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Abstract: Vertical nanowire (NW) arrays are a promising candidate for the next generation of the
optoelectronics industry because of their significant features. Here, we investigated the InP NW array
solar cells and obtained the optoelectronic properties of the structure. To improve the performance of
the NW array solar cells, we placed a metal layer of Au at the bottom of the NWs and considered
their top part to be a conical-shaped parabola. Using optical and electrical simulations, it has been
shown that the proposed structure improves the absorption of light in normal incidence, especially
at wavelengths near the bandgap of InP, where photons are usually not absorbed. Under inclined
radiation, light absorption is also improved in the middle part of the solar spectrum. Increased light
absorption in the cell led to the generation of more electron–hole pairs, resulting in an increase in
short circuit current density from 24.1 mA/cm2 to 27.64 mA/cm2, which is equivalent to 14.69%
improvement.

Keywords: nanowires; back reflector; solar cells; plasmonic; III-V semiconductor

1. Introduction

Photovoltaics, first introduced in 1958, is a process in which light is converted directly
into electricity. Various materials and techniques are used to make solar cells based on
the cost and efficiency of conversion. The first material used was silicon, which had
disadvantages such as low efficiency. The second generation of solar cells was thin-film
solar cells for producing electrical power, which received a lot of attention due to the
use of thin layers in their structure [1]. Then, following further research in the field of
photovoltaics technology to achieve new structures, the vertical arrays of III-V direct band
gap semiconductor nanowire (NWs) were considered due to the reduction in the volume
of material consumed compared to planar structures.

The low cost and other features of semiconductor NW structures have led to great in-
terest in their use in a variety of applications, including photodetectors [1–3], light-emitting
diodes [4–6], and lasers [7,8]. In NW array solar cells, proper design and improved ab-
sorption of excited optical modes are effective factors in optimizing photovoltaic efficiency.
One of the common strategies to achieve these points is the proper design of the struc-
ture geometry. For example, increasing the length of the NW, which reduces the light
transmission at the NW/substrate interface, increases the volume of consumables, and
decreases the efficiency due to the increase in the dark current of the solar cell. Furthermore,
the reduction of the pitch leads to a stronger absorption but increases the top insertion
reflection losses. Another strategy to improve the absorption characteristic of NWs is
to break the symmetry of the incident light/NW system. Oblique radiation stimulates
new polarization-dependent optical modes. However, the improvement is limited to a
narrow band of the solar spectrum. One way to increase light absorption in NWs is to
reduce light transmission at the NW-substrate interface and reduce light reflection at the
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NW/superstrate interface. Another way to improve the absorption in solar cell structures
is to use the plasmonic effect. In this effect with light irradiation, charge carriers at the
metal and the dielectric boundary with positive or negative permittivity begin collective
oscillation and produce surface plasmon resonance (SPR).

Surface plasmon resonances are divided into two categories, localized surface plasmon
resonance (LSPR) and surface plasmon polariton (SPP). LSPRs are observed when surface
plasmon is confined in the subwavelength nanostructure, and SPPs are caused by the
propagation of charge carriers along the planar surface. Upon excitation, both forms of
SPRs can confine incident light on a low-subwavelength scale. The confinement of some
carriers improves the local field and allows the manipulation of light below the diffraction
limit. These remarkable SPR features allow plasmonic materials to be used in a variety
of fields, including photonics [9], energy [10–12], sensors [13], and more. For example,
metal nanoparticles inside thin-film solar cells act as antennas that capture the incident
light and store its energy in LSPR modes [14–16]. This energy can be transferred to
the semiconductor layer by near-field coupling or scattered to the active layer by metal
nanoparticles. Nanoparticles can also be used as front scatterers or back reflectors [17–21].

