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ABSTRACT    

One major problem of the conventional solar cells is low conversion 
efficiency. In this work, we have proposed a new design including 
hemisphere texturing on top and metallic plasmonic nanostructure 
under the silicon layer to enhance the optical absorption inside the 
photosensitive layer.    The finite-difference time-domain (FDTD) method 
has been used to investigate the interaction of light with the proposed 
structure. The simulation results demonstrated that the designed 
structure gives rise to 40% light absorption enhancement and 27% solar 
cell efficiency enhancement compared to a simple cell structure. The 
hemisphere texturing acts as a light concentrator and results in local 
electric field enhancement inside the silicon layer, and metallic 
nanostructure excites the plasmons. By combining the advantages of 
these two designs, the short circuit of the proposed structure showed 
more than 65% enhancement compared to the conventional structure. 
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1. Introduction 

Two basic problems in silicon-based solar cells 
are the high cost of fabrication and low 
efficiency. Forty percent of the financial budget 
spends on the materials and processes carried 
out on them at the solar cell fabrication industry. 
Therefore, a reduction in the thickness of silicon 
causes a reduction in the cost of solar cells. 
Recently, thin-film solar cells with a very thin 
active layer have been proposed as a way to 
reduce the material costs. Beside low 
manufacturing costs, this reduction in the 
thickness of the solar cells can also decrease the 
carrier   recombination   rate   and   improve   the  
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carrier collection efficiency for bulk 
recombination-dominated semiconductors. 
As a result, we may have higher overall solar 
cell efficiencies. However, thin-film solar 
cells have a very low light absorption, 
especially at the wavelengths near the 
electronic bandgap of the semiconductor [1]–
[3]. This is because of decreasing the light 
pathway through the active layer as a result of 
the reduction of absorber thickness. 
Therefore, some technics for light trapping 
are needed to design ultrathin solar cells with 
enhanced light absorption [4]–[7]. In the last 
few years, several techniques have been 
investigated for light trapping, such as 
forming pyramid shapes on the surface. The 
surface shaping generally reduces light 
reflection and thus increases its absorption. 
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The other option for further absorption of the 
light in thin-layer solar cells is by adding 
nanoparticles and nanostructures to the solar 
cells structures [8]–[12]. In this work, we 
have introduced a new structure that benefits 
from both surface texturing and metallic 
plasmonic nanostructures to improve the light 
absorption in thin-film solar cells.  
 
2. Structure design and simulation method 
 
Finite-difference time-domain (FDTD) 
method is used to solve the Maxwell wave 
equations. The boundary conditions in the 
propagation direction were set to a perfectly 
matched layer (PML). The absorption of light 
in the mentioned thin-film solar cell can be 
defined as the ratio of the absorption capacity 
of the absorbent material to the power of the 
input light to the cell. In the simulation 
procedure, first, the optical response was 
calculated by solving Maxwell’s equation 
[13], [14]: 
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After that, the electrical field distribution in 
each point of the simulation domain has been 
obtained by solving Eq. (1). Power flux 
density was calculated as followed: 
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In Eq. (2-4),   is material dependent 
complex wave impedance. The total power 
flux density can be obtained as followed: 

 2 2 2( , , ) | ( , , ) | | ( , , ) | | ( , , ) |s ox oy ozP x y z P x y z P x y z P x y z    (5) 

The   main   FDTD   simulation   parameters 
 

used in the simulations are presented in Table 
1. 

Figure 1a, b and c illustrate the schematic 
diagram of simple Si solar cell (Structure A), 
hemisphere textured cell without nano stripe 
(Structure B), and textured cell with a 
hemisphere and with the addition of 
aluminum nano stripe (structure c), 
respectively. As this figure shows, the 
hemisphere radius is 1 µm, and the thickness 
of the silicon layer is 600 nm. In other words, 
the whole thickness of the absorbent material 
(silicon) was considered to be 1.6 μm. The 
thickness of the antireflection layer is 200 nm. 

The back contact of the cell, a cross made 
of aluminum nanostripes, can be seen in Fig. 
1. The junction layer thickness is 400 nm, and 
the number of these nanostripes is four, with 
a 45-degree relative to each other. The width 
and thickness of these nanostripes were 180 
nm and 90 nm, respectively. 

