.73% for a AlGaAs/
InP/Ge multi‐junction solar cell [19]. Vidur Raj et 
al. was fabricated the InP solar cell with an open‐
circuit voltage and an efficiency of 819 mV and 
18.12%, respectively [21]. Also, Yin et al. have 
been demonstrated the InP heterojunction solar 
cell with an ultra‐thin layer of 10 nm amorphous 
TiO2. The solar cell was shown a power conversion 
efficiency of 19.2% and a short‐circuit current 
density of 30.5 mA/cm2 [22]. In a new research, 
Kotlyar et al. have been shown an open‐circuit 
voltage of 0.37 V, a short‐circuit current density 
of 10.6 mA/cm2 for the InP/p‐Si Photovoltaic 
Heterostructure [23].

In this article, we present a new solar cell 
with an InP absorption layer consisting of 
the silver nanowires back‐reflector and InP 
nanowires at the top. This structure is a unique 
design to increase light trapping in a solar cell. 
The incident radiation is effectively scattered 
by the nanowires, which enhance the optical 
absorption by increasing the light path through 
the absorption layer while keeping a short path 
for carriers. Hence, the short‐circuit current 
density is increased overall wavelengths in the 
solar spectrum. In comparison to other InP solar 
cells, the maximum short‐circuit current density 
of 32.07 mA/cm2 was obtained that is a good 
result for a thin‐film solar cell in comparison 
with a short‐circuit current density of 10.6 mA/
cm2 [23], a short‐circuit current density of 24.6 
mA/cm2 [14] and a short‐circuit current density 
of 30.5 mA/cm2 [22]. In addition, the simulations 
show an ultimate efficiency of 26.6% that is 
greater than the obtained efficiencies of 19.2% 
[22] and 18.12% [21].

This paper organized as follows: “Materials 
and methods” section explains about the 
proposed structure and methodology. “Results 
and discussions” presented and discussed in 
next section. The effect of nanowires radius and 
absorption layer thickness on the absorption, 
short‐circuit current density, and open‐circuit 
voltage investigated in this section. Finally, 
“conclusions” section summarizes the paper 
results and presents the concluding remarks.
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MATERIALS AND METHODS
The proposed thin‐film solar cell divided into 

a number of layers in the z‐direction as shown in 
Fig. 1. The solar cell layers consisted of the InP 
absorption layer, thickness of d2, two perpendicular 
Ag nanowires with radiuses of R1 and R2 in the 
bottom of absorption layer, and the InP nanowires 
with a radius of R2 on the top of absorption layer, 
Ag back‐reflector layer, and an anti‐reflection layer 
of ITO on top with a thickness of d1. Center‐to‐
center distance between the nanowires is 5R1 and 
the solar cell structure is periodic in the x and y 
directions. 

Using the condition A=1–R–T, where A, R, and 
T are the absorption, total reflection and total 
transmission, respectively, the absorption can 
be found at each wavelength [24‐27]. To obtain 
a realistic solar cell performance, the AM 1.5G 
spectrum was utilized in the simulations, resulting 
in A(λ) over the entire spectrum. The absorption at 
each incident wavelength, A(l), can be determined 
by monitoring the incident power, Pin (λ), and 
output power, Pout (λ), as [7]:

  
(1)

This helps to calculate the weighted absorption 
<Aw> [28‐30]:

  

(2)
 

Where ψ(λ) is the incidence solar flux per unit 
wavelength, λ1=400nm, and λ2= 920 nm. The short‐
circuit current density (Jsc) can also be calculated 
using [31, 32]

  
(3) 

Where e, h and c are the electron charge 
density, the Planck constant, and the speed of light 
in vacuum, respectively. The short‐circuit current 
density, Jsc, is proportional to the number of 
photons within the wavelength range of λ1 to λ2. It is 
assumed that each absorbed photon generates an 
electron‐hole pair and all photogenerated carriers 
reach to the electrodes in which contributes to the 
photocurrent [33, 34].

Two important parameters of a solar cell are 
open‐circuit voltage and efficiency. The open 
circuit voltage is the maximum voltage of a solar 
cell that can provide to an external circuit [35]:

 
Fig. 1. Schematics of the solar cell a periodically textured device. 

  

Fig. 1. Schematics of the solar cell a periodically textured device.
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      (4)

Where, J0 is the reverse saturation current 
density. The efficiency is the ratio of the maximum 
output power to the input power:

                                                     (5) 
  

Where fill factor (FF) is explained as the ratio 
of the maximum output power at the maximum 
power point to the product of Voc and Jsc [35].