The metal nanostructures at the front trap light in the solar cell beneath by forward
scattering the incident light at their LSPR wavelengths with a scattering cross-section
greater than their geometric cross-section. Plasmonic nanoparticles at the back of the solar
cell increase the optical thickness and improve performance by scattering the far-field. In
this theoretical study, we present a structure in which a layer of Au metal was placed at the
bottom of the NW to prevent the transmission of light into the substrate and reflect the light
that is not absorbed in the single pass into the NW. Increasing the optical path length of
excited modes led to improved absorption and photovoltaic efficiency without increasing
the volume of material used. More recently, with the development of nanotechnology, the
use of metamaterials in many applications such as biosensors [22], photodetectors [23], and
absorbers [24,25] was considered. This method can be beneficial in solar harvesting as well.

Furthermore, by considering the conical-shaped parabola on the top of the NW, we
reduced leakage of the light into the space outside the NW from the top. The proposed
structure is a new method to improve the performance of the NW array solar cell and
achieve absorption of over 90% at wavelengths close to the band gap wavelength of InP.

2. Materials and Methods

In this work, we investigated a square array of vertical InP NWs with Au layer at the
bottom and conical-shaped parabola at the top. Cone-shaped nanowires grown in vapor-
liquid-solid (VLS) mode are a good candidate for the fabrication of low-cost high-performance
solar cells. Thus, this shape of nanowires can be beneficial in solar cells. Methods of fabrication
of this kind of nanowire are presented in [26]. According to [27], we can place an Au layer at
the bottom of the nanowire. Figure 1 shows a schematic of the proposed structure (with Au
layer at the bottom and conical-shaped parabola at the top of NWs).

Here, we calculate the absorption of incident photons and the separation of electron–
hole pairs photogenerated over an axial n-i-p junction for the InP NW array. The optical
response of the NW array is calculated by solving the Maxwell’s equations using tabulated
data for the refractive indices of InP [28]. Electron–hole transfer in NWs is solved using
the drift–diffusion formulas. We use the finite element method (FEM) for this numerical
analysis.
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Figure 1. 3D configuration of the proposed InP nanowire (NW) array solar cell with Au layer at the
bottom and conical-shaped parabola on the top.

The solutions of Maxwell’s equations show how light is distributed inside and outside
of the NWs. By obtaining the electric field of the system, E(r), the number of electron–hole
pairs photogenerated per unit volume per unit time, G(r), can be obtained for a given
incident intensity spectrum. The absorption at each wavelength on the volume V of the
NW can be calculated by:

A(λ) =
1
2
ωε0

∫
|E(λ)|2Im

(
n2(λ)

)
dV (1)

where ε0 is the vacuum permittivity, ω is the angular frequency, E is the electric field, and
n is the complex refractive index.

After calculating the optical generation rate, G(r), and recombination mechanisms, R,
the electron–hole transfer is analyzed by solving the drift–diffusion equations presented
below:

∇.(−ε∇ϕ) = q(p− n + ND −NA),
∇.Jn = ∇.(−qµnn∇ϕn) = q(R−G),
∇.Jp = ∇.

(
−qµpp∇ϕp

)
= −q(R−G),

(2)

R is the net recombination rate in the bulk of the NW obtained from:

R = RSRH + RRad + RAug =
A

n + p + 2ni
+ B + C(n + p)

(
np− n2

i

)
, (3)

where A, B, and C are the recombination coefficient of the SRH/Radiative/Auger recom-
bination, and ni is the intrinsic carrier concentration. We neglect radiative recombination
and we use B = 0 in Equation (3). We assume that the Shockley–Read–Hall (SRH) lifetime
and the Auger recombination coefficient for both electron and holes are equal. The surface
recombination at the surface of the NW is also considered through the term:

Rsurface =
νsr

n + p + 2ni

(
np + n2

i

)
, (4)

where νsr is the surface recombination velocity [29].
Assuming that all the photogenerated carriers contribute to the current, we can obtain

the short circuit current density from:

Jsc = e
∫
λ

hc
Pabs(λ)

Pin(λ)
IAM1.5(λ)dλ, (5)
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The geometric structure used for the drift–diffusion model has a length of 100 nm in top
n-segment and 300 nm in bottom p-segment with 1018 cm−3 ionized doping concentration
for both of them. The i-segment with 1015 cm−3 p-doping concentration is located between
the n- and p-segments.

