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ABSTRACT— In this paper, the optical properties 

of laterally oriented core-shell nanowire silicon 

solar cells (NWSCs) are optimized. The optimum 

structure consists of an array with non-uniform 

hexagonal nanowires (NWs). Each NW is 

constructed from an amorphous silicon layer 

sandwiched between two crystalline silicon 

layers. In order to improve the light absorption 

and short circuit current density (Jsc) of NWSC, 

a particle swarm optimization (PSO) algorithm 

is used to optimize the geometrical parameters of 

NWs. It is shown that the optimized structure 

has advantageous performance in terms of light 

absorption and Jsc. Finally, a multiple structure 

composed of two NWs with different 

morphologies and the optimized dimensions is 

proposed to utilize NWSCs better. 

KEYWORDS: core-shell Nanowires; amorphous 

silicon; crystalline silicon; whispering-gallery; 

thin films. 

I. INTRODUCTION 

In recent years, semiconducting nanowires 

(NWs) have attracted much attention in optical 

waveguides [1], low threshold lasers [2], and 

solar cells (SCs) [3]. They have shown unique 

optical properties, including large scattering 

cross-section [4], [5], low reflection [6],  high 

absorption [7], spectral [8], [9], and 

polarization selectivity [10]. NW is also a low-

cost structure to design SCs; however, the main 

challenge is to enhance the absorption and short 

circuit current density (Jsc) of nanowire solar 

cells (NWSCs). In fact, the short circuit current 

density of these structures is relatively low due 

to the reduction of raw material. Crystalline 

silicon (c-Si) is the prominent material to 

design SCs, and around 90 percent of SCs on 

the market are based on c-Si [11]. The main 

drawback of c-Si is the low absorption 

coefficient. On the contrary, amorphous silicon 

(a-Si) has a higher absorption coefficient, and it 

is considered an effective material to increase 

the NWSCs absorption [12]. One of the 

amorphous silicon imperfections is low 

diffusion length (~100 nm) [7], which degrade 

the electrical properties of a-Si NWSCs. In 

order to overcome this limitation, the 

amorphous /crystalline silicon core/shell 

structures are simultaneously used to take 

advantage of the a-Si high absorption and the 

high diffusion length (>200 µm) of c-Si [7]. 

Recently, vertically oriented NWSCs have been 

widely investigated, either as single NWs [13], 

[14] or NW arrays [15]-[21]. Nevertheless, in 

all studies based on the laterally oriented 

NWSCs, most of the attention was focused on 

the single NWSCs [22]-[24]. The number and 

the type of absorption resonance modes are the 

same for the single NW and NW arrays [24]-

[27], while the position and amplitude 

resonance modes are different [25]. In this 

paper, simulations are based on the NW arrays, 

considering the fact that the real NWSCs are 

more in compliance with the NW  arrays [14], 

[33]-[34]. 

One way to improve the absorption profile 

inside NWs is designing unusual cross-

sectional geometries. In recent years, so many 
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efforts have been made to achieve broadband 

absorption enhancement in NWSCs by this 

method including, crescent-deformed [28], 

Nanos-spring [29] irregular [30], gear-shaped 

[31], and funnel-shaped NWs [32]. These 

nanostructures can achieve unique modes that 

are not supported in uniform and regular NWs. 

As a result, the absorption profile and the Jsc of 

the SC can be improved considerably. 

In the framework of the unusual structures, it is 

shown that non-uniform core-shell c-Si/a-Si 

hexagonal NWs can accomplish broadband 

absorption with the proper design of different 

layers. It is found that changing the cross-

sectional geometry of NWs from a uniform 

shape to non-uniform can adjust the absorption 

spectra and Jsc of the NWSC. Another method 

to improve the absorption of the NWSCs is by 

introducing multiple NWs. This method has 

also been utilized extensively to enhance the Jsc 

of NWSCs [16]-[18], [35]. In this case, it is 

possible to employ the resonances of different 

NWs, which results in the wideband absorption 

inside the SC. 

In this paper, we have utilized this method to 

increase the Jsc of core-shell c-Si/a-Si 

hexagonal NWs. It has been found that using 

two non-uniform NWs with different cross-

sectional geometries results in the absorption 

enhancement of NWSCs. 

