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Abstract

We report the effects of radius-, length- and pitch-sizes on the optical
reflectance of a periodic square array of GaAs nanowires embedded in epoxy.
The simulated system is a multilayer array constituted by alternating layers
of epoxy and an effective medium of GaAs nanowires embedded in epoxy.
For both s- and p-polarizations, we observe an oscillating behavior in the
reflectance spectra, as a consequence of interferences in periodical systems.
We found that the radius- and pitch-sizes significantly affect the reflectance
of GaAs nanowires array, while the length-sizes do not present evidence of
changes in the optical reflectance. For higher radius, the number of oscilla-
tions increases and consequently, the peak-to-peak distance decreases. Be-
sides, there is a red—shift of the reflectance for increasing radius. For higher
pitch, the number of oscillations also increases, and a red—shift is observed.
We obtain dependence laws for the peak-to-peak distance and red—shift ver-
sus radius and versus pitch. These dependences obey approximate quadratic
relations. Attending to the reflectance dependence on the light incidence
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angle, we have found that for s-polarized light, the reflectance is higher with
increasing angles, in comparison to p-polarized light cases, independently of
the radius and pitch values. For both polarizations, we found that the re-
flectance is increasing for greater radii and smaller pitchs, independently of
the incident angle.

Keywords:

Geometrical effects, Reflectance, GaAs nanowires array, Transfer matrix
formalism, Maxwell-Garnett effective model
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1. Introduction

Nowadays, the interest on gallium arsenide (GaAs) nanowires (NWs) is
continuously increasing by their applications in solar cells [1, 2, 3], nanolasers
[4, 5], light emitting diodes [6, 7], field-effect transistors [8], sensors [9] and
waveguides [10]. With reference to the application of solar cells, one of the
most exciting features of NWs is the geometry dependent absorption char-
acteristics [11, 12, 13, 14, 15, 16], giving them light interaction features not
found in a bulk material. In addition, the optical modes on NWs array
are strongly dependent on NW diameter, but less dependent on the array
pitch and NW length [17]. Dhindsa et al. [18] investigated experimentally
and theoretically the absorption and reflectance of ordered vertically GaAs
NWs array focusing in their dependence on the diameter and length of the
NW and pitch of the array. Azizur-Rahman et al. [19] investigated the
optical properties in III-V semiconductor NWs taking into account the influ-
ence of geometrical parameters on the absorptance and reflectance. On the
other hand, Dhindsa et al. [10] investigated the length dependence on the
transmission in silicon (Si) and GaAs NWs array as plausible candidates as
waveguides. The above authors performed simulations by using the finite dif-
ference time domain (FDTD) method, which takes an extremely long time to
calculate. The FDTD method resolves the same equations that the effective
medium theories; i.e., Maxwell’s eqs., but in a discrete manner, which could
entail a study of convergence and accuracy of the method [20, 21]. The effec-
tive medium theories are appropriately applied to explain the macroscopic
measurements such as the ellipsometry experiments [22, 23]. Recently, we
investigated the reflectance dependence of GaAs NWs array on number of
bilayers and angle of incidence through the transfer matrix formalism and



effective medium theory for fixed geometrical parameter values [24]. The
transfer matrix method has been proven to be very effective for dealing with
periodic structures [25] such as the NWs array, being the computing time
less than that of the FDTD method.

In this paper, we investigate the geometrical effects on the reflectance of a
vertical square array of GaAs NWs. The present study can be useful in the
research of photovoltaic solar cells and waveguides applications. The analysis
of theses applications is beyond the scope of this work. We use the transfer
matrix formalism to analyze the optical reflectance using Fresnel reflectivities
within the stacked layers. The array is constituted by alternating layers of
islanding material and an effective medium of GaAs NWs embedded in the
islanding material. The dielectric function of this effective medium is defined
in terms of Maxwell-Garnett (M—G) model [26], where the dielectric function
of each NW is described by the Webb formalism [27]. Within this framework,
the exciton confinement energy is considered as resonance frequency. This
formalism has proven to be successful for low—dimensional systems such as
our NWs. In this study, we fix the number of bilayers to 9 to determine the
reflectance spectra. This election is motivated for the good approximation
obtained in our previous work [24]. The rest of paper is organized as follows.
In section 2, we will briefly describe the involved models 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 geometrical parameters dependence on the optical
properties of a square array of GaAs cylindrical NWs embedded in epoxy,
where the epoxy is taken as an example of embedding medium. The array is
characterized by cylinder radii ranging between R = 15 nm to 45 nm, length
h = 1000 nm and 2000 nm and array’s periodicity or pitch a = 100 nm,
200 nm and 300 nm. These geometrical values are appropriate for the use of
effective medium theories and they are approaching to experimental values
of NWs grown by conventional techniques [18, 28, 29]. In addition, these
geometrical values yield filling factor (f = 7(R/a)?) belonging to the range
between 0.018 to 0.159, which corresponds to a small density of NWs. This
small value justifies the use of Maxwell-Garnett effective theory.

