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The absorption enhancements of silicon layer in silicon solar cells with three kinds of Ag nanoparticles including 

sphere, cylinder and cuboid are studied by the finite difference time domain (FDTD) method, respectively. The results 

show that the light absorption of silicon is significantly improved due to the localized surface plasmon (LSP) reso-

nance. The relations of the absorption enhancement with the parameters of nanoparticles are thoroughly analyzed. The 

optimal absorption enhancement can be achieved by adjusting the relevant parameters. Among the three types of Ag 

nanoparticles, i.e., sphere, cylinder and cuboid, the silicon with the cubical Ag nanopaticles shows the most efficient 

absorption enhancement at optimal conditions, its maximum absorption enhancement factor is 1.35, and that with the 

spherical Ag nanopaticles gets the lowest absorption enhancement. The work is useful for the further theoretical study 

and design for the plasmonic thin-film solar cell. 
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Now, some methods for improving the absorption and 

enhancing the efficiency of the thin film solar cell have 

been proposed[1-5]. Such as, surface texturing is used for 

enhancing light trapping[6,7], and silicon nanowire arrays 

are set as an antireflection film to reduce the surface re-

flection[8]. Another important way is to use the textured 

back reflector for enhancing light trapping[9-11]. But the 

solar cell with back reflector may suffer from the back 

surface recombination loss. In addition, a nanostructure 

deposited on the top surface of a solar cell is also 

used[12-16].  

In this paper, three kinds of Ag nanoparticles, includ-

ing sphere, cylinder and cuboid, are set on the silicon 

layer of silicon thin-film solar cells, respectively. The 

effects of the parameter of Ag nanoparticle and the pe-

riod of the nanoparticle array on the absorption of the 

silicon are studied. 

Fig.1 shows the three kinds of structures used in this 

paper. The spherical, cylindrical and cubical Ag nano-

paticles are set on the surface of the silicon substrate 

with thickness of 500 nm, respectively. Ag is used as the 

metal material for its obvious localized surface plasmon 

(LSP) effects as well as low light absorption. Since the 

wide application of monocrystalline silicon solar cells, 

silicon is selected as the absorbing layer. The optical 

parameters of silicon and Ag are from Ref.[17]. In Fig.1, 

r represents the radius of spherical and cylindrical parti-

cles, h represents the height of cylindrical and cubical 

particles, L represents the side length of the base of the 

cubical particles, p is the period of the nanoparticle array, 

and t is the thickness of the silicon substrate.  

 

 
(a) Sphere                  (b) Cylinder 

 
(c) Cuboid 

Fig.1 Solar cells with three kinds of Ag nanoparticles 

 

The commercial software of Lumerical FDTD solu-

tions is adopted for the numerical simulations. The inci-

dent source is a uniform plane wave with the wavelength 

range from 400 nm to 1100 nm, and the electric field is 
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polarized along x-axis. Perfectly matched layer (PML) 

absorbing boundary conditions are used on the upper and 

bottom boundaries of the computational domain which 

absorb the reflected and transmitted fields. Two power 

monitors are used for calculating the power absorbed in 

the silicon, one is located at the surface of the silicon, 

and another is located at the bottom. Thus, the absorbed 

power can be easily calculated by subtraction between 

them. 

In order to estimate the efficiency of the solar cell, the 

quantum efficiency of QE(λ) is defined as 
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where Pin(λ) and Pabs(λ) are the incident light and ab-

sorbed light at the wavelength λ in the silicon solar cell, 

respectively. The integrated quantum efficiency of IQE 

is defined as 
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where h is Plank constant, c is the speed of light in the 

free space, and IAM1.5 is AM 1.5 solar spectrum. In Eq.(2), 

the numerator is equal to the number of photons ab-

sorbed by the solar cell, while the denominator means 

the number of photons falling onto the solar cell. The sun 

spectrum IAM1.5 is taken from Ref.[18]. For estimating the 

improvement of the light absorption of the solar cell with 

metal particles, the absorption enhancement spectrum g(λ) 

and absorption enhancement factor G are introduced and 

defined as 
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where Pnp(λ) and Pbare(λ) represent the light absorption power 

values of silicon layer in the thin film solar cell with and 

without metal particles, respectively. IQEparticle and IQEbare are 

the whole power values absorbed by the silicon with and 

without Ag nanoparticles, respectively. 