 
3. Results and Discussion 
 
In order to enhance the light absorption inside 
the Si layer, two different technics have been 
used. First, texturing the surface of the cell in 
the form of hemispheres and second, adding 
metallic nanostripes to the back contact of the 
cell. Therefore, we first examine the changes 
in the characteristics of the cell by forming its 
surface to a hemisphere. Here, we have used 
Snell’s law for the hemisphere surfaces.  That 
is, 
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In these equations, x is the length of the light 
path inside the cell, R is the hemisphere’s 
radius, r(θ,γ) represents the coordinates of the  

 
Table 1. Finite-Difference Time-Domain Method Parameters 
Min mesh step (nm) 0.25 
Time step 𝑑𝑡  (fs) 0.075822 
Stability factor 0.99 
Simulation time (fs) 1000 
Min sampling per cycle 2 
frequency point 177 
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Fig. 1. Schematic diagram of a) simple Si solar cell (Structure A) b) Si solar cell with hemisphere texturing on 

top (Structure B) c) proposed Si solar cell with hemisphere texturing on top and metallic plasmonic 

nanostructure under the silicon layer Solar cell (Structure C) d) 3D view of proposed Si solar cell with 

hemisphere texturing on top and metallic plasmonic nanostructure under the silicon layer Solar cell. 

 
desired point in the hemisphere, β is the angle 
of refraction, n(λ) symbolizes the refractive 
index and λ denotes the wavelength. It is 
determined that as a result of the non-flat 
feature of the surface, the angle of light 
refraction changes proportional to the 
position. Thus, at any point on the surface, the 
angle of the incoming light beam is different. 
For example, as shown in Fig. 2, if the light is 
vertically incident upon the center of the 
hemisphere, it has a 90-degree angle to the 
surface of the hemisphere. However, if it 
strikes the surface of the cell at a point a bit to 
the right (but still on the hemisphere), this 
angle decreases a little. Consequently, the 
refractive index of the light depends on its 
position on the hemisphere surface, and the 
light deflection occurs in the way that the light 
tends to the center of the hemisphere. In other 
words, the half-sphere acts like a lens and 
guides light to its center. Hence, the intensity 
of the light, and therefore, the intensity of the 
electric field raises at the center of the 
hemisphere [15]. Given that the absorption of 
light has an exponential relation with the 

intensity of the electric field (𝐸2 ~ Abs), the 
absorption of the light, and thus the carrier 
generation increases by approaching to the 
center of the hemisphere. Electric field 
distribution of Structure A, B and C at the X-
Z plane are illustrated in Fig. 2a-c, 
respectively. As can be seen, using 
hemispheric texture on top of the Si layer 
(Structure B and C) acts as a concentrator and 
enhances the local field more than five times 
compared to simple solar cells (Structure A). 

The shape and position of the backside 
aluminum nano stripe must have been 
designed to spread the centralized light as 
much as possible and trap horizontally at the 
bottom of the cell. Nano stripes are placed in 
the lower part of the cell, which can be seen 
in Figs. 1c and d. The junction of these 
nanostripes is precisely located where the 
light intensity is maximized due to the surface 
hemisphere structure. Therefore, the amount 
of light absorption increases as the length of 
the light path through the cell or absorbent 
material increases. 
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Fig.3. Electric field distribution of a) simple solar cell (structure A) in X-Z plane b) Si solar cell with hemisphere 

texturing on top (Structure B) in X-Z plane c) proposed Si solar cell with hemisphere texturing on top and 

metallic plasmonic nanostructure under the silicon layer Solar cell (Structure C) in X-Z plane d) proposed Si 

solar cell with hemisphere texturing on top and metallic plasmonic nanostructure under the silicon layer Solar 

cell (Structure C) in the X-Y plane. 

 

The plasmonic property of metallic 
nanostructures can be analyzed using 
Maxwell equations. Since light is formed as 
electric and magnetic fields, when it collides 
with metal nanostructures, its fields cause 
nanostructures to act like a bipolar. In other 
words, it causes a displacement in metal 
surface electrons. Displacement of electrons 
causes localized fields and increases the 
electric field at the Si and Al interface and 
finally leads to high absorption [16]–[22]. 
Electric field distribution of the proposed 
structure at the surface of nanostripes is 
illustrated in Fig. 3d. As can be seen, the local 
field shows more than eight times 
enhancement compared to the simple solar 
cell. Moreover, the coupling of the 
electromagnetic waves and the nanograting 
structures can be predicted analytically. To do 
so, equations 

sp in gK k sin mk   and (9) 