This study aims to determine the optimal 

structure for nanowires by studying the changes 

in the geometry and arrangement of nanowires 

on solar cells' performance. The considered 

nanowires are hexagonal, and the core-shell c-

Si/a-Si structure for these NWs is proposed. 

Using this structure, it is possible to 

simultaneously use the advantage of a higher 

absorption rate in a-Si layer and high diffusion 

length of c-Si layers. However, to prevent the 

detrimental effects of the a-Si layer on the 

electrical properties of the SCs, the thickness of 

this layer is limited to 20 nm [14]. The 

geometry and arrangement of hexagonal NWs 

are changed and the effects of these changes on 

the absorption profile of SCs are studied. 

Several structures with various degrees of 

freedom for different parameters are proposed. 

All of these structures are optimized using the 

PSO algorithm. As a final point, multiple 

structures consisting of two different NWs with 

different cross-sections and different 

arrangements are proposed and optimized, 

which led to considerable absorption of SCs. 

The remainder of this paper is organized as 

follows. The theoretical model is described in 

Section 2. The non-uniform and multiple NWs 

are studied and optimized in Sections 3 and 4, 

respectively. Finally, a brief conclusion is 

provided in Section 5. 

II. THEORETICAL MODEL 

The uniform three-layer hexagonal NW 

structure is shown in Fig. 1(a), where the 

middle layer of a-Si is utilized to enhance the 

absorption inside the NWSC. Because of the 

low diffusion length of a-Si, this layer's 

thickness is fixed to 20 nm [14]. In this case, the 

detrimental effects of a-Si on the electrical 

properties of NWSC are negligible and can be 

ignored. 

 
Fig. 1. Cross-sectional view of (a) uniform, (b) non-

uniform NW. 

Since the position and the amplitude of the 

resonance modes in the NWs absorption spectra 

are highly dependent on the NW geometry and 
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dimension [24], [34], a non-uniform hexagonal 

structure is proposed, in which some changes 

are made in the NW cross-section. The effects 

of these changes on the absorption spectra and 

the Jsc of the NWSC are investigated, and an 

optimization procedure is conducted to 

optimize the Jsc of NWSC. To compare the 

proposed scheme with thin-film SCs, the total 

thicknesses of all NWs are assumed to be 200 

nm. In addition, the thickness of the a-Si layer 

is set to 20 nm to mitigate the negative impacts 

of a-Si on the electrical properties of NWSC 

[14]. In order to simulate a practical case of the 

SC, arrays of the above-mentioned hexagonal 

NWs are placed on top of a sufficiently thick 

layer of quartz [25], [30]. 

To compare the proposed scheme with thin-film 

SCs, the total thicknesses of all NWs are 

assumed to be 200 nm. In addition, the 

thickness of the a-Si layer is set to 20 nm to 

mitigate the negative impacts of a-Si on the 

electrical properties of NWSC [14]. In order to 

simulate a practical case of the SC, arrays of the 

above-mentioned hexagonal NWs are placed on 

top of a sufficiently thick layer of quartz [25], 

[30]. 

It is assumed that the sunlight is evenly 

composed of the Transverse Electric (TE) and 

the Transverse Magnetic (TM) polarizations. 

Moreover, the sunlight is emitted constantly on 

the NWSC surface. The refractive index of c-

Si  and a-Si are taken from [12], and the 

simulations are based on the finite element 

method (FEM). In order to evaluate the 

proposed structure, the absorption spectrum is 

calculated for both TE and TM polarizations in 

uniform and non-uniform NWs. Then, 

assuming the unity of the internal quantum 

efficiency [19], the Jsc is calculated based on the 

following equation [18]: 




dAI
hc

q
Jsc

lam

lam
)()(

2

1 , (1) 

where q is the electron charge, λ is the radiation 

photon wavelength, h is the Plank constant, and 

c is the light velocity. Lam1 and lam2 are the 

minimum (280 nm) and the maximum 

wavelengths (1000 nm) respectively. I(λ) is the 

standard radiation intensity of the sunlight 

spectrum on the earth, equal to AM 1.5, and A(λ) 

is the SCs absorption. 