To evaluate the optical properties, for the sake of simplicity, we restrict
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Figure 1: Scheme of the GaAs NWs array, where z azis is along the NW azis. The

multilayer system is 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, ¢1 and
o, respectively.




our simulations to the system where we have not considered the effect of the
substrate. The array is then modeled by a multilayer system composed of 9
periodic bilayers, where each bilayer is constituted by (i) a film of epoxy with
dielectric constant €, and thickness b = a/2 and (ii) a film of GaAs NWs em-
bedded in epoxy with an effective dielectric function, which will be discussed
later, and with thickness b = a/2. This bilayer is periodically distributed in
the space up to 9 periods. In a previous paper, we demonstrated that the
election of up to 9 bilayers is a good approach to get the main features of
optical reflectance in multilayer systems [24]. Figure 1 depicts the scheme of
the multilayer system, where we indicate the direction of the incident light.
We implement the numerical simulations over the wavelength range 300 nm
to 1100 nm which cover the relevant parts of solar spectrum. Then, the
wavelength of incident light is larger than the NWs diameter and the light
sees the whole assembly as an effective medium; therefore, the use of M—-G
theory is a good approach in the simulations.

The reflectance spectrum of the NWs array is calculated using the Fresnel
expressions for multilayer system, but before doing that it is necessary to
characterize the dielectric function of a bilayer constituted by layers 1 and
2 (see fig. 1). The layer 1 is epoxy, an isotropic material with dielectric
constant €, = €. = 3, while layer 2 is an effective medium constituted by
GaAs NWs embedded in epoxy, where elz‘(w) and €5 (w) are the effective
dielectric functions in the directions parallel and perpendicular to the axis
of cylindrical NWs. For modeling the electromagnetic response of a GaAs
NWs array, we use the Maxwell-Garnett model with a small density of NWs
[26, 30]. Therefore, the effective permittivity of the layer 2 in the direction

parallel to the cylinder axis, el(w), can be written as [30, 31]

b(w) = fenw(w) + (1= fee (1)

where f is the filling factor and ey (w) is the GaAs NW dielectric function
that we will describe later. On the other hand, the permittivity of the effec-
tive medium in the direction perpendicular to the cylinder axis, €5 (w), can
be written as [30, 31]

1+ f)+e(d—f)
e (w) = €e <€NW( . 2
A N e R (e 2
We will describe the dielectric function of GaAs NWs by using the formalism




of Webb et al. [27] which is appropriate for low—dimensional systems, i.e.,
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The above parameters €, €, €5, Mez, V, p and we, are extensively defined
elsewhere [27, 24]. In fact, p > 0.5 provides a lossy resonance (absorption)
and p < 0.5 gain. We neglect the thermally excited electrons, then we assume
p = 1 for lossy resonance. In addition, the approximate exciton energy
(Eer = hwey) is taken as

hQX%,l hPm?
2miR? N 2mih?
where E, = 1.424 eV (= 870 nm) is the intrinsic GaAs band gap energy,
the second and third terms describe the kinetic energy of the exciton in
the perpendicular and parallel directions to the NW axis, respectively [24]
and the last term is the exciton Coulomb interaction, which represents the
exciton binding energy. For the Wannier excitons in semiconductors, this
binding energy is small. In fact, the approximate value of the Coulomb
term is around -7.7x107* eV [32], which is negligible compared with the
other three terms. In addition, this value could only affect the far infrared
spectrum, region which is not of our interest. Hereafter, this term will not
be taken into account to evaluate the exciton energy.

