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Abstract.The issues related to global energy needs and environmental safeties as well as health crisis are some of the major challenges 

faced by the human, which make us to generate new pollution-free and sustainable energy sources. For that the optical functional 

nanostructures can be manipulated the confined light at the nanoscale level. These characteristics are emerging and leading candidate 

for the solar energy conversion. The combination of photonic (dielectric) and plasmonic (metallic) nanostructures are responsible for the 

development of better optical performance in solar cells. Here, the enhancement of light trapping within the thin active region is the 

primary goal. In this work, we have studied the influence of front-ITO (rectangular) and back-Ag (triangular) nanogratings were 

incorporated with ultrathin film amorphous silicon (a-Si) solar cell by using rigorous coupled wave analysis (RCWA) method. The 

improvement of light absorption, scattering (large angle), diffraction and field distributions (TE/TM) were demonstrated by the addition 

of single and dual nanogratings structures. Significantly, the plasmonic (noble metal) nanogratings are located at the bottom of the cell 

structure as a backside reflector which is helpful for the omni-directional reflection and increased the path length (life time) of the photons 

due to that the collection of the charge carriers were enhanced. Further, the proposed solar cell structure has optimized and compared to 

a back-Ag, front-ITO and dual nanogratings based ultrathin film amorphous silicon solar cell. Finally, the obtained results were evidenced 

for the assistance of photonic and plasmonic modes and achieved the highest current density (Jsc) of 23.82 mA/cm2 (TE) and 22.75 mA/cm2 

(TM) with in 50 nm thin active layers by integration of (dual) cell structures. 
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1. Introduction 

In the quest of alternative renewable energy sources, thin 

film solar cell technology seems to be a promising due to 

the unlimited amount of energy source from the sun. The 

field of photonics and plasmonics has been propelled 

greatly in various applications like solar cell, antenna etc 

(Tran et al., 2020; Schuller et al., 2010; Belhadji, 2022; 

Hamdani et al., 2022). Last few decades, solar cell 

technology has been developed and still an expensive as 

compared to the fossil fuels. In order to reduce the cost with 

enhanced performance, silicon is the best candidates. 

Particularly, amorphous silicon is a very attractive 

material and leading on the photovoltaic market due to 

their enhanced charge carrier mobility in the visible 

spectral region. However, thin film technology 

generates the hampered performance due to their lower 

cell efficiency in the visible and near-infrared spectral 

region. Further, the noble metallic (Au, Ag, and Cu) 

nanostructures can address this issue by controlling over 

the geometry at nanoscale level (Gong and Leite, 2016; 

Prabhakar, 2019). Among these nanostructures, silver (Ag) 

has less parasitic loss as reported by various researchers. 

For that Ag and Au materials are widely used in solar cells 
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for strong light scattering and improved light absorption 

in the visible spectral (λ=380-700 nm) region as reported 

by Pillai and Green (2010). Similarly, the ultraviolet and 

visible spectrum absorbed by copper (Cu) and aluminum 

(Al) nanostructures as demonstrated by Catchpole and 

Polman (2008). The different incident light (wavelength) 

can strongly improve light trapping in the matter by the 

way of strong confinement of light (interaction) and 

increasing optical (charge carrier) path length. To enhance 

the electron-hole pair path length, the collection 

(concentration) of photon should be increased within the 

thin active (absorber) layer regions. For that the active 

layer thickness must be lesser than the light exciton 

wavelength (diffused) as reported by various researchers 

(Khai et al., 2011; Agrawal et al., 2008). Nowadays, an 

ultrathin solar cells have been attractive for the low-cost, 

easy fabrication (small-scale) and novel conversion 

mechanisms. Various solar cell designs were proposed and 

provided remarkable optical performance enhancement 

through photonic crystals. Phengdaam et al., (2021) 

experimentally investigated by the incorporation of mixed 

(red, purple, and blue) silver nanoprisms with the hole-

transport layer of organic solar cells with the excitement of 
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multiple placements which was helped to induce the 

broader light absorption. These silver nanoprisms sizes 

were 100 nm and achieved 7.9% cell efficiency using finite-

difference time-domain (FDTD) method. Singh et al., 

(2010) presented a thin film GaAs solar cell performance 

with metal nanoparticles (Ag, Al, Cu and Au) using FDTD 

method. Among the various metallic nanoparticles, the 

strong plasmonic scattering effect noticed with an 

optimized period of 100 nm and 40 nm radius. The 

optimized GaAs thin film solar cell showed the relative 

enhancement of current density up to 31% as compared 

reference cell. Saadmin et al., (2020) synthesized silver 

nanoparticles (with TiO2) and used as fortunate in dye-

sensitized solar cells (DSSCs) to enhance the optical 

performance. This demonstrated photovoltaic structure 

highly yielded 1.76% cell efficiency as compared to the 

reference DSSC (0.98%) without silver nanoparticles. 