The calculations are performed using the finite-difference time-domain (FDTD) method
at a wavelength range of 320–1000 nm for unpolarized incident light parallel to the axis of
the NWs, taking into account the periodic boundary conditions in the x-, y- directions and
perfectly matched layer (PML) in the z-direction. The specific values of the parameters used
in the drift–diffusion model are presented in Table 1. We consider here, surface recombina-
tion velocity for the bare cell without Au layer at the bottom and conical-shaped parabola
at the top equals to 20,000 cms−1 [30]. Placing the Au layer at the bottom of the NWs causes
a change in the motion of the electrons, which is considered in modeling by changing the
surface recombination velocity. The value of this surface recombination velocity is selected
according to reference [31]. Reflection is monitored with a power monitor placed behind
the radiation source; transmission is monitored with a power monitor placed behind the
structure. Electric and magnetic fields are detected within the frequency profile monitors.
For a solar cell, in addition to the efficiency of converting sunlight into electrical energy, η,
three other parameters are usually considered: (1) the short circuit current density Jsc, (2)
the open circuit voltage Voc, and (3) the fill factor FF defined by η = JscVoc FF

Pin
.

Table 1. The parameters used in the drift–diffusion model [32,33].

Parameters InP

Dielectric constant (εr) 12.5
SRH recombination coefficient (A) 107 s−1

Auger recombination coefficient (C) 9× 10−31 cm6s−1

Electron mobility (µn) 5400 cm2V−1s−1

Hole mobility (µp) 250 cm2V−1s−1

Band gap 1.34 eV

3. Results and Discussion

As mentioned in previous works [34–37], light absorption in NWs depends on the
geometrical parameters, and with proper design, light absorption can be improved in them.
One way to improve the absorption of light to achieve almost complete absorption in NWs
is to increase their length. Increasing this parameter reduces the transmission of light to
the substrate, but in solar cells it increases the dark current, which results in decreased
structural efficiency. Furthermore, with increasing length, the volume of materials used
increases. Increasing the radius of the NWs increases the absorption of light in them, but
due to the increase in light transmission between the NWs and the substrate, the current of
the structure decreases. In addition, by reducing the pitch of the array, the absorption of
coupled light into the array increases. However, the problem is the increase in top-insertion
reflection losses.

In this study, to reduce the transfer of guided modes into the substrate without
changing the geometrical parameter of the NWs, we placed a layer of Au metal at the
bottom of the NWs which are placed in a square lattice with geometrical values of radius of
100 nm, pitch of 500 nm, and length of 1400 nm. The geometrical values of the radius and
the pitch are chosen so that the NWs form a sparse array and the results are independent of
the lattice arrangement [38]. Furthermore, the length of 1400 nm for the total length (with
or without Au layer) is chosen so that the absorption saturation that is seen in long NWs
does not occur [30,39,40].

Because most of the light in the NWs is absorbed in the top parts and the absorption
decreases as it moves towards the bottom, we placed Au layer at the bottom to act as a
reflector at optical frequencies and reflect light into the NWs. This reflection increases
the optical path length of the excited modes and improves the absorption of the guided
modes. In addition, when the light reaches to the metal, plasmon is excited in metal and it
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generates dipole. Due to dipole–dipole coupling between the plasmon excited metal and
the adjacent semiconductor in near-field, plasmonic energy in the metal is transferred to
semiconductor and it generates more electron–hole pairs in the semiconductor. This can
promote performance of the solar cell. Therefore, placing the Au layer at the bottom of the
NW has a better result than other parts. By placing the Au layer on the top part of the NW,
the light cannot reach the lower part of the NW and the light absorption is reduced.

