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In  our  studies  the  absorption,  transmittance  and reflectance  spectra  for  periodic  nanostructures  with
different  parameters  were  calculated  by  the  FDTD  (Finite-Difference  Time-Domain)  method.  It is  shown
that the  proportion  of reflected  light in  periodic  structures  is  smaller  than in case  of  thin  films.  The
experimental  results  showed  the light  reflectance  in the  spectral  range  of  400–900  nm lower  than  1%  and
it  was  significantly  lower  in comparison  with  surface  texturing  by  pyramids  or  porous  silicon.

Silicon  nanowires  on p-type  Si substrate  were  formed  by  the  Metal-Assisted  Chemical  Etching  method
(MacEtch).  At  solar  cells  with  radial p-n  junction  formation  the thermal  diffusion  of  phosphorus  has
been  used  at  790 ◦C.  Such  low  temperature  ensures  the  formation  of  an  ultra-shallow  p-n  junction.
ight trapping
eflectance
etal assisted chemical etching

Investigation  of the  photoelectrical  properties  of  solar  cells  was  carried  out  under  light  illumination
with  an  intensity  of  100  mW/cm2.  The  obtained  parameters  of  NWs’  solar  cell  were  Isc =  22  mA/cm2,
Uoc =  0.62  V,  FF  = 0.51  for an overall  efficiency  � = 7%.  The  relatively  low  efficiency  of  obtained  SiNWs  solar
cells  is attributed  to the  excessive  surface  recombination  at high  surface  areas  of  SiNWs  and  high  series
resistance.

© 2019  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

In recent decades, many studies aimed at developing new
esigns of solar cells, in order to reduce the cost of their pro-
uction and increase the productivity of their work. A number
f approaches have been proposed that can significantly improve
erformance and reduce the cost of photovoltaic (PV). Interesting
esearches are the PV structures based on nanostructured materials
uch as nanotubes, nanorods, nanopillars, nanowires that promote
etter light absorption and efficient charge separation due to their

arge surface areas. Semiconductor nanowires are promising can-
idates for the creation of photovoltaic devices on their basis [1–3].

Compared to bulk silicon, the silicon nanowires’ (Si NWs) array
hows unique electrical and optical properties, making its the

otential candidate for photovoltaic applications [4,5]. Si NWs
llow to reduce the optical losses, increase the optical absorption,
nd improve the carrier extraction for high-performance and low-

∗ Corresponding author.
E-mail addresses: anatoliy.evtukh@gmail.com (A.A. Evtukh),

avrylyuk.oleksandr@gmail.com (O.O. Havryliuk).

ttps://doi.org/10.1016/j.opelre.2019.05.003
230-3402/© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier 
cost solar cells [6–8]. The radial (coaxial) p-n-junction can provide
an efficient carrier collection, and an open array structure can sig-
nificantly improve optical absorption. Solving the issue of efficient
light capture is very important, especially if the thickness of the sil-
icon substrate is reduced [9–11]. Fine surface structures containing
elements on a nanometer scale can provide excellent characteris-
tics for light trapping (anti-reflection) performance [12,13].

The absorption of light can be attributed to three main mecha-
nisms. First, the silicon nanowires array structure has an extremely
small reflection coefficient due to the large open area on the front
surface. Secondly, each individual nanowire is a nanosized cylin-
drical resonator that can trap light by repeated internal reflection.
Third, the strong diffusion of light between nanowires causes fur-
ther delight in light, since the diameter and period of arrays of
nanowires usually have an order proportional to the optical wave-
length. These mechanisms are quite sensitive to the structural
parameters of nanowires array.

The growth of Si nanowires (Si-NWs) is especially promising.

A recently developed metal-assisted chemical etching (MacEtch)
method is simple and cheap process to produce Si NWs  [13,14].

The purpose of this work is theoretical and experimental studies
of light trapping by Si-NWs on the silicon surface depending on

B.V. All rights reserved.
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Fig. 1. Yee grid pattern.

heir parameters and investigations of the properties of nanowires’
ased solar cell with radial p-n junction.

. Theory

There are many methods of numerical electrodynamics. But
he most widely used method of electromagnetic modeling is the
inite-Difference Time-Domain method (FDTD). The FDTD method
s a powerful numerical algorithm for direct solution of Maxwell’s
quations. The advantage of this method is the simplicity and the
bility to obtain results for a wide range of wavelengths in one
alculation, as well as the ability to specify properties of materi-
ls at any point of the calculation grid, which allows considering
nisotropic, dispersed and nonlinear media. This method can be
recisely applied to general electromagnetic structures, includ-

ng free-form particles [15]. At the same time, the FDTD method
an be very resource-consuming, especially when simulating long
bjects. This method requires 10–30 dots per wavelength, while
mall wavelengths determine a very thick sampling rate. This leads
o cumbersome calculations, especially in three dimensions. There-
ore, in our calculations, we use two dimensions.