Chriki et al., (2013) proposed an ultrathin film silicon solar 

cell with dual plasmonic grating structures by using FDTD 

and rigorous coupled wave analysis (RCWA) methods. 

They found the highest current density (Jsc) 

enhancements of 1.86 under air mass 1.5G. Further, the 

influence of ITO-conductive oxide and Ag-metallic grating 

nanostructures performance was compared. Chen et al., 

(2012) proposed a broadband light absorption with silver 

nanoparticles integrated thin film amorphous silicon (a-Si) 

solar cells. These silver nanoparticles were prepared by 

industry-friendly wet chemical method. They achieved 

23% current density enhancement and 8.1% of cell 

efficiency. Saravanan and Dubey (2021) proposed 

ultrathin film amorphous silicon solar cell performance 

with the assistance of photonic and plasmonic modes by 

using RCWA method. They achieved the highest current 

density of 33.52 mA/cm2 (transverse magnetic mode) 

within 390 nm cell thickness due to the integration of 

photonic (SiO2) and plasmonic (Ag) nanogratings 

structures. Our proposed work, we are investigating the 

influence of front-ITO (rectangular) and rear-Ag metallic 

(triangular) nanogratings within 50 nm amorphous silicon 

active regions. In this designed cell, the plasmonic modes 

are dominated and received the highest current density of 

23.82 mA/cm2 in the transverse electric (TE) polarizations. 

First, the formation of top-ITO dielectric gratings 

embedded in the active region, whereas the second 

mechanism includes bottom triangular-Ag nanogratings 

directly into the active layer. Finally, third one consists of 

dual gratings (top & bottom gratings) on the backside 

reflectors. Because, photonic and plasmonic 

nanostructures are having enough number of photon and 

plasmon to reach a certain place in solar cells. Further, the 

light harvesting or distribution evidenced for improved 

thin film amorphous silicon solar cells.   

2. Designing Approach 

2.1 RCWA Method 

A careful solar cell design is crucial for the optimizing 

optical performance in thin film solar cells. The schematic 

diagram of our proposed ultrathin amorphous silicon solar 

cell structure is shown in Figure 1. In the simulation (one-

dimensional) process, the proposed design consists of the 

computational domain are periodic boundary conditions 

(PBC) in X- and Y-coordination axis (left and right) and 

perfectly matched layer (PML) in the Z- axis (top and 

bottom).  Initially, the silver used as a substrate and top of 

that the amorphous silicon active layer placed. The 

triangular metallic-Ag nanogratings positioned at the 

bottom of the active regions for improving light scattering, 

and diffraction which is helpful for the enhanced light 

absorption. This enhancement of light trapping evidenced 

in the transverse electric (TE) and magnetic (TM) field 

distribution as shown in Figure 4. Here, the addition of 

metallic nanostructures is decreasing the amount of active 

materials which helps to attain high solar cell performance 

(Prabhakar Rai, 2019). Next, ITO materials considered as 

an anti-reflection coating layer and front nanogratings 

(rectangular) which is reducing the light reflectance and 

shorter (ultraviolet and near visible) spectrum lights are 

efficiently spreading into the active region. After reaching 

the backside reflector, the incidence light (or wave) has 

scattered at omnidirectional way on top of the metallic-Ag 

back reflector surface which supports improved the light 

absorption in thin film solar cells (Shi et al., 2013). 

2.2 Current Density (Jsc) and light absorption 

The characteristic equation for the calculation of current 

density (Jsc) can be expressed as follows,  

Jsc =
e

hc
∫ λA(λ)

dI

dλ
dλ                       (1)

1200

300

 

Where, ‘e’ elementary charge (4.355x10-19 coulombs), 

incident solar spectrum range considered from 300 (λ1) to 

1200 nm (λ2), ‘λ’ is the wavelength, ‘c’ is the speed of light 

in vacuum (2.99 x 108 m/s), ‘h’ is the plank’s constant 

(6.626 x 10-34 Js), ‘A’ is the absorption within the 

amorphous silicon active region, and ‘I’ is the total incident 

spectrum (Wm-2nm-1) (Saravanan et al., 2015; Meng et al., 

2012). Furthermore, the total incident light absorption (A) 

can be calculated by using the following formula as, 

A(λ) = 1 − R(λ) − T(λ)                                      (2) 

Where, ‘λ’ is the wavelength, ‘R’ reflectance and ‘T’ is the 

transmittance of the proposed solar cell (Prabhakar Rai, 

2019). This investigation carried out by using the soft 

synopsis tool. 