Decreased light absorption also reduces the number of photogenerated carriers com-
pared to the bare structure. To determine the appropriate thickness of the Au layer, one
must sweep its thickness from 0 to 250 nm, and obtain the Jsc each time. According to the
results presented in Figure 2, sweeping the thickness of this layer has little effect on the
Jsc. Among the various values, 80 nm thickness gives the maximum improvement in Jsc.
In this case, the Jsc increases from 24.1 mA/cm2 for the bare cell to 26.75 mA/cm2, which is
equivalent to a 10% improvement.

Figure 2. The short circuit current density (in mA/cm2) of the InP NW array solar cell for varying
thickness of Au layer for the fixed radius of 100 nm and pitch of 500 nm.

In NWs with the same geometry, we can improve the absorption if we can reduce the
reflection of light from the NW/superstrate. To achieve this goal, we consider the top part
of the NW, which is the interface between air and NW, in the form of a conical-shaped
parabola. With this assumption, as can be seen in Figure 3, the light reflection from the top
part decreases and the absorption in the NW increases. This increase in absorption increases
Jsc from 24.1 mA/cm2 for the bare cell to 24.931 mA/cm2 for the NW with conical-shaped
parabola on the top.

Figure 3. Reflection spectra for the bare cell and for the NWs with conical-shaped top.

Considering that the use of an Au layer at the bottom of the NW and the conical-
shaped parabola on the top part both cause more light to be trapped and more electrons
and holes are generated by the light, in the following we will examine the effect of applying
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both of them on the performance of the array. According to the results presented in Figure
4, the absorption increases at all wavelengths, and close to the band gap wavelength of InP
is approximately 1 and is limited by the reflection losses at the top side.

Figure 4. Absorption spectra for bare cell and proposed cell.

Observation of the electric field distribution profile within the NWs in Figure 5 for the
bare cell and proposed cell shows that the Au layer prevents the transmission of light into
the substrate and reflects most of the light into the NW. Thus, the modes are broadening
and the absorption at the bottom of the NW is improved. By improving the absorption
within the NW, more carriers contribute to the production of current and the Jsc increases
from 24.1 mA/cm2 to 27.64 mA/cm2.

Figure 5. The electric field profile for transverse magnetic (TM) and transverse electric (TE) modes respectively for (a,b) the
bare InP NW array solar cell, and (c,d) the proposed InP NW array solar cell.

Since the performance of the NWs depends on the geometric parameters of the
structure, we sweep the radius and pitch parameters and examine their effects. As shown
in Figure 6, sweeping the radius up to about 50 nm does not cause a significant change in
the Jsc of the proposed cell relative to the bare cell. As can be seen in Figure 7, as the radius
increases, the absorption spectrum of the proposed cell expands to longer wavelengths,
and the location of the wavelength of HE11 mode, which is equivalent to the absorption
peak at the longest wavelength and close to the InP band gap wavelength, red-shifts.
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Figure 6. The short circuit current density (in mA/cm2) of the bare and proposed cell of
InP NW array solar cell for varying radius.

Figure 7. Absorption spectra for varying radius for (a) bare cell and (b) proposed cell.

In Figure 8, the Jsc is plotted as a function of pitch of the array. Increasing this
parameter reduces the semiconductor material in the NW, which leads to a decrease in the
absorption in the NW, as can be seen in Figure 9.

Figure 8. The short circuit current density (in mA/cm2) of the bare cell and proposed cell of InP NW
array solar cell for varying pitch.
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Figure 9. Absorption spectra for varying pitch for (a) bare cell and (b) proposed cell.

According to Figure 10, by increasing pitch of the array, the insertion reflection losses
at the top air/NW interface, which are an upper limit on the Jsc decrease and the absorption
in the NWs can be improved. Therefore, it is necessary to choose the pitch of the array
in such a way that the volume of material consumed is sufficient for absorption and the
insertion reflection losses are reduced.

Figure 10. Reflection spectra for varying pitch for (a) bare cell and (b) proposed cell.