The realization of this method is discrete both in space and in
ime. The time step is chosen to provide numeric stability and is
elated to the size of the grid [16]. The presented structures are
escribed on a discrete mesh consisting of Yee cells (Fig. 1), and
he Maxwell equation is solved discretely over time on this grid.
he grids of the electric and magnetic fields are shifted relative to
ach other by half the sampling step for each of the spatial variables
nd by time. As a result, the nodes corresponding to components

 are arranged in such a way that each of them is surrounded by
our components of H, and vice versa. To calculate the values of E
n the time step n + 1/2, the value of H is used in step n. Similarly,
he values of H in step n + 1 are calculated using the values of E in
tep n + 1/2. So, consistently values of all fields are calculated. Thus,
nite-difference equations allow us to determine the electric and
agnetic fields at a given time step based on the known field values

n the previous one, and under given initial conditions the compu-
ational procedure gives a solution in time from the beginning of

he reference with a given time step.

There are a lot of scalable grids, but we will use the most
idespread Yee grid. The location of nodes in such a grid is shown

n Fig. 1.
cs Review 27 (2019) 143–148

For calculations of optical spectra, the following Maxwell equa-
tions [17] are used:

∂�E
∂t

= 1
ε

(∇ × �H
)

(1)

∂ �H
∂t

= − 1
�

(∇ × �E
)

, (2)

where E and H are the electric and magnetic fields, respectively, �
is the permeability, ε is the dielectric permittivity of the medium.

Any change in the field E in time is to be associated with a change
in the field H through space, and vice versa, which is the basis for
using the FDTD method. Using the Fourier transform, one can obtain
a frequency solution and calculate the transmission, reflection and
absorption spectra.

To eliminate the nonphysical rebound of an electromagnetic
wave from the boundary of the computational domain and to sim-
ulate the output of the wave to infinity, special absorbing boundary
conditions should be used in the FDTD method. Currently, the
most successful implementation of these conditions is the place-
ment of a thin layer of special material along the boundary of
the computing area, the so-called perfectly matched layer (Per-
fectly Matched Layer – PML). This material practically completely
absorbs all the incident waves without any reflection regardless
of the angle of incidence and the wavelength. PML  is just an area
that has anisotropic and complex-significant dielectric and mag-
netic permeability. Although the PML  layers are purely theoretical
and non-reflective, however, they exhibit some reflective proper-
ties due to errors in the numerical sampling of the problem: grids’
partition. To minimize this reflection, you need to apply a PML
split that takes into account the anisotropy of the properties of the
material. PML  can be interpreted mathematically as stretching or
compression of coordinates using complex-valued functions based
on the analytic continuation of Maxwell’s equations in a complex
plane in such a way that their solution exponentially decays [18].

Bloch type boundary conditions are applied to the vertical dis-
tricts of the calculated region. Bloch type boundary conditions are
very similar to periodic boundary conditions, which copy the fields
at one boundary of the simulation area and reuse them at another
boundary. But Bloch’s boundary conditions use phase correction
during copying of such fields, which enables more precise modeling
of the task.

According to Bloch theorem, for periodic structure field compo-
nents have the following properties:

��
(�r + �R, t

)
= �

(�r, t
)

ei→kr, (3)

where → R is the lattice vector, → k is the wave vector.
For our case, the field inside the periodic structure adopts the

same symmetry and frequency as the structure itself:

→ E
(�r

)
= �A

(�r
)

ei �̌ �r , (4)

where → E
(�r

)
is the overall field, → A

(�r
)

is the amplitude enve-

lope with same periodicity and symmetry as the device, ei �̌ �r is the
phase shift.

For a structure having periodicity in coordinate x with period Px,
the Bloch theorem can be rewritten as follows:
→
E (x ± Px) = →

E (x) e±iˇxPx . (5)

As a source of radiation, a plane wave is used. In our theoret-
ical investigation, we use the solar spectrum AM1.5. The sources

of plane waves are used to supply transverse-homogeneous elec-
tromagnetic energy from one side of the source region. In case
of two-dimensional simulation, the source of plane waves is set
along the line. In our calculations the range of wavelengths of
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Fig. 2. Cross section of the simulation model.