 

 
Fig. 1 The schematic diagram of thin film amorphous silicon solar 

cell. 
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Table 1 

The list of materials refractive index, thickness and extinction 

coefficient.  
Materials Thickness 

D (nm) 

Refractive 

index (n) 

Extinction 

coeff. (k) 

ITO 109 1.85 0.058 

Front-ITO rectangular 

nanogratings 

20 1.85 0.058 

Amorphous Silicon 50 4.4 0.243 

Rear-Ag triangular 

nanogratings 

60 

(20+20+20) 

0.15 3.985 

Ag Substrate 100 0.15 3.985 

As per the literature survey, we have considered the 

amorphous silicon active layer due to their availability 

(non-crystalline form of silicon), high refractive index, 

experimentally feasible (plasma-enhanced chemical vapor 

deposition, PECVD) and significantly improved the optical 

performance. Further, the metallic grating can be 

fabricated by using various techniques such as epitaxial 

lift-off, RF sputtering, an etching method. Using PECVD, 

the amorphous silicon thin film can be grown and 

diffraction grating fabricated by sputtering/evaporation 

with dry/wet etching methods. The fabricated grating 

structure adhered on substrates (glass/silicon/steel/plastic 

film) and separated by electrochemical etching (or 

mechanical force) techniques. Next, the detached gratings 

with desired level (thickness) integrated by diffusion (or 

implantation) technique. Finally, the anti-reflection 

coating can be deposited by PECVD method and electrical 

contact provided for the testing. 

The light path length of the photons enhanced due to 

the nanogratings integrated back reflector. Further, 

taking into the consistency of cell structure, the geometric 

parameters like the thickness (or height) of the each layer, 

the refractive indices of the materials and extinction 

coefficients were tabulated (Table-1).This entire design 

and simulation process was carried out by using rigorous 

coupled wave analysis method. This is a semi analytical 

technique also known as a Fourier model method. This 

rigorous coupled wave analysis, modeling method solver 

for Maxwell’s equations and involves incident plane wave 

source. So, the complex solar cell design has optimized.  It 

is important to maintain the cell thickness as less as 

possible for the photon path length enhancement in the 

solar cell with optimized light trapping mechanisms. In 

this aspect, the proposed solar cell thin films and 

nanogratings thickness calculated as 339 nm as tabulated 

(Table 1) and distance between the triangular gratings 20 

nm (10+10 nm). Overall, the proposed ultrathin 

amorphous silicon solar cell thickness 359 nm.    

3. Results and Discussion 

In this section, we discuss the influence of front-ITO and 

rear-Ag triangular nanogratings for the better photovoltaic 

performance (Figure 2). For the simplicity, first simple 

guidelines for the designing solar cell integrated in front 

with the non-dispersive materials of ITO and amorphous 

silicon. Further, we consider the dispersive Ag rear 

structure incorporated.  

 
Fig. 2 The current density of ultrathin amorphous silicon solar 

cells in both polarization modes (TE/TM). 

Initially, the ITO anti-reflection coating, amorphous 

silicon (a-Si) absorber, top-ITO gratings (Top GRA) and Ag 

substrate integrated solar cell (Top-ITO GRA). This solar 

cell has achieved current density (Jsc) up to 15.19 and 

14.42 mA/cm2under transverse electric (TE) and magnetic 

(TM) fields. In the similar way, instead of top-ITO 

gratings, the bottom metallic-Ag triangular nanogratings 

were added. This design solar cell named as “Bottom-Ag 

GRA”. Here, the dispersive metallic backside reflector is 

supported and enhanced the collection of the charge 

carriers (e- and h+) by prolonging the photon path length 

due to the omnidirectional scattering. With this 

mechanism, the current density further improved up to 

20.59 (TM) and 21.78 mA/cm2 (TE). Finally, the both top 

and bottom gratings were added with ARC (ITO), absorber 

(a-Si) and substrate (Ag). This proposed ultrathin 

amorphous silicon solar cell (Dual GRA) significantly 

achieved highest current density of 22.75 (TM) and 23.82 

(TE). These comparisons are shown in a bar diagram 

(Figure 2). Generally, thin film solar cells have weak 

absorption in the active region due to their effective path 

length diminishes with the effect of thin geometry for 

example microscale (1-10µm) (Barman et al., 2015). This 

issue overcomes by addition of suitable nanostructure in 

thin film solar cell such as triangular nanogratings, dual 

gratings, and nanoparticles. 