Simulations were carried out based on a well‐
determinate finite element method (FEM) using 
the Wave Optics, Frequency Domain interface 
of Comsol Multiphysics software. In this method 
Helmholtz equation, discretized in the solar cell 
structure. The three‐dimensional (3D) solar cell 
structure was discretized using free triangular 
mesh. Materials selected with the wavelength‐
dependent refractive index to cover the 
wavelength range of visible and near infrared.

RESULTS AND DISCUSSIONS
A solar cell with plasmonic back‐reflector and 

an anti‐reflection coating is one of the best light 
trapping structures to increase solar cell efficiency. 
The geometry, shown in Fig. 1, simulated with 
a periodic boundary condition. We used the 
electromagnetic simulation to determine the 
absorption of light in the InP absorption layer on 
the conformal periodically textured back reflector. 
Nanowires back reflector and nanowires on the 
top of device have been shown large absorption 

enhancement by light trapping effect. 
The absorption of incident light (A (λ)) as a 

function of wavelength is shown in Fig. 2 in the 
visible and infrared spectrum range of λ=400 nm to 
920 nm. The cavity between the Ag back‐reflector 
nanowires and the top ITO layer caused the 
dropping of the absorption in some wavelengths 
dramatically, in which it depends on the radius of 
the nanowires. Meanwhile, the absorption of light 
shows highest values in the spectrum range of 400 
nm‐600 nm for nanowires radius of 70 nm, while 
it is the highest in the spectrum range of 750 nm‐
920 nm for nanowires radius of 50 nm. The highest 
absorption shows the good light trapping in the 
solar cell. Light trapping is the first characteristic 
to have high efficiency in the solar cell. In addition, 
the wavelength‐dependence of absorption and 
light trapping showed in Fig. 2.

The weighted absorption was determined 
for a cell with a d1=65 nm thick ITO layer, the InP 
absorption layer of d2= 1000 nm, and the scanned 
nanowires radiuses (R=R1=R2) from 30 nm to 120 
nm, shown in Fig. 3 (a, b, c). The thickness of the ITO 
anti‐reflection coating must satisfy the relation d1= 
λ/4n, where λ and n are the incident wavelength 
and refractive index of the anti‐reflection coating 
layer, respectively, with considering the peak 
emission of solar radiation at λ=500 nm. We also 
calculated the short‐circuit current density (Jsc) and 
open‐circuit voltage (Voc), shown in Figs. 3(b) and 
3(c), respectively. The short‐circuit current density 
and open‐circuit voltage increase by increasing the 
radius of the nanowires (R). The maximum values 
for Jsc and Voc can be observed around R= 110 nm  

 
Fig. 2. Absorption as a function of wavelength for the solar cells with different radius of R=30nm, 50nm, 70nm (R=R1=R2, d1=65 nm and 
d2=1000 nm). 

  

Fig. 2. Absorption as a function of wavelength for the solar cells with different radius of R=30nm, 50nm, 70nm (R=R1=R2, d1=65 nm 
and d2=1000 nm).

https://en.wikipedia.org/wiki/Open-circuit_voltage
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whereas there are no significant changes in Jsc and 
Voc within the range of R= 40 nm to R= 60 nm. A 
little drop in Jsc and Voc can be observed for R=70 
nm due to the less scattering of the optical field 
within the absorption layer. 

In order to obtain the optimized structure, it 
found the radii of the nanowires with making the 
best light trapping in the solar cell because there is 
a modified between the radii of the nanowires and 
light trapping. The weighted absorption, short‐
circuit current density, and open‐circuit voltage 
were determined for a 1000 nm thick absorption 
layer, R1=50 nm, and different radiuses of R2, 
shown in Fig. 4 (a, b, c). The weighted absorption 
and short‐circuit current density increase with 
increasing R2, reaching to the maximum value at 
R2=120 nm (<Aw>= 0.96 and Jsc = 32.07 mA/cm2). 
Similarly, the weighted absorption, short‐circuit 
current density and open‐circuit voltage were 
obtained for R2=50 nm and different radiuses of R1, 

shown in Fig. 5 (a, b, c).  The weighted absorption 
and short‐circuit current density shows oscillations 
with increasing R1, where the maximum short‐
circuit current density is at R1= 60 nm. The light 
trapping increases because of plasmonic effect 
and the special structure of the solar cell. By 
considering Fig. 4 and Fig.5, the radii of the 
nanowires in the structure play an important role 
in light trapping in the solar cell. 

