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Abstract

We report the optical response of a periodic square array of GaAs nanowires
embedded in epoxy as a candidate for photovoltaic solar cells. The simulated
system is a multilayer array constituted by alternating layers of epoxy and an
effective medium constituted by GaAs nanowires arrays embedded in epoxy.
To discuss the optical response, we investigate the reflectance dependence
on the number of bilayers considered in the array and the angle of incident
light. The GaAs nanowire dielectric function is described in terms of Webb
formalism to take into account the confinement energy of the excitons. The
effective dielectric function of GaAs nanowires embedded in epoxy is evalu-
ated within the Maxwell–Garnett theory. We evaluate the reflectance for s-
and p-polarized light through the transfer matrix formalism for n bilayers.
For both s- and p-polarization, we observe an oscillating behavior of the re-
flectance, similar to that reported in the literature. We have also obtained
a feature peaked around 850 nm. While the oscillations can be ascribed
to multiple interference from periodic bilayers, the peak at 850 nm can be
understood in term of the gap energy in the nanowire dielectric function.
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Attending to the reflectance dependence on the light incidence angle, we
have found that for s-polarized light, the reflectance is higher with increasing
angles, in comparison to p-polarized light cases.
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1. Introduction

For the last decades, there is a great interest in the research of photo-
voltaic solar cells as it is demonstrated by an increasing literature on this
field. The photovoltaic solar energy, sustainable and renewable source, could
be one of the alternatives to the traditional designs based on fossil fuels en-
ergy [1, 2]. For this purpose, the increase of the solar cell power conversion
efficiency (PCE) is essential in order to reduce all costs scaling with sys-
tem size [3, 4]. Nowadays, the solar cells are mainly based on planar single
junction, limited in PCE by the Shockley-Queisser limit, but there are new
tendencies in order to reach higher PCE [5, 6, 7, 8] as substitutes of Shockley-
Queisser models. Among them, it stands out the use of nanostructures solar
cell materials [2, 9, 10]. In fact, semiconductor nanowires (NWs) are low–
dimensional systems where two dimensions have length scales between a few
and hundreds of nanometers yielding a high aspect ratio [11]. Due to these
geometrical properties of the NWs, their light interaction features are dif-
ferent than that of bulk material [2]. Therefore, the NWs and NW arrays
appear as good candidates for higher-efficiency solar cells [12, 13, 14] with
excellent light trapping properties [15]. In addition, the NW solar cells can
enhance carrier collection efficiency [16]. Most NW arrays are fabricated with
semiconductor materials as c-Si [14, 17], a-Si [15], CdTe [13], GaAs [18, 19]
and InAs [20] among others. Indeed, III-V materials have several advantages
over other materials because of a much shorter absorption depth and a wide
range of variable band gaps [16]. Besides, the III-V NW solar cells present
the highest reported PCE [21, 22]. Among the III-V semiconductors, GaAs
seems a promising candidate for making NWs solar cells. This is mainly due
to its large absorption coefficient and the easiness of fabrication by conven-
tional growth techniques [16].
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In this paper, we investigate the optical properties of a vertically oriented
square array of GaAs NWs based photovoltaic solar cells, focusing on their
reflectance, to gain insight about the system efficiency. A small value of the
reflectance in the NWs array will entail a better absorption in the array and
consequently, a higher efficiency. For this study, we use the transfer matrix
formalism to analyze the optical reflectance using Fresnel reflectivities within
the stacked layers. To simulate NWs array with small diameters and periodic
structures, transfer matrix method has been proven to be very effective for
dealing with periodic structures [23]. To define the dielectric function of
the effective medium consisting of NWs and islanding material we use the
Maxwell–Garnett model [24], which is appropriate when the filling factor of
the effective medium investigated is small enough such as in our system. To
describe the dielectric function of the NW, the square arrays are treated as
a continuum medium through the use of the Webb formalism [25] for each
one of NW, where the exciton confinement energy is considered as resonance
frequency. That formalism has proven to be successful for low–dimensional
systems such as our NWs. The rest of paper is organized as follows. In
section 2, the transfer matrix formalism and Maxwell–Garnett model along
with the Webb model are described to calculate the reflectance of square
array of GaAs NWs. The implementation of the model in our system along
with a discussion of the results are given in section 3. The main remarks and
conclusion of this work will be given in section 4.