With the knowledge of dielectric permittivity of each layer composing the
bilayer, the characteristic matrix of a bilayer is given by [33]

Eez == Eg+

+ E(Coulomb) (4)

M_—1_

= 2
1-7r7y

< eii(¢l+¢2) -8 fr%Qefi(qbl*d’Q) TIQ(ei(¢l+¢2) — el(¢1¢72))>

r12(e—i(¢1+¢2) _ e—i(¢'1—¢2)) ei(1+¢2) _ r%2ei(¢1—¢2)

where 75 is the reflection coefficient at the 1/2 interface and ¢; and ¢, are
the phase differences of layers 1 and 2, respectively (see figure 1). Then, the
light getting trough 9 periodic bilayers will be defined by M°. The overall re-
flection coefficient from the multilayer system is then given by r = My /My,
where My, and My are the elements of the final transfer matrix (M?) [33].
This theoretical approach thus allow us to calculate the reflectance for s-
and p-polarizations, R*?) from the NWs array in form of R(P) = |r5P |2.
Herein, the superscripts s and p refer to the s- and p-polarizations, respec-
tively. Then, the expression of coefficient 7*?) depends of the number of
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repeated bilayers considered in the study. In fact, for n = 9, its expres-
sion is huge and complicated; therefore, we only describe the mathematical
expression of My and My for 3 bilayers as an example; i.e.,

1

M. — —i(pr1+¢2) _ ,—i(P1—¢2),.2
21 (1 7,12) [(6 € T12)
% (( ¢2) +e (¢1+¢>2)) 2(€7i(¢1+¢2) _ efi(tﬁlﬂbz)ré)
+ ( —i(p1—¢2) + e z(451-*-052)) (ei(¢1+¢2) | 4 ei(¢1—¢2)7n%2))
+ ( —i(p1— + e~ (¢>1+¢2)) (( e~ ($1=¢2) + e*i(¢>1+¢2))
% (e i(p1—¢2) +e(¢>1+¢2))r +( i(p1+¢2) _ei(¢17¢2)r%2)2)] (6)
and
M, = (1 1 ) [( —i(p1+d2) _ e—i(¢1—¢2)r%2)
% (( + e (¢1+¢2))(_ei(¢>17¢2) + ei(¢1+¢2)r%2)
( —i(d1+¢2) _ o—i(d1- ¢2))T%2)2 4 (_ei(¢1—¢2) + ei(¢1+¢2))7"12
(oo — gomeiy ) )
where . '
75 = kl (w) B k2 (CU) (8)
g - I I
kY (w) + Ky
is the reflection coefficient at the interface 1/2 for s-polarization and
b _ W)k @) ~ @k (@) o)
12 =

el @)k (@) + & W)kt (@)

the corresponding for p-polarization [34]. In the above egs., the superscripts
(I]) and (L) 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 reported
elsewhere [34, 24]; i.e

kll‘ (w) = ki (w) = %\/acosﬁ, (10)



where 6 is the angle of incident light (see figure 1) and ¢ the speed of light;

k) (w) = % el(w) — e1sin29, (11)

and

[
1)y w) — €18in?
6%(&1)“62( ) — e1sin?6. (12)

Finally, the phase differences ¢; and ¢9, appearing in eq. 5 and fig. 1, are
defined by ¢; = ki.b and ¢, = kl.b or ¢y = ki.b for s- or p-polarization,
respectively. When 6 = (0°, klz‘ = ky and consequently, the phase difference
¢ is the same for s- and p-polarization.

3. Results and discussion

The simulated GaAs NWs array has been schematically described in fig-
ure 1. The effects of the geometrical structural parameters on the reflectance
of this array is discussed in terms of the transfer matrix for 9 bilayers since
this number of bilayers is large enough to obtain the main features of the
system optical reflectance [24]. Indeed, 9 bilayers is equivalent to 18 single
alternated GaAs NW -epoxy layers, that is enough to converge to acceptable
result as it was discussed previously in reference [24]. The geometrical pa-
rameter values investigated belong to the validity range of the M—G theory.
We follow the standard definition of s- and p-polarized light [33]. To clarify
the presentation of our results, we divide the discussion in three subsections,
accounting for the geometry structural effects of the radius, length and pitch
on the reflectance array.

8.1. Radius effect on GaAs NWs reflectance

We show in figure 2 (a and b) the reflectance of the system for different
cylinder’s radii, with fixed pitch a = 200 nm and length A = 1000 nm for s-
and p-polarized light when the incident angle is 8 = 0°. We obtain an identi-
cal oscillating behavior of the reflectance on the geometrical parameters for
both light polarizations (see figure 2). Sikdar and Kornyshev [34] have shown
that for the normal incidence, reflectance spectra undergo identical reflection
both for s- and p-polarized light for nanoparticle layers. In addition, as we



commented in section 2, when 6 = (0°, k"Ql = ky and consequently, the phase
difference ¢, is the same for s- and p-polarization. This characteristic is
exactly similar to that previously obtained for other cylinder’s geometrical
values of GaAs NWs [24].