Fig.2(a) shows the absorption spectra of silicon in so-

lar cells with spherical Ag nanoparticles with different 

radii. It can be seen from Fig.2(a) that the wavelength 

position of the absorption peak and the peak value both 

change with radius. The largest peak value reaches 0.59 

at the wavelength of 465 nm and the radius of 75 nm. 

Meanwhile, the absorption peak red-shifts when the ra-

dius is increased from 50 nm to 125 nm, while the ab-

sorption peak value is reduced after the first growth with 

radius from 50 nm to 75 nm. However, when r=200 nm, 

the light absorption is much lower than that of silicon 

without Ag nanoparticles (bare solar cell). It is because 

when the diameter of the sphere is equal to the period, 

Ag nanospheres are close to each other, which forms a 

reflective film, and a large amount of incident light is 

reflected back and another large portion is absorbed by 

Ag itself. It also can be found that the absorption ratio of 

the silicon thin film with spherical nanoparticles with 

radius from 50 nm to 125 nm is larger than that of bare 

silicon in a specific wavelength range. Fig.2(b) shows 

the absorption enhancement spectrum g(λ) with different 

radii and fixed p and t, and there is a considerable ab-

sorption enhancement in near-infrared (NIR) region by 

the enhanced forward scattering due to the LSP reso-

nance. It can be noted that g(λ) is less than 1 when the 

wavelength is shorter than a specific wavelength (400– 

500 nm). For instance, when r=75 nm and the wave-

length is shorter than 467 nm, the absorption of the sili-

con with nanoparticles is less than that of bare silicon. It 

can be explained in two ways. Firstly, Ag always has 

high absorption in this wavelength range due to the na-

ture of the d-band absorption. Secondly, the absorption 

of silicon is proportional to the square of the electric 

field, and the total field in the silicon can be expressed as 

the superposition of the transmission field and the scat-

tering field. When wavelength is below the plasmon 

resonance wavelength, a phase shift emerges between the 

transmission field and scattering field, so the absorption 

is less than that of the bare silicon substrate. 

 

 

(a) 

 

(b) 

Fig.2 (a) The absorption spectra and (b) the absorption 

enhancement g(λ) of silicon in solar cells with spherical 

Ag nanoparticles, where p=400 nm and t=500 nm 
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Fig.3 shows the relation of the absorption enhance-

ment factor G and radius of spherical Ag nanosphere. It 

demonstrates that G increases with the increase of radius, 

until G reaches a maximum then begins to decrease gradu-

ally. The maximum G is 1.25 at r=75 nm. 

 

 

Fig.3 The relation of absorption enhancement factor 

G and radius of spherical Ag nanosphere when p=400 

nm and t=500 nm 

 

Fig.4(a) is the absorption spectra of silicon in solar 

cells with different periods of nanoparticle array. Fig.4(a) 

demonstrates that when period is 200 nm, the absorption 

is less than that of the bare silicon. Moreover, as the 

wavelength increases from 300 nm to 500 nm, the peak 

position red-shifts from 470 nm to 515 nm along with the 

fluctuation of the peak value, and this is similar to the 

case shown in Fig.2(a). As the wavelength increases 

from 300 nm to 500 nm, another peak appears, which 

leads to a larger optical absorption. When the period fur-

ther increases till up to 800 nm, each nanoparticle acts as 

an isolated scatterer so that they have a little contribution 

to the absorption enhancement. It can be verified by 

Fig.4(b) that the enhancement factor G tends to 1 (no 

enhancement) with the further increase of period. The 

enhancement factor G takes the minimum when the period 

is equal to the diameter, strongly increases with period, 

until reaches a maximum, and then decreases to 1. Above 

discussions suggest that both radius and period have a 

significant impact on the absorption of the silicon in so-

lar cell. The optimal G value is 1.276, at p=400 nm, r=75 

nm and t=500 nm. 

 

 
(a) 

 
(b) 

Fig.4 (a) Absorption spectra of silicon at different 

periods when r=100 nm and t=500 nm; (b) The relation 

of enhancement factor G with period at different radii 

of nanoparticles when t=500 nm 

 

For the silicon with Ag cylinder and cuboid, the rela-

tions of absorption enhancement and period are similar 

to that with Ag sphere shown in Fig.4, and the effects of 

the diameter or side length and height of nanoparticles on 

the absorption enhancement are discussed.  