2. Theoretical model

We investigate the optical properties of a square array of GaAs cylindrical
NWs embedded in epoxy, taken as an example of embedding medium. The
array is characterized by a cylinder radius R = 10 nm, and length h = 500
nm and an array´s periodicity or pitch a = 80 nm. These geometrical values
yield a filling factor (f = π(R/a)2) for the investigated system equal to f
= 0.049. Figure 1 shows the scheme of cylindrical array, where the parallel
and perpendicular directions to the cylinders axis are z- and x- and y-axes,
respectively. We also depict the s- and p-polarizations configuration for sake
of clarity.

In the following simulations, the values of the above geometrical parame-
ters of the array are maintained constant throughout the computing process
to evaluate the optical properties. In addition, for the sake of simplicity,
we restrict our simulations to the system where we have not considered the
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Figure 1: Scheme of the GaAs NWs array, where z axis is along the NW axis. The array
is characterized by periodicity parameter a = 80 nm, the length of the NW is h = 500 nm
and its radius is R = 10 nm. The representation of s- and p-polarization is included in
the scheme.
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effect of the substrate. The array is then modeled by a multilayer system
composed of n periodic bilayers, where each bilayer is constituted by (i) a
film of epoxy with dielectric constant εe = 3 and thickness b = a/2 = 40
nm and (ii) a film of GaAs NWs embedded in epoxy with an effective di-
electric function, which will be discussed later, and with thickness b = a/2
= 40 nm. This bilayer is periodically distributed in the space up to n periods.

To study the effect of periodicity, we consider a sample composed of rep-
etition of n unit cells made up of bilayers in the direction of propagation of
the incident light (see Figure 2). Figure 2 depicts the scheme of the multi-
layer system, where we emphasize on the direction of the incident light. We
implement the numerical simulations over the wavelength range which cover
the relevant parts of solar spectrum.

The reflection spectrum of the multilayer system is calculated using Fres-
nel expressions for n periodic bilayers in terms of the transfer matrix [26]. In
fact, the characteristic matrix of a bilayer, is given by [27]

M=
1

1−r212

(
e−i(φ1+φ2) − r212e−i(φ1−φ2) r12(e

i(φ1+φ2) − ei(φ1−φ2))
r12(e

−i(φ1+φ2) − e−i(φ1−φ2)) ei(φ1+φ2) − r212ei(φ1−φ2)
)

(1)

where r12 is the reflection coefficient at the 1/2 interface and φ1 and φ2 are
the phase differences of layers 1 and 2, respectively (see figure 2). Then,
the light getting trough n periodic bilayers will be defined by Mn, where
for a high value of n, the transfer matrix Mn has a huge expression. The
overall reflection coefficient from the multilayer system is then given by r =
M21/M11, where M21 and M11 are the elements of the final transfer matrix
(Mn) [28]. This theoretical approach thus allow us to calculate the reflectance
for s- and p-polarizations, R(s,p), from the NWs array in form of R(s,p) =
|rs,p|2. Herein, the superscripts s and p refer to the s- and p-polarizations,
respectively. Then, the expression of coefficient r(s,p) depends of the number
of repeated bilayers considered in the study. For higher n, its expression is
more complicated; therefore, we only describe the mathematical expression of
the reflection coefficient at the 1/2 interface, which appears in eq. (1). This
coefficient is essential in the definition of the overall reflection coefficient rs,p;
i.e.,
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Figure 2: Scheme of the multilayer system constituted by bilayers of epoxy (film 1) and
GaAs NWs embedded in epoxy (film 2) of equal thicknesses, being the phase differences
for films 1 and 2, φ1 and φ2, respectively. The multilayer is constituted by n bilayers or
periods.
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rs12 =
k
||
1 (ω)− k||2 (ω)

k
||
1 (ω) + k

||
2

(2)

for s-polarization and

rp12 =
ε
||
1(ω)k⊥2 (ω)− ε||2(ω)k⊥1 (ω)

ε
||
1(ω)k⊥2 (ω) + ε

||
2(ω)k⊥1 (ω)

(3)

for p-polarization. In eqs. (2) and (3), the superscripts (||) and (⊥) refer to
the parallel and perpendicular directions to the axis of the cylindrical NWs.
The wave vectors and dielectric functions in the above equations are a gen-
eralization of those reported in reference [28]; i.e.,

k
||
1 (ω) = k⊥1 (ω) =

ω

c

√
ε1cosθ, (4)

where layer 1 is epoxy, an isotropic material, with dielectric constant ε1 = εe
= 3, θ is the angle of incident light (see figure 2) and c the speed of ligth;

k
||
2 (ω) =

ω

c

√
ε
||
2(ω)− ε1sin2θ, (5)

and

k⊥2 (ω) =
ω

c

√
ε
||
2(ω)