00–1240 nm is used. The scheme used for theoretical calculations
s shown in Fig. 2.

In the simulation the following parameters of the investigated
tructure are used: d/P = 0.8 (d/P = 0.8–0.9 the optimal ratio for bet-
er absorption of solar energy [19–21]), l = 2330 nm, d between
0–240 nm.  (d is the diameter of nanowires, P is the period, l –

ength of nanowires) (Fig. 2). A comparison was made between
emiconductor structures with nanowires of different diameters
nd length.

. Experimental

P-type (100) one-sided polished silicon substrates with specific
esistance of 10 � × cm were used for silicon nanowires (Si NWs)
rray fabrication. Silicon nanowires’ array was  formed by metal
ssisted chemical etching (MacEtch) method. The Si NWs  formation
y MacEtch included two stage processes. At the first stage the Ag
anoparticles were deposited on the silicon surface from AgNO3/HF
olution. In our experiments the silver particles were deposited in
he solution of 0.02 M AgNO3/4.6 M HF for 2 min. At the second stage
he silicon is etched in HF / H2O2 solution under the Ag particles.
he existence of the metal particles on the Si surface enhances the
elocity of Si etching in HF/H2O2 solution. In our case the silicon
afers were etched in the solution of 0.15 M H2O2/4.6 M HF for

0 min. The detailed description of the electrochemical processes
uring formation of Si NWs  by MacEtch is presented elsewhere
13,22–24].

The morphology of the etched samples and the nanowires’
ize was determined using high resolution scanning electron
icroscopy (HR SEM: model LEO440UP, Hitachi S - 4800).

xperimental measurement of reflection was performed using a
pectrophotometer (Shimadzu, model UU3101PC).

To determine the advantages of Si-NWs based solar cells (SCs)
esign, the SC with radial (coaxial) p-n junction have been prepared
Fig. 3). The advantages of such SCs are: (i) short travel distances
f photoexcited minority carriers to the collection electrodes lead-
ng to enhanced carrier-collection efficiency and minimum bulk
ecombination; (ii) high tolerance of PVs for material defects per-
itting the use of lower quality Si with shorter minority-carrier

iffusion lengths [25].

Technological processes for preparation of Si NWs  based SC with

adial p-n junction are described in detail in our previous article
22]. Among main processes of technological route are (i) deposi-
ion of silver nanoparticles to the surface of the silicon substrate; (ii)
Fig. 3. Schematic image of NWs  SC with radial p-n junction.

formation of Si nanowires by MacEtch; (iii) creation of radial p-n-
junctions on the surface of Si NWs  by thermal diffusion from liquid
phosphorus source; (iv)  creation of the back contact by sputtering
of Al film and subsequent annealing at the temperature of 380 ◦C;
(v) creation of a current-collecting upper contact that adjoins the
n-region of radial p-n-junction by deposition of Al film (see Fig. 3).

The measurements of dark and under illumination current-
voltage (I–V) characteristics of solar cell were performed by an
automated complex consisting of a universal device Keithley Source
Meter Series 2410. Its feature is that it automatically controls the
voltage source between the upper and bottom contacts of metal-
insulator-semiconductor structures at the same time measures the
current. The data transmission was carried out through the GPIB-
USB device to the PC. As a program for automatically measuring
and collecting the data we  used the LabTracer 2.0 software package
from Keithley Instruments. The solar simulator based on halogen
lamps with light intensity 100 mW/cm2 has been used.

4. Results and discussion

The obtained value of the reflection coefficient for silicon is of
about 30 percent and it begins to increase with the approach to
the direct interband transition (3.4 eV), with corresponding peaks
of 280 and 370 nm [Fig. 4a)]. These peaks are also stored in the
reflection spectra of structures with other diameters of nanowires
[Peaks 1 and 2 in Fig. 4b)].

At energies below the border of the forbidden band (wavelength
(�) > 1100 nm)  absorption coefficient value  ̨ < 1 cm−1 and all the
light is absorbed in the silicon layer thickness L > 1 cm.  As well as
the thickness of the silicon wafer is of about 300–500 microns, this
layer can be considered transparent to light with � > 1100 nm.  As
the wavelength decreases, value � begins to increase and the light
is absorbed in a layer of smaller thickness. For example, a light
with � = 1000 nm is absorbed in a layer of c-Si thickness of 100 �m,
and light with � = 400 nm is absorbed in a layer of c-Si thickness
of 10 nm.  Therefore, the region � < 1100 nm is a strong absorption
region [26].