Light scattering and diffractions are the most 

promising light trapping scheme in the thin film 

amorphous silicon solar cells. The broadband light 

absorption improvement was noticed from the front 

rectangular dielectric gratings and back triangular 

nanogratings combined solar cell structure.  Figure 3 (a)-

(b) explores light absorption of the various ultrathin 

amorphous silicon solar cells in both transverse electric 

(TE) and magnetic (TM) filed. For the comparison, we have 

included the entire incident solar spectrum. In TE case, the 

dual gratings (Dual GRA) integrated solar cell shows 

broader absorption spectra, as compared to the single (top 

or bottom) grating based cell structure. Consequently, the 

light absorption furthermore enhanced in TM polarization 

modes due to the enhanced light scattering on the 

plasmonic (Ag) nanostructures. The broadband light 

absorption was noticed from 400-700 nm (λ) by dual 

grating based ultrathin amorphous silicon solar cells. 

Using equation (2), the total absorption calculated as 

shown in Table 2. The total absorption enhanced up to 

45.33% in TE mode due to the dual grating nanostructures.  
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Fig. 3 The absorption spectrum of amorphous silicon solar cells in 

TE (a) and TM mode (b). 

Table 2 

The list of total absorption of the various thin film amorphous 

silicon solar cells 

Cell Structure TE Mode 

(%) 

TM Mode 

(%) 

Top-ITO GRA 31.01 30.25 

Bottom-Ag GRA 41.36 39.03 

Dual GRA 45.33 43.45 

Solar Spectrum 74.25 74.25 

 

Here, the photonic and plasmonic modes plays crucial 

role for the collection of the light photons by reflection, 

scattering and transmission such as Fabry-Perot 

resonance, surface plasmon polariton, surface guided 

modes, etc. However, the incident solar spectrum highest 

absorption reached up to 74.25%. 

In TM case enhanced absorption noticed due to the 

surface plasmon resonances and collecting the oscillations 

of free electrons from the confined surfaces between the 

metallic and dielectric layers which are strongly 

interacting with the light (Xia et al., 2013; Zia et al., 2004; 

Homola et al., 1999).  

The photonic and plasmonic effects are evidenced 

in Figure 4 (a1-a12) and 4(b1-b16) as light (field) 

distribution. The metallic nanostructures are strongly 

scattering and reflect the incidence light towards the 

active region, which helps to inducing the plasmonic 

modes. 

The plasmonic nanostructures can support the localized 

surface plasmon resonances which are the collective 

oscillation of the conducting electrons. Furthermore, the 

physics of the highest absorption peaks of ultrathin 

amorphous silicon solar cells are explored by 

electromagnetic theory (Maxwell’s equations) (Isabella et 

al., 2018; Vismara et al., 2019). The spectral peaks are 

corresponding to the surface, guided modes, Fabry-Perot 

resonance, Floquet mode, surface plasmon resonance, 

constructively interfere between the metallic and 

semiconductors. The primary peaks of the various 

responsible for the quadruple resonance. The simulated 

transverse electric (TE) field distribution is shown 

in Figure 4 (a1)-(a6). It can be clearly observed that the 

field intensity (red) high near the antireflection coating 

layer of ITO with the incident wavelength of 509 nm (λc). 

The incident light propagates in the ‘Z’ direction, while 

boundaries are set to PBC and PML (Xia et al., 2013). But 

surface guided mode, Floquet mode, and Fabry-Perot 

resonance modes are generated within the amorphous 

silicon absorber region as shows in figure 4(a1).  

The low intensity color (pink) appeared at the back of 

the reflector and it indicates the enhanced absorption. 