ε⊥2 (ω)

√
ε⊥2 (ω)− ε1sin2θ (6)

where layer 2 is an effective medium constituted by GaAs NWs embedded in
epoxy, being ε

||
2(ω) and ε⊥2 (ω) the effective dielectric functions in the direc-

tions parallel and perpendicular to the axis of cylindrical NWs. The phase
differences φ1 and φ2, appearing in eq. 1 and fig. 2, are defined by φ1 = k

||
1 .b

and φ2 = k
||
2 .b or φ2 = k⊥2 .b for s- or p-polarization, respectively. When θ

= 0o, k
||
2 = k⊥2 and consequently, the phase difference φ2 is equal for s- and

p-polarization.
For modeling the electromagnetic response of a GaAs NWs array, we use the
Maxwell-Garnett model with the Clausius–Mossotti correction as it is based
on a rigurous solution of Maxwell equations under the assumption of a small
inclusion density [24, 29]. Therefore, the effective permittivity of one layer
constituted by GaAs NWs embedded in epoxy in the direction parallel to the
cylinder axis, denoted by ε

||
2(ω), can be written as [29]
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ε
||
2(ω) = εe

(
1 + fα||(ω)

)
(7)

where f is the filling factor equal to 0.049 and α||(ω) is given by

α||(ω) =
εnw(ω)− εe

εe
(8)

being εnw(ω) the GaAs NW dielectric function that we will describe later.
On the other hand, the permittivity of the effective medium in the direction
perpendicular to the cylinder axis, denoted by ε⊥2 (ω), can be written as [29]

ε⊥2 (ω) = εe

(
1 +

fα⊥(ω)

1 + 0.5fα⊥(ω)

)
(9)

where

α⊥(ω) =

(
εe

εnw(ω)− εe
+ 0.5

)−1
. (10)

Finally, we will describe the dielectric function of GaAs NWs. Due to NWs
are low–dimensional systems as quantum dots, we follow the same formalism
used by Webb et al.[25] to define the GaAs NWs dielectric function; i.e.,

εnw(ω) = ε∞ +
8e2

V εomex

[
2ρ− 1

ω2
ex − ω2 − i2ωγ

]
(11)

being ε∞ the GaAs dielectric constant at high frequency, e the electron
charge, εo the vacuum permittivity and mex the exciton reduced mass for
GaAs. As the hole effective mass, m∗h, is greater than the electron effective
mass, m∗e, then 1/mex = 1/m∗e + 1/m∗h ≈ 1/m∗e; V is the volume of the
cylindrical NW, ρ = 1 for lossy resonance, ωex the exciton frequency and γ
a dumping constant equal to 27.1 cm−1 [30]. For a cylindrical potential well
with infinite barriers at r = R, we assume the approximate exciton energy
(Eex = hωex)

Eex = Eg +
~2χ2

0,1

2m∗eR
2

+
~2π2

2m∗ed
2

(12)

where Eg = 1.424 eV (= 870 nm) is the intrinsic GaAs band gap energy and
the second and third terms describe the kinetic energy of the exciton in the
perpendicular and parallel directions to the NW axis, respectively. For this
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definition, we consider the extreme quantum limit, where only the funda-
mental level is occupied. Then, χ0,1 is the first zero of the cylindrical Bessel
function and the third term of the above equation represents the fundamen-
tal energy of an infinite square well of width d = 2 R. As the GaAs NWs
are embedded in the islanding material epoxy, our approach seems appropri-
ately justified. On the other hand, the formalism used in eq. (12) to define
the exciton energy is a specific case to that reported for excitons energy in
spherical quantum dots [25], where we have not taken into account the exci-
ton Coulomb interaction term due to its contribution is small compared with
the kinetic terms [31].

3. Results and discussion

The simulated GaAs NWs array -multilayer system- and its structural
parameters have been schematically described in figures 1 and 2. The re-
flectance of this structure is discussed in terms of the transfer matrix for a
number of periodic bilayers n. For the sake of simulation simplicity, we will
take until nine bilayers, because this number is large enough to obtain the
main features of the array reflectance. Indeed, n = 9 bilayers is equivalent
to 18 single alternated GaAs NW -epoxy layers, that is enough to converge
to acceptable result. On the other hand, the effective medium consisting
of GaAs NWs embedded in epoxy is described with an extended Maxwell–
Garnett model. As the investigated system has cylindrical symmetry, we will
define its effective dielectric function in the directions perpendicular and par-
allel to the NW axis. Also, to clarify the presentation of our results, we divide
our discussion in two subsections, accounting for the system reflectance for
s- and p-polarized light.