The intensity of the scattered light at right incidence angle
strongly depends on the wavelength � of the incident radiation,
as well as on the diameter of the structures investigated. For a light
with � < 370 nm,  only an increase in the scattering intensity peaks
is observed with increase in the diameter of the nanowires (Fig. 4),
which may  be due to high values of the imaginary part of the refrac-
tive index at energies greater than the energy of a direct interband
transition in c-Si at 370 nm (3.4 eV). For � > 400 nm,  the scattering
intensity shows a branched structure. At diameters of nanowires

of 50–90 nm,  the appearance of new peaks (peaks 3) is observed
in the range of 400–500 nm wavelengths which are not observed
on the reflection spectra of the c-Si film [Fig. 4a)]. With a further
increase of the nanowires’ diameter a shift is observed of these
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Fig. 4. Reflectance spectra of the structures with nanowires of various diameters:
a
w
t

p
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t
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d
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)  d = 50 nm,  d = 240 nm,  the dash line shows the reflection spectrum of the silicon
afer, b) d = 50, 60, 70, 80, 90 nm,  c) Spectra of optical reflection of the light from

he  real silicon surface with Si-NWs (after smoozing).

eaks to the long-wave region, while at their place in the region of
00–450 nm peaks of intensity of light dispersion appear again. It
hould be noted, however, that the intensity of reflection of struc-

ures with nanowires is much less than that of crystalline silicon
ver the entire range of calculated wavelengths [Fig. 4a)], due to a
ecrease in the density of the structure with nanowires, which also
auses an increase in the transmittance (Fig. 5). The high area of
Fig. 5. Reflection, absorption and transmission spectra for a structure with
nanowires with a diameter of 100 nm.

silicon nanowires leads to multiple scattering of sunlight between
nanowires, which also increases the absorption coefficient (Fig. 5).

In the region of low energies, the length of the light wave is
much longer than periodicity of nanowires in nanostructures, so
the radiation can easily penetrate through the silicon nanostruc-
ture and interact with the silicon substrate. In the region of high
energies, when the wavelength becomes close to the period of
nanostructures, absorption of light will be enhanced due to the
strong scattering effect (Fig. 5), which increases the length of the
optical path [19,27–29]. The higher transmittance of nanowires
is not compensated by the low reflection coefficient, which leads
to insufficient absorption of low-energy photons. Conversely, vir-
tually zero transmittance in the high-energy region and a low
reflection coefficient contribute to increase in the absorption coef-
ficient of high-energy photons.

At wavelengths greater than 500 nm,  reflection spectra show
Fabry-Perot resonances. The appearance of such interference
effects in the spectra is due to the repeated reflection of radia-
tion from the boundaries of nanostructures. In the case of thermal
reflection this phenomenon may  be due to the modulation of the
refractive index in the area of a spatial charge or with its thermal
dependence [30].

At shorter wavelengths, we can see a decrease in resonances.
This can be explained by an increase in absorption by bulk silicon,
which suppresses resonances, but ensures that all light coming into
the array will be absorbed in one pass [31]. Interference effects can
also be explained by an increase in the field concentration inside
the nanowires and the excitation of wave resonance modes.

The SEM images of obtained Si NWs  are presented in Fig. 6. The
diameters of the nanowires are in the range of 60–160 nm and the
lengths are of 2100–2300 nm.

The analysis of optical reflection of the light from the silicon
surface with the formed nanowires points out on high light trap-
ping. The reflection coefficient in a wide range of wavelengths
(400–900 nm)  was less than 1% [Fig. 4c)].

The current-voltage characteristics of the prepared Si NWs’ solar
cell with the size of 2 × 3 cm2 under illumination with intensity of
100 mW/cm2 are presented in Fig. 7. Main parameters of SC deter-
mined from I–V characteristics are: short circuit current density Jsc

= 22 mA/cm2, open circuit voltage Voc = 0.62 V, fill factor FF = 0.51,
and conversion efficiency � = 7%. The obtained parameters are aver-
aged and the range of efficiency variation was from 5 to 11%. The
further improvement will be after Si NWs’ surface passivation and
optimization of p-n junction formation conditions. The relatively

low efficiency of obtained SiNWs’ solar cells is attributed to the
excessive surface recombination at high surface areas of SiNWs and
high series resistance.
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Fig. 6. SEM image of obtained cross section view of Si NWs. In insert: top view of Si
NWs.
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ig. 7. I–V characteristics of Si NWs  SC in dark (1) and under illumination with
ntensity of 1 KW/m2 (2).