Next, the incident light wavelength (λc) increased as 640 

nm (figure 4(a2)) and observed strong guiding modes 

(cyan) started at the tip of the bottom triangular gratings 

and between the gratings. This phenomenon is known as 

surface excitation between the metallic and dielectric 

surfaces. With the continuation of surface guided modes 

(cyan color), further extended into the amorphous silicon 

absorber region as depicted in figure 4 (a3). Between the 

nanogratings of ITO and Ag, the strong field (green color) 

appeared within the absorber region (Raghvendra Sarvjeet 

Dubey and Sigamani, 2014). At 769 nm (λc), the strong 

field further extended and appeared in the red color as 

shows in figure 4(a4). Figure 4(a5) -(a6), depicts the strong 

field between the gratings (λc=780 nm) and reduced at 840 

nm incident wavelength. Since, many decades the low light 

absorption appeared at 840 nm and this is a major issue 

with the solar cells which is to be optimized. The incidence 

wavelength of 919 nm (Figure 4(a7)) generated the surface 

guided modes at the bottom of the metal gratings and 

increased the light absorption in the absorber region due 

to that sharp peak appeared in Figure 3(a). 

Figure 4(a8)-(a9) shows the strong field between the 

metallic and dielectric gratings (λc, 968 & 990 nm) and low 

field distribution noticed from 1100, 1170 and 1200 nm 

compared to the ultraviolet spectral region as shown in 

Figure 4(a10)-(a12). Overall, the tapering nanostructure 

allows strong and smooth electric transition with Fabry-

Perot modes appeared due to the traditional 

structure. Figure 4 (b1) shows (429 nm) the strong light 

intensity at the top of the anti-reflection coating (ARC) and 

started to spread light into the absorber region due to that 

surface guided modes generated at the bottom of the ARC 

layer. First, the incident light of 460 nm, the light reached 

into the bottom of the triangular gratings with the guided 

modes as depicted in Figure 4(b2). Next, the light (509 nm) 

reached at the bottom of the gratings a solid line (Figure 

4(b3)) and localized surface plasmon, LSP (red colour, 530 

nm) started at the top of the silver gratings as shown 

in Figure 4(b4). These surface plasmon resonances of a 

nanostructure are affected by the size, shape and 

semiconductor materials (Barman et al., 2015).

(b) 

(a) 
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Fig. 4 Field distribution at different wavelengths in TE (a1)-(a12) and TM (b1)-(b16).   
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From the Figure 4(b1) - (b4) shows wavelike nature and 

light distribution clear to reach the entire solar cell. 

Furthermore, the light intensity, enhanced from 580 to 739 

nm incidence wavelength. Figure 4(b5) represents the 

strong LSP on the silver gratings and again increased light 

distribution between the gratings and absorber. The 

surface plasmon modes, guided modes, LSP and surface 

excitation noticed from 610 to 919 nm (Figure 4(b6)-(b11)). 

Here, the surface plasmon resonance is tuned by metallic 

structure, size, shape and thickness. The optimal 

plasmonic (Ag) nanostructure could generate the improved 

absorption spectrum in order to further enhance incidence 

light harvesting capability (Saravanan and Dubey, 2016; 

Prabhakar rai, 2019). At 985 nm wavelength, the reduced 

localized light on the gratings and excitation of field 

between metal and dielectric interfaces as shows in Figure 

4(b12). The infrared spectral region (>1000 nm) localized 

field intensity, enhanced in the absorber region as depicted

in the Figure 4(b13m)-(b14) and reduced the collection of 

charge carriers due to thermal losses and unabsorbed 

photons (Joseph et al., 2019; Sha et al., 2010). Figure 

4(b14) shows the strong LSPR modes and further 

enhanced the optical efficiency and reduced the field 

intensity at 1160 and 1200 nm. However, the field 

intensity or LSP enhanced in between the triangular 

gratings as depicted in Figure 4(b15)-(b16). Overall, the 

influence of plasmonic nanostructure the photon 

absorption enhanced in the absorber region with the help 

of strong light scattering as shown in Figure 3(b). 

6. Conclusion 

In conclusion, we have demonstrated the possibility of 

highest current density in ultrathin film amorphous silicon 

solar cells by incorporating front-ITO and rear-Ag 

nanogratings. These ultrathin film amorphous silicon solar 

cell investigations were carried out by using rigorous 

coupled wave analysis (RCWA) method. The detailed 

comparison made between single and dual nanogratings 

integrated ultrathin film plasmonic solar cell for better 

optical performances and found later one structure yielded 

a substantial photocurrent increased from 15.19 to ~23 

mA/cm2 (TE mode). Moreover, the dual grating 

nanostructure plays crucial role for the enhancement of 

the current density by larger angle scattering and 

diffraction mechanism due to that noticed an additional 

absorption in the longer spectral region. These light 

trapping mechanisms were evidenced by the field 

distributions (TE/TM) at various center wavelengths. 

Furthermore, the results provide a theoretical 

investigation and technical support for the fabrication and 

optimization of the ultrathin film amorphous silicon solar 

cells.       
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