III.  UNIFORM/NON-UNIFORM NWSCS 

The optical properties of c-Si and a_Si are taken 

from [12], and the correlation between bandgap 

and optical properties for different layers of 

NWSCs are shown in Fig. 2. 

By applying Equation 1, the Jsc curve of the 

uniform hexagonal NW is plotted in Fig. 3 as a 

function of the a-Si layer distance from the 

center to the shell (d). 

 
Fig. 2. The correlation between bandgap and optical 

properties for different layers of NWSCs, a) real part 

and b) imaginary part of refractive indices. 

Based on this figure, the maximum value of the 

Jsc is computed as 8.43 mA/cm2, for d=35nm. 

However, when the a-Si layer is in the center of 

the structure (d=10 nm), the minimum value of 

the Jsc is obtained (7.68 mA/cm2). There is a 

9.76% difference between maximum and 

minimum of Jsc, based on the a-Si layer position 

changes. Therefore, optimization is essential.  

In order to improve the light absorption and Jsc 

of NWSC, a particle swarm optimization (PSO) 
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algorithm is applied to find the optimized 

geometrical parameters of non-uniform NWs. 

In this case, the variables are chosen to be d, w1, 

w2, and w3 (Fig. 1 (b)). 

 
Fig. 3. Jsc of a uniform NWSC with a total thickness 

of 200 nm as a function of a-Si layer distance from 

the center. 

The absorption spectra of the optimized non-

uniform structure are shown in Fig.4 for both 

TE and TM polarizations and compared to the 

uniform NWSC and the thin film SC with the 

same thickness of c-Si and a-Si layers. To have 

a better comparison of the proposed structure 

with thin film SCs, this-film has the same 

thickness of a-Si, while the position of the a-Si 

layer is optimized as well. The non-uniform 

NW arrays have the higher absorption for the 

most wavelengths. However, at some parts of 

the wavelength spectra (lower than 400 nm) in 

the TM polarization, the absorption intensity of 

uniform NW is higher than non-uniform NW. 

In order to have a more detailed discussion on 

this feature, the sunlight intensity (AM 1.5) 

alongside the absorption spectra of the uniform 

and non-uniform arrays for TM polarization is 

displayed in Fig. 5. The radiation intensity of 

the sunlight is dropped abruptly for the lower 

wavelengths. So, the absorption intensity for 

these wavelengths does not significantly 

influence the Jsc of the SC. 

Referring to Fig. 5, broadband absorption is 

obtained, and a new resonance mode is 

generated in the wavelength of 919 nm for TE 

polarization in the proposed non-uniform 

structure. Since in this wavelength domain, the 

uniform NW's absorption intensity is almost 

zero, generating the new resonance mode in the 

non-uniform structure definitely shows the 

effect of the optimized design. There is a 19% 

increase in the Jsc compared to the optimized 

uniform Core-Shell c-Si/a-Si NWs. 

 
Fig. 4. Absorption spectra of uniform and non-

uniform NWs as well as thin-film SCs for (a) TE and 

(b) TM polarization. 

 
Fig. 5. Overlap figure  of the absorption intensity and 

the radiation intensity of the sun spectrum (AM1.5). 

Also, for the non-uniform C-Si NWs and 

crescent-deformed solar cells, the optimized JSC 

is 7.32 [30] and 7.94 mA/cm2 [35], which are 
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27% and 17% lower than our proposed 

structure, respectively. 

To determine the type of the resonance modes, 

the electric field intensity profile in the TE 

absorption spectrum peaks and the magnetic 

field intensity of the TM absorption spectrum 

peaks are shown in Fig. 6. 

 
Fig. 6. TE electric field intensity profiles of the non-

uniform NW at (a) 919 and (b) 673 nm and TM 

magnetic field intensity profiles of the non-uniform 

NW at (c) 716 and (d) 573 nm. 

The new resonances for TE polarizations are 

shown as the whispering-gallery modes in Figs. 

6 (a) and (b) for the wavelengths of 919 nm and 

673 nm, respectively. Additionally, TM 

polarizations' cavity modes are seen in Figs. 6 

(c) and (d) for the wavelengths of 716 and 573 

nm. 

The Jsc of the optimized non-uniform 

hexagonal NWSC is calculated as 9.28 

mA/cm2, which shows 14.3% enhancement 

compared to the uniform structure and a 

59.60% increase compared to the thin film SC. 