To estimate the influence of shunt and series resistance the
ark I–V characteristics has been rebuilt in semi-logarithmic scale
Fig. 8). Ideality coefficient (n) is significantly higher value of n = 1
or some parts of curve. It points out on existence low shunt and
arge series resistances.

As can be seen, the further improvement of Si NWs  SC param-
ters is connected with the reduction of the influence of the shunt
nd series resistances. The series resistance of Si NW has to be
ecreased.

It is very important to determine which part of Si NW p-type
ore or n-type doping layer restricts the current flow. For this, the
oping n-type impurity distribution and depth of p-n junction in
i NW for our diffusion conditions have been calculated based on

ick’s diffusion equation [32]:

∂C

∂t
= D

∂2
C

∂2
x2

, (6)
Fig. 8. Dark I–V characteristics of Si NWs  SC in semi-logarithmic scale. In insert: the
same in linear scale.

where C is the impurity concentration, x is the depth of diffusion, t is
the time of diffusion, D is the diffusion coefficient of the impurities
(phosphorous in our case) in the silicon.

To build a distribution profile of impurities in the case of
two-stage diffusion it is necessary to know the temperature and
duration of the first and second stages. The temperature of the first
stage process T1 specifies the diffusion coefficient of impurities at
this stage D1 and the surface concentration C01 which is determined
by the limiting solubility of the impurities.

After the solution of Eq. (6), the distribution of the impurities
after the second stage can be defined using the following expres-
sions:

C (x, t) = 2C01

	

√
D1t1

D2t2
exp

(
− x2

4D2t2

)

= N√
	D2t2

exp

(
− x2

4D2t2

)
, (7)

N =
∫ ∞

0

C (x) dx =
∫ ∞

0

C01erfc
x

2
√

D1t1

dx = 2C01

√
D1t1

	
(8)

where t1 is the duration of the first process, t2 is the duration of the
second process, D2 is the diffusivity in the second stage, N is the
surface density of the impurity atoms in the first stage.

The depth of the p-n junction was determined from the follow-
ing equation:

xj = 2
√

D2t2

√
ln

(
C02

CB

)
, (9)

where C02 is the surface impurity concentration in the second stage
C02 = N√

	D2t2
, CВ is the concentration of impurities in the original

semiconductor wafer. The obtained value of p-n junction depth is
xj = 13.4 nm.

The effective doping concentration of n+-layer was determined
according to equation:

Cef = 1
xj

xj∫
0

xC(x)dx. (10)

It is equal to Cef = 6.15 × 1019 cm−3.

Comparison of resistances of p-region and n+-region of Si NW

shows the significantly (some order) higher resistance of p-region.
The further reduction of series resistance of Si NW requires the
optimization (increasing) diameter to length ratio of NWs.
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. Conclusions

The theoretical modeling and experimental investigations of
i NWs  SC allowed to determine their optical and photoelectrical
roperties. The simulation of reflection, absorption and transmis-
ion of light in Si-NWs’ arrays depending on their parameters,
amely: diameter, length and period allowed to demonstrate the
ain optical properties of Si-NWs. There was a strong influence of

anowire diameter and period on light reflectance. But the effect
f length was not remarkable in the investigated range. It has
een found that, in comparison to Si films, the nanowire array has
ecreased reflection in all spectral range. In region of a long wave-

ength, the extinction coefficient of silicon is small and interference
ffects exist resulting in oscillation of reflectance and transmit-
ance. At experimental investigations the Si-NWs arrays were
ormed by metal-assisted chemical etching of Si with Ag nanopar-
icles as a catalyst. It included a deposition of Ag nanoparticles
n Si substrate from AgNO3/HF solution and subsequent etch-
ng in HF/H2O2 resulted in the formation of 2-�m-long vertically
ligned Si nanowires with diameters ranging from 60 to 160 nm.
he experimental results are in agreement with theoretical ones
nd demonstrate lower than 1% reflectance in a wide spectral range.

The Si NWs  SCs with radial p-n junction have been manufac-
ured and their properties investigated. They showed such good
arameters as Jsc = 22 mA/cm2, Voc = 0.62 V, FF = 0.51 and energy
onversation efficiency of 7%. The analysis of dark I–V character-
stics in semi-logarithmical scale revealed significant influence of
hunt and series resistances.
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