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The optical spectra of structures with Ag nanoparticles between rough and cylindrical nanowires are calculated. 
The simulation was carried out using the finite-difference time-domain method (FDTD). As a source of radiation, 
a plane wave with the range of wavelengths 300–1000 nm is used. It is shown that with an increase in the root mean 
square (RMS) roughness of rough nanowires, the absorption coefficient decreases in the range of 500–750 nm due to 
an increase in the reflection effect. When silver nanoparticles are added, peaks appear at the wavelength of 840 nm 
(for cylindrical nanowires) and 900 nm (for rough nanowires), which indicates the manifestation of the surface plas-
mon resonance effect. It is shown that the electric field strength in a system with rough nanowires is higher than in 
a system with cylindrical nanowires.
Keywords: rough nanowire, cylindrical nanowire, finite-difference time-domain method, optical spectra, 
metal nanoparticle

1. Introduction

Today, solar energy is a promising area of research. 
Despite the great achievements, reducing costs and 
improving the efficiency of solar cells will always be 
two big challenges in this area. The conversion of 
sunlight into electricity by photovoltaic technolo-
gies is currently a very mature field.

Nanostructured semiconductor devices are 
promising for use in order to increase the efficiency 
of energy conversion and reduce the cost of materi-
als. In particular, an effective method for increasing 
light scattering and trapping in solar cells is based 
on the use of metallic nanoparticles and nanostruc-
ture [1–6].

Silicon nanostructures of different shapes, loca-
tions and orientations show interesting character-
istics that contribute to their extensive study for 
use in solar cells [7–11]. Further, nanowires (NWs) 

have a  superior light trapping capability with an 
efficient charge carrier collection [12, 13]. Struc-
tures with silicon nanowires provide a better light 
absorption compared to that of planar solar cells. 
The  absorption spectrum of sunlight can be con-
trolled by changing the geometrical parameters of 
the nanowire position [13–15].

An array of metal nanoparticles entails an in-
crease in the wave length of optical light in a  so-
lar cell [16–18]. Nanostructures using the plasmon 
effect improve the optical characteristics of silicon 
solar cells [19–21]. The size and material of metal 
nanoparticles can strongly influence the  surface 
plasmon coupling efficiency [17].

The optimal absorption effect is dependent on 
many parameters, like the  material of the  parti-
cles, the  particle shape and size, the  array pitch, 
the  shape of the  lattice and the  distance between 
the particles and the substrate. All parameters need 
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to be optimized thereby keeping in mind that most 
parameters are dependent on each other. It is not 
possible to calculate this analytically, so simula-
tions are needed.

During the  synthesis of structures, surface 
roughness inevitably occurs. Some studies have 
reported that surface roughness improves light 
uptake, but other structure parameters may de-
grade (such as reduced thermal conductivity) 
[22–24].

The influence of roughness on the characteris-
tics of the structure is significant, so it is necessary 
to investigate how the  roughness affects the  op-
tical characteristics of silicon nanostructures. 
The synthesis of nanowires with a given roughness 
is described in Ref. [23].

In this article, we will consider the  optical 
properties of structures with rough nanowires 
and silver nanoparticles. And also let us compare 
these properties with analogous structures with 
cylindrical nanowires.

2. Theory

In this paper, we use the numerical method of fi-
nite differences in the time domain to solve Max-
well’s equations and obtain the optical spectra of 
the  studied structures. The  following parameters 
of Si-NWs and Ag nanoparticles were used for 
the  calculations: the  length and diameter of sili-
con nanowires  2  μm and 100  nm, respectively, 
and the diameter of silver nanoparticles 100 nm. 
The  correlation length (CL) and the  root mean 
square (RMS) roughness of nanowires are 20 and 
5–20  nm, respectively. The  surface roughness 
is generated from a  matrix of uniform random 
numbers in the k space. The high frequency com-
ponents are removed, and the resulting values are 
transformed back to the  real space. A  schematic 
representation of the  structures under study is 
shown in Fig. 1.

3. Results and discussion

Let us consider the calculated optical spectra for 
silicon structures with cylindrical and rough na-
nowires. The  absorption spectra of a  structure 
with silicon nanowires and silver nanoparticles 
are shown in Figs. 2 and 3. The absorption spec-
trum without silver nanoparticles is shown in 

Fig. 2. The absorption spectrum with silver nano-
particles is shown in Fig.  3. Compared with cy-
lindrical nanowires, with an increase in the RMS 
roughness value in rough nanowires, a significant 
decrease in the absorption coefficient is observed 
in the  wavelength range of 500–650  nm, as well 
as an increase of the  absorption coefficient in 
the wavelength range of 400–500 nm (Figs. 2, 3).

Fig. 2. Absorption spectra of silicon structures with 
silicon nanowires.

Fig. 1. Cross section of the simulation model.
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To determine the reasons for such a  sharp de-
crease in the absorption coefficient, the  reflection 
and transmission spectra were calculated (Figs. 4, 5). 
It is shown that the transmittance in the structures 
with rough nanowires is lower than in the  struc-
tures with cylindrical nanowires in the wavelength 
range 400–800  nm (Fig.  5). An increase in RMS 
roughness in the structures with rough nanowires 
leads to an increase in the reflection coefficient in 
the wavelength range of 500–750 nm. This leads to 
a significant decrease in the absorption coefficient 
in the  wavelength range of 500–650  nm. Thus, it 
is necessary to find the  optimal parameters of 
the roughness of nanowires to improve the optical 
characteristics. Therefore, in our further calcula-
tions, we used rough nanowires with RMS rough-
ness  = 5 nm and CL = 20 nm.