The obtained oscillating behavior is consistent with the periodicity of the
system. In fact, such behavior is extensively reported for the reflectance in
different periodical systems [35, 36, 37, 38, 39, 40]. The effects of interference
in periodical systems yield oscillations in their reflectance [29]. As white light
impinges on the NWs, photons can interact with NWs and undergo multi-
ple scattering, yielding interference effects due to relative phase difference
between reflected waves. For both models, continuum M-G theory [29] and
discrete FDTD method [18, 29], the oscillating behavior in the optical spec-
tra of ITI-V NWs assembly is obtained. In fact, Floris et al. [29] used M-G
and FDTD models obtaining for the optical reflectance of InAs NWs array
a large modulation that depends on the polarization, wavelength and inci-
dence angle of the radiation. Therefore, the above simulated results in InAs
NWs array support our simulations in GaAs NWs array with effective theory.

When the cylinder’s radius increases, our simulations for both s- and p-
polarization demonstrate that: (i) the number of oscillations increases and
consequently, the peak-to-peak separation decreases; (ii) the oscillations max-
ima peak are red-shifted and (iii) the reflectance values are higher. A greater
cylinder’s radius implies a bigger area of the scattering centers, which entails
a higher number of oscillations and consequently, smaller distance between
oscillation maxima. We obtain an approximate law for the peak-to-peak dis-
tance as (1.27 - 2.6x107*R - 5.2x107°R?) where R is the cylinder’s radius.
Dhindsa et al. [18] reported for experimental and simulated reflectance by
FDTD method in GaAs NWs array a red—shift for increasing diameter of
the cylindrical NWs, which support our simulations with M-G theory. In
fact, for the red—shift oscillations, we obtain a quadratic dependence of the
simulated reflectance with the radius-size (3.18 - 0.003 R - 8.2x107°R?).
These results are consistent with those previously reported for absorptance
and reflectance in GaAs and InAs NWs [18, 41, 42].

We show in figure 3 (a and b) the reflectance for different cylinder’s
radii, with fixed pitch a = 200 nm and length h = 1000 nm for s- and p-
polarized light when the incident angle is 8 = 30°. The reflectance values
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and the length of NWs is h = 1000 nm. The color’s code is the same for figures (a) and
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polarizations. The color’s code is the same for figures (a) and (b).
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for s-polarization are higher than for those of p-polarization, independently
of the radius investigated. This characteristic reveals that the p-polarization
seems to be a better scheme than the s-polarization for oblique incidence to
reduce reflectance. In addition, the number of oscillations decreases for both
polarizations compared with the case of normal incidence; then, the peak-
to-peak distance increases. We obtain approximate laws for peak-to-peak
distance as (1.44 + 8.0x107°R - 8.5x107°R?) for s-polarization and (1.43 +
0.002 R - 1.1x107*R?) for p-polarization. When the incident angle is higher,
the light detects less scattering centers (GaAs NWs) and consequently, the
number of oscillations is smaller. This phenomenon was previously reported
for other geometrical parameter values of GaAs NWs [24]. For 6 = 30°, we
observe red—shift oscillations. The relationship of the maxima peak position
with R is (3.59 + 5.8 x107*R - 2.1x107*R?) for s-polarization and (3.66 -
0.002 R - 1.52x107*R?) for p-polarization. Therefore, the dependence laws
of peak-to-peak distance and red—shift with the radius are slightly different
for s- and p-polarization at oblique incidence. Although it is not shown here,
the reflectance dependence on radius for higher angles of oblique incidence
follows a similar tendency to that obtained for 8 = 30°. In fact, for increasing
angles, the reflectance values for s-polarization are higher than those of p-
polarization, as reported in other periodical systems [29, 43].

To summarize and in order to emphasize the above laws with the radius
of the NWs, we show in figures 4 (a and b) and 5 (a and b) the dependences
of peak-to-peak distance and red-shift with R for s- and p-polarized light,
respectively.