2 /gk p  (10) 

have to be satisfied for the sake of energy and 
momentum conservation between incident 
photons and surface plasmons[23], [24].   In 
these equations 𝑘𝑠𝑝 is the wave vector of 
surface plasmons at the interface of the 
metal/dielectric, 𝜃 is the angle between the 
normal vector of the grating plate and the 
incident light, 𝑚 is an integer number 
indicating surface plasmon mode, 𝑘𝑔 is the 
grating wave vector, and 𝑝 is the periodicity 
of the grating. The value of 𝑘𝑠𝑝 in which 𝜀𝑚 
is the relative permittivity of metal, and 𝜀𝑑  is 
the relative permittivity of dielectric  is 
defined by ([23]–[26]) 
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For SPP mode, Eq. (9) and (10) are associated 
with the periodicity of the structure and Eq. 
(11) calculates the SPP wave vector. By 
substituting Eq. (6) and (7) in Eq. (5) and 
assuming𝜃 = 0, Eq. (11) will be reduced to 
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Due to the periodicity of the structure, 
there would be different order modes and 𝛼 as 
the mode’s order is defined as 1,2,3, etc.[23], 
[24]. 
The changes in the electric field at the nano 
strip surface cause a group movement of the 
electrons, which changes at a certain 
frequency. Now, if this frequency intensifies 
with the frequency of the light collision, the 
light moves at the common surface between 
metal and semiconductor, which named 
surface plasmon polariton. Polariton 
plasmons increase the length of the light 
pathway within the absorbent material, 
thereby increasing the absorption of the light 
[6], [10], [14], [27]–[31]. To illustrate the 
effect of the surface formation and addition of 
the metallic nanostripes from structure A to C 
simultaneously, figure 3 shows the light 
absorption efficiency in these three different 
structures.    According to this figure, it can 
be seen that the simultaneous use of both 
approaches (surface forming and adding 
metal nanostructures to the solar cell) yields a 
better result. In the wavelengths ranging 
between 400 to 700 nm, as the main range for 
the sunlight, light absorption is approximately 
40%   higher   compared    to    the    previously 
published data provided in [17], [32]. 

Open circuit voltage, short circuit current 
density and fill factor of simple Si solar cell 
(Structure A), Si solar cell with hemisphere 
texturing on top (Structure B) and proposed 
Si solar cell with hemisphere texturing on top 
and metallic plasmonic nanostructure under 
the silicon layer (Structure c) are shown in 
Fig. 5a-c, respectively. As can be seen, the 
proposed structure results in 545 mV open-
circuit voltage, 27.5 mA/cm2 short circuit and 
75% fill factor (FF). The short circuit current 
of the proposed structure is 65% higher than 
the simple Si solar cell. In order to explain the 
short circuit current enhancement, the 
generation rate has to be described in detail. 
The time-dependent carrier generation rate 
(G) has been calculated as 
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where PCk represents the imaginary part of the 

refractive index, c is the speed of light, tD is 
laser pulse duration, h is Planck’s constant 

and ( , , )sP x y z  is total power flux density that 
can be obtained by Maxwell’s equation 
solving. As can be interpreted from Eq. 13, by 
increasing the optical power inside the Si 
layer, the generation rate will increase. So, the 
number of excited electron-hole pairs will 
increase, and so the short current density. 
 

 
Fig. 4. Light absorption in three mentioned structures 1) flat cell surface without nano stripe 2) hemisphere 

textured cell without nano stripe 3) a textured cell with a hemisphere and with the addition of Aluminum nano 

stripe. 
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Fig. 5. a) Open circuit voltage b) short circuit current density and c) fill factor of the simple solar cell (structure 

A), Si solar cell with hemisphere texturing on top (Structure B) and proposed Si solar cell with hemisphere 

texturing on top and metallic plasmonic nanostructure under the silicon layer Solar cell  

 
7. Conclusions 
 

In summary, a Si solar cell with hemisphere 
texturing on top and metallic plasmonic 
nanostructure under the silicon layer is 
proposed, and using the FDTD method, the 
interaction of light with the proposed 
structure is investigated thoroughly. 
According to the results, the proposed 
structure shows more than 40% and 34% 
enhancement in average light absorption 
and solar cell efficiency, respectively. 
Moreover, the E-field distributions and 
short circuit current density of three 
different structures were investigated, and 
results demonstrate more than eight times 
enhancement for local electric field and 
1.65 time enhancement for short circuit 
current density compared to the simple 
solar cell. This large short current density 
enhancement illustrates the potential of the 
proposed structure for improving the 
conversion efficiency of thin-film silicon 
solar cells. 
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