When silver nanoparticles are added to the 
struc ture with silicon nanowires, in both cases, 
additional peaks appear, which may indicate 
the  manifestation of surface plasmon resonance 
at these wavelengths (Fig.  3). Light scattering at 
the  plasmon resonance frequency is associated 
with collective oscillations of conduction elec-
trons in the metal [18]. The absorption spectra of 
only a  layer of silver nanoparticles are shown in 
Fig.  6. These calculations were performed to ex-
clude interference effects that may occur due to 
the Fabry–Perot effect. It is shown that for a sys-
tem with cylindrical nanowires it is the  appear-
ance of peaks at wavelengths of 840 and 930 nm 
that is caused by the  addition of silver nanopar-
ticles. For a  system with rough nanowires, such 
peaks appear at wavelengths of 820 and 900  nm 
(Fig. 6). The appearance of additional maxima in 
the  absorption spectra can be interpreted taking 
into account the possible formation of systems of 
separated charges of a higher order – quadrupoles 
and other multipoles. The most intense peaks that 
may indicate the manifestation of surface plasmon 
resonance in the system are at the wavelength of 
840  nm (for cylindrical nanowires) and 900  nm 
(for rough nanowires). It can be seen that in a sys-
tem with rough nanowires and silver nanoparti-
cles the surface plasmon resonance peak is more 
pronounced and shifted to longer wavelengths 
compared to a similar peak in a system with cylin-
drical nanowires (Fig. 6).

In order to verify that light absorption is in-
deed occurring when the  surface plasmon 
mode is resonantly excited, as opposed to, say, 

Fig. 3. Absorption spectra of silicon structures with 
silicon nanowires and silver nanoparticles.

Fig. 4. Reflection spectra of silicon structures with 
silicon nanowires and silver nanoparticles.
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Fig. 5. Transmission spectra of silicon structures with 
silicon nanowires and silver nanoparticles.
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the excitation of Fabry–Perot resonances or wave-
guide modes [25], electric field profiles from the sim-
ulation results were analyzed. Figures 7 and 8 present 
the  electric field strength distribution at the  wave-
length corresponding to the surface plasmon reso-
nance of 840 nm (for cylindrical nanowires) (Fig. 7) 
and 900 nm (for rough nanowires) (Fig. 8).

The presence of metal nanoparticles leads to 
an increase in the electromagnetic field amplitude 
in the semiconductor and, consequently, to an in-
crease in the  photocurrent response over a  wide 
wavelength range [26].

If the particle is on top of a substrate, the die-
lectric constant above the particle is different from 
the  dielectric constant below the  particle. Fermi’s 
golden rule [27] then says that light is preferential-

ly scattered into a medium with a higher dielectric 
constant. Two nanoparticles that are closely placed 
can interact one with another, thereby shifting 
the resonance of the individual particle [28].

The type of field distribution in the nanoparti-
cles corresponds to the excitation of electrodipole 
resonance. The electric field amplification maxima 
are observed in the area of Si and nanoparticle con-
tact (Figs.  7, 8). Numerical simulation indicates 
that the electric field strength is significantly higher 
in a structure with rough nanowires.

For a more detailed analysis, the distribution of 
the electric field strength along the x coordinate in 
two different planes was calculated. The first is at 
the  interface between the  silver nanoparticle and 
the  silicon substrate and the  second is at 50  nm 

Fig. 7. Electrical field distribution of structures with 
silicon cylindrical nanowires and silver nanoparticles 
at the plasmon resonance frequency (λ = 840 nm).

Fig. 8. Electrical field distribution of structures with 
silicon rough nanowires and silver nanoparticles at 
the plasmon resonance frequency (λ = 900 nm).

Fig. 6. Absorption spectra of silicon structures with silicon nanowires and silver nanoparticles: (a) the wave-
length change is 300–1000 nm and (b) 800–1000 nm.
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height from the silicon substrate (middle of the sil-
ver nanoparticles) (Figs. 9, 10). It is shown that for 
cylindrical nanowires the  intensity of the  electric 
field at the point of contact between the nanopar-
ticle and nanowire is higher than at the  point of 
contact between the nanoparticle and silicon sub-
strate (Fig. 9). But for a system with rough nanow-
ires, on the  contrary, the  intensity of the  electric 
field at the point of contact between the nanoparti-
cle and nanowire is lower than at the point of con-
tact between the nanoparticle and silicon substrate 
(Fig. 10).

4. Conclusions

As compared to cylindrical nanowires, with an 
increase in the  RMS roughness value, rough na-
nowires show a significant decrease in the absorp-
tion coefficient in the  wavelength range of 500–
650 nm, but an increase in the wavelength range 
of 400–500 nm. For a system with rough nanow-
ires and silver nanoparticles, plasmon resonance 
peaks appear at wavelengths of 820 and 900 nm. 
The type of field distribution in the nanoparticles 
corresponds to the excitation of electrodipole res-
onance. The  electric field amplification maxima 
are observed in the  area of Si and nanoparticle 
contact. The numerical simulation indicates that 
the  electric field strength is significantly higher 
in a  structure with rough nanowires. The  de-
gree of roughness also affects the optical proper-
ties, therefore, it is necessary to control the RMS 
roughness in the manufacture of such structures, 
because in some cases, the absorption coefficient 
can significantly decrease due to the strong reflec-
tion effect.
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