Since it is supposed to enhance the Jsc by 

optimizing all layer dimensions, the PSO 

algorithm is used to optimize the a-Si layer 

position (d), W1-3 , and U1-3. In this way, the Jsc 

is computed as 9.401 mA/cm2 that only shows 

a 1.32% increase compared to the non-uniform 

structure. We have named this structure the 

modified NWSC, and the optimized parameters 

of this structure alongside the nun-uniform 

structure are displayed in Table 1. 

IV. MULTIPLE NWSCS 

In this section, multiple NWs with different 

cross-sectional geometries have been proposed 

to increase further the absorption spectra, 

shown in Fig. 7. 

 
Fig. 7. Cross-sectional view of multiple structure 

composed of two non-uniforms NWs with different 

geometries. 

 
Fig. 8 Absorption spectra of non-uniform and 

multiple nanowire solar cells for (a) TE and (b) TM 

polarization. 
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The proposed multiple NW structure is 

composed of two non-uniforms NWs with 

different cross-sectional geometries. An array 

of the above-mentioned multiple NWs is placed 

on the quartz substrate to simulate the SC. 

Once more, to extract the maximum Jsc, the 

PSO algorithm is used to optimize the 

structure's geometry and dimensions. All the 

parameters can be found in Table 1. 

In both TE and TM polarizations, the 

absorption spectrum is obtained for the 

optimized multiple NWSC, and then it is 

compared to the absorption spectrum of the 

non-uniform NW structure in Fig. 8. The 

multiple structures offer more peaks in the 

absorption spectra, which results from 

resonances of different NWs. 

 
Fig. 9 TE electric field intensity profiles of the 

multiple NWs at (a) 824 and (b) 712 nm and TM 

magnetic field intensity profiles of the multiple NWs 

at (c) 597 and (d) 543 nm. 

The intensity and position of these resonances 

are changed compared to the non-uniform 

structure, as well. The Jsc enhancement of this 

structure compared to the non-uniform and 

uniform structures is 5.8% and 17.99%, 

respectively. 

Fig. 9 shows the whispering-gallery modes in 

TE polarization at 824 nm and 712 nm 

wavelength. Additionally, the cavity modes are 

seen in 597 and 543 nm wavelengths for TM 

polarizations. 

Once again, to determine the type of the 

resonance modes, the electromagnetic field 

intensity profile is shown in figure 9, along with 

different absorption resonance positions in both 

TE and TM polarizations. In Table 1, the exact 

values of optimized parameters are listed for 

different proposed structures, along with the 

increase in Jsc compared to the thin-film SC. 

Using multiple structure leads to enhancing the 

Jsc of the SC by more than 68%, which allows 

the implementation of high-efficiency ultrathin 

SCs. 

Table 1. Optimal dimensions, Current densities, and 

related enhancements of different structures. 

Structure Uniform
Nom- 

Uniform 
Modified 

Multiple 
NW (1) NW (2) 

d (nm) 35 55.08 46.80 54.34 45.37 
w1 (nm) 141.42 144.12 158.88 120.2 158.72 
w2 (nm) 77.78 123.20 170.34 141.22 172.4 
w3 (nm) 49.50 95.52 89.32 94.28 104.87 
u1 (nm) 70.71 72.06 42.91 24.07 32.78 
u2 (nm) 38.89 61.60 74.92 37.86 58.62 
u3 (nm) 24.75 47.76 75.77 68.91 129.21 
JSC  
(mA/cm2)

8.32 9.278 9.401 9.817 

Enhance 

(%) 
40.59 59.60 61.72 68.88 

V. CONCLUSION 

The light absorption properties of the uniform, 

non-uniform, and multiple three-layer NWSCs 

are studied. Results have shown that the proper 

design of a non-uniform NW structure increases 

the absorption inside the solar for the wide 

range of wavelengths and generates new 

resonance modes. These effects can increase 

the Jsc of the SCs, effectively. In order to 

increase the Jsc, dimensions of both non-

uniform and multiple NWSCs were optimized. 

Using the optimal non-uniform and multiple 

NW structures resulted in a 14.3% and 17.99% 

increase in the Jsc compared to the uniform 

structure with the same thickness. 
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