3.1. GaAs NWs reflectance for s-polarized light

The s-polarized light (TE) occurs when the electric field of the electro-
magnetic wave is perpendicular to the incidence plane [27]. From our scheme
of figure 1, the electric field is along the z-axis for this polarization. We show
in figure 3 the reflectance of the system for incident angle θ = 0o and for
a number of bilayers equal to 3, 5, 7 and 9. As it can be seen in figure 3,
the oscillating behavior of the reflectance is almost similar for all number of
bilayers. In fact, this behavior is more significant for wavelength below 300
nm, where the number of oscillations is increasing and the last oscillation is
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red-shifted with the number of bilayers. The oscillating behavior is consis-
tent with the periodicity of the system. We expect that for a critical number
of bilayers, the light does not cross through the entire array. Then, this
process would explain the broadening and red-shift of the last oscillation in
the reflectance spectra for increasing number of bilayers. Also, an increasing
number of bilayers for a fixed angle of incident light, entails a higher number
of scattering centers between the electric field and the NWs, giving a higher
number of oscillations and consequently, smaller distance between oscillation
maxima. We obtain an approximate law for the distance between maxima
as (5.5 - 0.5 n), where n is the number of bilayers.

The effects of interference in periodical systems yield oscillations in their
reflectance [20]. As white light impinges on the NWs, photons can interact
with NWs and undergo multiple scattering, yielding interference effects due
to relative phase difference between reflected waves. In fact, this behavior
is also reported for the reflectance of other periodical systems like porous Si
NWs [32], III-V NWs [16, 33, 34], metamaterials [35] and carbon nanotubes
[36]. In addition, the oscillating behavior of absorbance and transmittance
of nanorods and NWs solar cells is reported elsewhere [23, 37, 38, 39]. Also,
we find in the reflectance spectra a feature peaked around 850 nm which
can be ascribed to the band gap of GaAs. Sanatinia et al. [40] obtained a
similar feature around 850 nm in the total reflectance spectra of frustrum
GaAs nanopillar array. Some authors claim that the absorption of the NWs
array strongly depends on the D/a ratio and NW diameter [41, 42]. Figure 4
shows the reflectance of the system for incident angle θ = 0o, 9 bilayers and
different ratio D/a, where D is the diameter of the NWs. We obtain that
below a critical ratio, the feature at 850 nm tends to disappear. In our case,
this critical value is around 0.13 (see figure 4).
Since the transfer matrix has a huge expression for increasing number of
periods and consequently, the calculation time is greater, it is necessary to
adopt a compromise between number of investigated bilayers and calculation
time. For this study of s-polarization, we adopt 9 bilayers, where in figure 3,
we showed that all oscillations lie under the same enveloping curve (dashed
curve as a guideline for the eyes). Therefore, our simulations can supply an
upper limit of the reflectance values for a greater number of bilayers; then,
the increase of bilayers in the calculation does not give extra information on
the array reflectance.

We also investigate the reflectance dependence on the light incidence an-
gle. Figure 5 shows the reflectance for θ = 0o, 30o, 45o and 60o and 9
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Figure 3: Reflectance for s-polarized light of the GaAs NWs array for 3, 5, 7 and 9 periods
and angle of incidence θ = 0o. The dashed curve is a guideline for the eyes.
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bilayers. Our simulations prove that for increasing angle, the intensity of
the reflectance is higher for s-polarized light, similar to that reported for s-
polarized reflectance of InAs NWs [20] and metamaterials [43]. By increasing
the incidence angle, for a fixed number of bilayers, the electric field detects
less number of scattering centers, then the number of oscillations decreases
and consequently, the distance between oscillation maxima increases [20].
We obtain an approximate law for the distance between maxima as (0.99 +
0.02 θ + 5.5 ×10−4θ2), where θ is the incident angle. A small value in the
reflectance would imply a better absorption of incident light, improving the
efficiency of photovoltaic solar cells. Then, to obtain a better efficiency of
the photovoltaic solar cells, the angle of the incident light should be 0o for
s-polarized case. In addition, we evaluated the reflectance for 60o with 3, 5, 7
and 9 bilayers (not shown here) and we found that the oscillations lie under
an enveloping curve, proving that the election of 9 bilayers is good enough,
as we discussed above.