Fig. 6 also illustrates the efficiency of the 
proposed solar cell for different nanowires 
radiuses. The results show that the efficiency is 
approximately constant since the radius of R=R1=R2 
varies from 40 nm to 60 nm. By changing R2 from 
30 nm to 120 nm, there is an increase in efficiency 
and the maximum efficiency is equal to 0.266 
(26.6 %) at R2= 120 nm for R1=50 nm. Moreover, 
the efficiency increases by incrementing R1 from 
30 nm to 120 nm by keeping R2=50 nm, in which 
the maximum efficiency is obtained equal to 0.259 

 

 

 

 

 
 

 
Fig. 3. (a) The weighted absorption <Aw> (b) the short-circuit current density (Jsc) (c) open-circuit voltage (Voc) as a function of nanowires 
radius of R for d1=65 nm and d2=1000 nm. 

 

 

 

 

 

 

 

 

Fig. 3. (a) The weighted absorption <Aw> (b) the short‐circuit current density (Jsc) (c) open‐circuit voltage (Voc) as a function of 
nanowires radius of R for d1=65 nm and d2=1000 nm.

https://en.wikipedia.org/wiki/Open-circuit_voltage
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Fig. 4. (a)The weighted absorption <Aw> (b) short-circuit current density (Jsc) (c) open-circuit voltage (Voc) as a function of R2 (R1=50 nm, d1=65 nm, 
and d2=1000 nm). 

 

 

 

  

Fig. 4. (a)The weighted absorption <Aw> (b) short‐circuit current density (Jsc) (c) open‐circuit voltage (Voc) as a function of R2 (R1=50 
nm, d1=65 nm, and d2=1000 nm).

(25.9 %) at R1= 60 nm. In addition, the maximum 
efficiency was determined equal to 0.265 (26.5 
%) at R=110 nm.  Efficiency enhancement is due 
to the plasmonic nature of solar cell structure. If 
the shape and size of metal nanowire is suitably 
chosen then it will lead to the formation of surface 
plasmon polaritons, which propagate parallel to 
the metal surface and as a result increasing the 
light intensity absorption in the InP absorption 
layer.

The lateral propagation of the electrical field 
in the InP region can be observed by plotting 
the Poynting vector, shown in Fig 7, where light 
trapping can be seen in the solar cell structure. The 
Poynting vector is stochastically scattered through 
all angles within the absorption layer especially in 
the bottom, thereby increasing the path length of 
photons through the absorption layer.

 

CONCLUSIONS
In summary, in this paper we have presented 

a new nano‐structure solar cell with a periodic 
array of plasmonic nanowire back‐reflector, 
InP absorption layer and a layer of ITO as anti‐
reflection coating on top. The plasmonic back‐
reflector consists of a silver layer and two silver 
nanowires. This design helps to have a good light 
trapping in the solar cell structure.  The 3D solar 
cell structure was simulated by the Wave Optics of 
Comsol Multiphysics to calculate the absorption, 
open‐circuit voltage, short‐circuit current density, 
and efficiency. The simulation results show the 
enhanced light trapping in the InP absorption 
layer with a maximum efficiency of 26.6 % for 
the nanowires radiuses of R1= 120 nm and R2= 50 
nm. Therefore, the proposed plasmonic‐based 
solar cell can increase the optical absorption in 

https://en.wikipedia.org/wiki/Open-circuit_voltage
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Fig. 5. (a) The weighted absorption <Aw> (b) the short-circuit current density (Jsc) (c) open-circuit voltage (Voc) as a function of R1 (R2=50 nm, d1=65 
nm, and d2=1000 nm). 

 

 
Fig. 6. Efficiency of solar cell versus the radius of the nanowires (d1=65 nm and d2=1000 nm). 

 

 

 

 

 

 

Fig. 5. (a) The weighted absorption <Aw> (b) the short‐circuit current density (Jsc) (c) open‐circuit voltage (Voc) as a function of R1 
(R2=50 nm, d1=65 nm, and d2=1000 nm).

Fig. 6. Efficiency of solar cell versus the radius of the nanowires (d1=65 nm and d2=1000 nm).
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the solar cell structure, allowing a considerable 
reduction in the absorption layer thickness. The 
main advantage of the proposed solar cell is an 
enhancement efficiency of 38% in comparison 
with other InP solar cells.
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