Another way to improve the absorption of NWs, especially in the middle part of
the solar spectrum, is to break the symmetry of the NW array/light incident system,
which can be achieved by obliquely incident light on the vertical NWs. In addition to the
HE1m-guided modes, which depend on symmetry and are excited in the NWs, oblique
radiation also stimulates additional Mie resonances. In this way we can achieve broadband
absorption.

As can be seen in Figure 11, the absorption improvement occurs in a broad spec-
tral range for inclined radiation compared to normal radiation for both bare and pro-
posed structures. Improved absorption due to the excitation of additional modes indi-
cates strong light trapping in the NWs and prevents its transmission to the substrate.
Figure 12 shows the effect of inclined radiation on the transmission spectrum of both bare
and proposed cells.
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Figure 11. Absorption spectra for inclined radiation for (a) bare cell and (b) proposed cell.

Figure 12. Transmission spectra for inclined radiation for (a) bare cell (b) proposed cell.

Figure 13 shows the changes in the Jsc by changing the radiation angle. Increasing
the absorption of light in oblique radiation compared to normal radiation has increased
the generation of the optical carriers, which leads to an increase in Jsc. Among the various
radiation angles studied, the 60 ◦ angle achieves the greatest improvement in Jsc.

Figure 13. The short circuit current density (in mA/cm2) of the bare and proposed cell of InP NW
array solar cell for varying radiation angle.

Quantitative performance of the cell can be estimated according to the current density–
voltage curve obtained by solving the Poisson and drift–diffusion equations with bulk
conditions and surface recombination and parameters listed in Table 1. The proposed
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structure which consists of a layer of Au at the bottom of the NW and a conical-shaped
parabola at the top improves the Jsc by 14.69%. The power conversion efficiency varies
from 14.7 for the bare cell to 17 for the proposed cell.

If we replace the ohmic contacts with carrier selective contact, the Jsc will increase from
24.1 mA/cm2 to 24.71 mA/cm2 for the bare cell and 27.64 mA/cm2 to 28.2 mA/cm2 for the
proposed cell due to neglecting the recombination of minority carriers in the contacts [41].
The results of the electrical simulation for the ohmic and carrier selective contacts shown in
Figure 14 are summarized in Table 2.

Figure 14. Applied voltage vs. current density for the bare InP NW array solar cell and for proposed cell, applied voltage
vs. photovoltaic efficiency for the bare InP NW array solar cell and for proposed cell for (a–b) ohmic contacts (c–d) perfect
carrier selective contacts.

Table 2. Electrical result for the bare and proposed InP NW array solar cells.

Structure Voc (Volt) Jsc (mA/cm2) FF (%) Efficiency (%) Jsc Enhancement (%)

Ohmic Contacts

Bare cell 0.958 24.1 63.67 14.7 ———-
Proposed

cell 0.963 27.64 63.87 17 14.69

Perfect Carrier Selective Contacts

Bare cell 1.015 24.71 66.03 16.56 ———-
Proposed

cell 1.02 28.2 67.97 19.55 14.12
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4. Conclusions

We theoretically investigated an InP NW array solar cell with an Au layer at the
bottom and a conical-shaped parabola at the top with an axial n-i-p junction on each NW.
Among the various values studied for the thickness of the Au layer, at the thickness of 80
nm, the highest improvement was obtained compared to the bare structure. According to
the results, the use of Au layer at the bottom of the NWs prevented the transmission of light
into the substrate and improved the absorption at long wavelengths, especially around the
band gap wavelength, where light absorption was usually poor. The light trapping due
to the multiple reflections of the Au layer increased the optical path length of the excited
modes in the NWs. Enhancing the absorption of light also increased the photogenerated
carriers and ultimately increased the Jsc. The conical-shaped parabola of the top part of
the NW also reduced light reflection from the upper part of the structure and improved
cell performance. The proposed structure increased Jsc from 24.1 mA/cm2 for the bare
cell to 27.64 mA/cm2 for the proposed cell with ohmic contacts and from 24.71 mA/cm2

to 28.2 mA/cm2 for the carrier selective contacts, which improved to 14.69% and 14.12%,
respectively.
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