Fig.5 is the curves of the relation between absorption 

enhancement factor G and the diameter of cylinder or the 

side length of cuboid at fixed p=300 nm, h=80 nm and 

t=500 nm. 

 

 

Fig.5 The relation of absorption enhancement factor 

G and diameter/side length at p=300 nm, h=80 nm and 

t=500 nm 

 

The curves in Fig.5 are similar to that in Fig.3. G in-

creases with the increase of diameter or side length, until 

G reaches a maximum, and then begins to decrease gradu-

ally. To cylinder, the Gmax is 1.18 at diameter d=100 nm, 

and to cuboid, Gmax is 1.13 at side length L=80 nm. It 

also shows that the silicon with Ag cylinder has greater 

G than that with Ag cuboid when p=300nm, h=80 nm 

and t=500 nm. This is because each particle array has its 

optimal period for absorption enhancement, and 300 nm 

is close to the optimal period of cylinder array. 

Fig.6 shows the relation between absorption enhance-

ment factor G and the height of the nanopaticle. It is 

shown that G fluctuates with the increase of the height, 
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and the reason is that as the height increases, the phase 

shift between the scattering field and the incident field 

changes periodically. In addition, the cuboid gets a 

higher G than the cylinder, and the cause is that 100 nm 

is close to the optimal period of cuboid. When the height 

increases to a value large enough, for example, h=800 

nm, the absorption becomes lower than that of the bare 

silicon, i.e. G<1, and the cause is that the nanopaticles 

with larger height can weaken the transmission field 

greatly. In Fig.6, Gmax is 1.35 for p=100 nm, L=44 nm 

and h=60 nm in this simulation of solar cell.  
 

 

Fig.6 The relation between absorption enhancement 

factor G and height of the nanoparticle at p=100 nm, d 

or L=50 nm and t=500 nm 
 

For comparing the effects of three kinds of nanoparti-

cles, their absorption spectra and absorption enhance-

ment spectra are depicted in Fig.7. Fig.7(a) shows the 

absorption spectra of silicon in solar cell with spherical, 

cylindrical and cubical Ag particles at optimal parame-

ters. Fig.7(a) indicates that the solar cells with three 

kinds of Ag nanoparticles have more optical absorption 

compared with the silicon without Ag nanopaticle array. 

The absorption of silicon with spherical Ag nanoparticles 

is larger than that of silicon with cylindrical and cubical 

Ag particles in the visible light range. Conversely, the 

silicon with cylindrical and cubical nanoparticles has 

more efficient absorption in NIR range due to the LSP 

resonance. Fig.7(b) expresses the absorption enhance-

ment spectra g(λ) of the silicon with three kinds of Ag 

particles under their optimal case. The strongest en-

hancement gmax is g(520 nm)=1.49 for the silicon with 

spherical Ag particles, for cylindrical particles gmax= 

g(970 nm)=5.06, and for cubical particles gmax=g(1054 

nm)=6.95.  

In conclusion, the absorption enhancements of silicon 

layer in silicon solar cells with three kinds of Ag 

nanoparticles are investigated, respectively. The results 

demonstrate that the parameters of Ag nanoparticles can 

affect the absorption enhancement of silicon greatly. The 

absorption enhancement factor G rises as the period in-

creases, until reaches the maximum, and then it begins to 

decrease. And the changes of G with radius, side length 

and height have the similar trend. The absorption en-

hancement peak can be tuned to the desired position of 

 
(a) 

 
(b) 

Fig.7 (a) Absorption spectra and (b) absorption en-

hancement spectra g(λ) of silicon with three kinds of 

Ag nanoparticles under optimal parameters 
 

solar spectrum by adjusting the appropriate parameters of 

Ag nanoparticle. The cubical Ag nanoparticles have greater 

enhancement role than spherical Ag particles and cylin-

drical particles, and the silicon with spherical Ag nanoparti-

cle array has the lowest absorption enhancement among 

them. The trends of absorption enhancement with period, 

height and side length are convenient for finding the op-

timal parameters of Ag nanoparticle array and optimizing 

the design of plasmonic thin-film solar cell. The methods 

in this study can be followed to complete similar analy-

ses of other structures. Furthermore, it should be noted 

that the results are not perfectly optimized due to the 

limited scope in our simulation. However, the work is 

useful for the further theoretical study and the optimiza-

tion of the plasmonic thin-film solar cell. 
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