3.2. GaAs NWs reflectance for p-polarized light

The p-polarized light (TM) occurs when the electric field of the electro-
magnetic wave is parallel to the incidence plane [27]. From our scheme of
figure 1, the electric field is along the x-axis for this polarization. We show
in figure 6 the reflectance of the system for incident angle θ = 0o and for 3,
5, 7 and 9 bilayers.

We obtain an oscillating behavior of the reflectance, exactly similar to
that obtained for s-polarization (see figure 3). In fact, Sikdar and Korny-
shev [28] have shown that so far the normal incidence is considered, re-
flectance spectra undergo identical reflection both for s- and p-polarized
light for nanoparticle layers. The similarity of our simulations between s-
and p-polarization at θ = 0o is characterized by the same: (i) intensity, (ii)
dependence of reflectance with the number of bilayers and (iii) feature peaked

at 850 nm. As we commented in section 2, when θ = 0o, k
||
2 = k⊥2 and con-

sequently, the phase difference φ2 is equal for s- and p-polarization. Then,
we can deduce that the phase difference is more relevant than the reflection
coefficient at the 1/2 interface, r12, in the evaluation of the transfer matrix
(see eq. 1). In addition, the election of up to 9 bilayers gives a reasonable
approximation to calculate the reflectance for p-polarization, such as we dis-
cussed above for s-polarization. These simulations can also supply an upper
limit of the reflectance values for a greater number of bilayers (see dashed
curve in figure 6).
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Figure 5: Reflectance for s-polarized light of the GaAs NWs array for 9 bilayers and angles
of incidence θ = 0o, 30o, 45o and 60o.
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Figure 6: Reflectance for p-polarized light of the GaAs NWs array for 3, 5, 7 and 9 bilayers
being the angle of incidence θ = 0o. The dashed curve is a guideline for the eyes.
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Figure 7: Reflectance for p-polarized light of the GaAs NWs array for 9 bilayers with
angles of incidence θ = 0o, 30o, 45o and 60o.
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We also investigate the reflectance dependence on the light incidence an-
gle. Figure 7 shows the reflectance for θ = 0o, 30o, 45o and 60o and for 9
bilayers. Our simulations show that for increasing angle, the intensity of
the reflectance is smaller, conversely to the case for s-polarized light. This
behavior is equivalent to that reported for p-polarized reflectance in InAs
NWs [20] and metamaterials [43]. For θ = 60o, we obtain quasi-zero re-
flectance values and an anomalous behavior for the peak at 850 nm. Then,
for higher incident angles, we expect an evanescent feature of the p-polarized
reflectance. Besides, the reflectance values obtained for p-polarization is 10
times lower than that of s-polarization when the incident angle is great (see
figures 5 and 7). Therefore, to gain efficiency of the photovoltaic solar cells,
the p-polarization is better than the s-polarization for high incident angles.

4. Conclusion

We have calculated the optical reflectance of GaAs NWs array based
on transfer matrix formalism and Maxwell–Garnett model. Simulations are
performed for s- and p-polarized light. The election of up to 9 bilayers gives
a reasonable approximation to simulate the reflectance spectra. An oscil-
lating behavior of the reflectance is found for both cases, similar to that
reported in the literature for porous silicon and III-V semiconductor NWs.
We have also obtained a feature peaked around 850 nm, characteristic of the
GaAs band gap. Attending to the reflectance dependence on the incident
angle, we have found that for s-polarized light, the reflectance is higher for
increasing angles, conversely to the case of p-polarized light. In fact, the
reflectance for p-polarization is 10 times lower than that of s-polarization for
high incident angles. Therefore, to obtain good efficiency, it is suitable to use
non–zero incidence in p-polarization where the reflectance intensity is seen to
be better that of s-polarization. However, in normal incidence, both s- and
p-polarization are equivalent. From the above successful results, which com-
bine quantum and effective dielectric theories, we focus in a future work on
the influence of the geometrical parameters (radius, length and pitch) of the
array along with the composition (band gap energy) on the reflectance of the
III-V semiconductors. These parameters could be relevant in the evaluation
of absorption and efficiency in semiconductor NWs based solar cells. Finally,
we propose that our numerical results could insight light for later reflectance
measurements in semiconductor NWs array. In fact, an estimation of the
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bilayers number versus the oscillations number is obtained. Also, this study
can determinate optimum angles to gain efficiency in semiconductor NWs
based solar cells.
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