3.2. Length effect on GaAs NWs reflectance

Other geometrical parameter we analyze is the NW length. Figure 6 (a,
b, ¢ and d) shows the reflectance of s-polarization for cylinder’s lengths of
h = 1000 nm and 2000 nm with four different cylinder’s radius and pitch a
= 200 nm at normal incidence. Surprisingly, our simulations show identical
reflectance values for the two investigated lengths, independently of the radii
values (see figure 6). Some authors demonstrated that the reflectance does
not change with the length of the NWs in the center wavelength region [18].
In fact, Anttu et al. [42] reported that the simulated reflectance of InP NWs
array is constant with the NW length in the interval from 1000 nm to 6000
nm. For R = 15 nm and 25 nm (see figures 6a and 6b), we obtain a feature
peaked at 850 nm, similar to that reported in GaAs NWs for small radii [24],
which is ascribed to GaAs band gap energy. Although it is not shown here,
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for oblique incidence, we obtain again that the NW length does not affect
the reflectance.

3.8. Pitch effect on GaAs NWs reflectance

Some authors [44] showed that when the light wavelength is of the same
order of magnitude as the array’s pitch, the light trapping in the NW is
more efficient. Then, this geometrical parameter is relevant on the reflectance
spectra. Figure 7 (a and b) depicts the reflectance of s-polarization for array’s
pitch of @ = 100 nm, 200 nm and 300 nm with two different cylinder’s
radii. We obtain for the two investigated radii that the reflectance values
are higher when the array pitch is smaller. Also, the number of oscillations
increases for greater pitch. We obtain an approximate law for the peak-to-
peak distance versus pitch a as (4.34 - 0.02 a + 4.04x107%a?) for R = 15
nm. In addition, our simulations also show a red-shift of the maxima peak
position with increasing pitch. We obtain an approximate law as (4.42 - 0.01
a + 1.69x107°a?) for R = 15 nm.

In figure 7, it is shown that the reflectance values for R = 25 nm are
7 times higher than the reflectance values for R = 15 nm. On the other
hand, for both radii and a = 100 nm (see figures 7a and 7b) (D/a = 0.3
and 0.5, where D is the diameter of NW), we obtain a feature peaked at 850
nm, similar to that reported in GaAs NWs for D/a > 0.13 [24]. We show
in figure 8 (a and b) the reflectance for s- and p- polarized light for a =
100 nm, 200 nm and 300 nm with fixed radius R = 25 nm and length h =
1000 nm when the incident angle is 30°. We obtain that the reflectance
values for all pitch investigated are higher for s-polarization and smaller
for p-polarization compared with normal incidence, as we obtained above
for the reflectance dependence on radius for oblique incidence. Also, an
increasing angle of incidence seems to entail a small number of oscillations of
reflectance for all pitch investigated. This phenomenon is consistent with the
reduction of oscillations number for all radii investigated when the incident
angle is higher. In fact, when the incident angle increases, the light detects
less centers of scattering (GaAs NWs) and the number of oscillations in the
reflectance is small, independently of the radius and the pitch. In addition,
the number of oscillations increases for greater pitch, similar to the case
of normal incidence. We obtain an approximate law for the peak-to-peak
distance versus a as (4.18 - 0.02 a + 3.21x107%¢?). Our simulations also
show a red-shift of the maxima peak position with an approximate law of
(4.1 - 0.004 a + 5.7x107%?). Although it is not shown here, we obtain

15
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that the reflectance dependence on the pitch for higher angles of oblique
incidence follows a similar tendency that the case of 8 = 30°. In fact, for
higher incident angles, the reflectance for s-polarized light is higher compared
with the p-polarized light. From the above results, we deduce that the radius
and the pitch are relevant parameters to simulate the reflectance in GaAs
NWs array at normal and oblique incidences. In fact, there are optimal
structural geometrical values, where the GaAs NWs reflectance diminishes.
This reduction of reflectance can entail plausible applications in photovoltaic
solar cells and waveguides. On the other hand, the simulations with effective
medium theory seem to be in good agreement with that reported in the
literature using FDTD method in the range of structural values investigated.

4. Conclusion

We have calculated the geometrical effects on 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 elec-
tion of 9 bilayers is motivated for the good approximation to simulate the
reflectance spectra. An oscillating behavior of the reflectance is found for
both cases, similar to that reported in the literature for other periodical sys-
tems. We found that the cylinder’s radius and the array’s pitch significantly
affect the optical reflectance of NWs array. For higher radius, the number of
oscillations increases and consequently, the peak-to-peak distance decreases.
Besides, there is a red-shift of the reflectance for increasing radius. For
higher pitch, the number of oscillations also increases and a red—shift of the
reflectance is observed. We obtain dependence laws for the peak-to-peak dis-
tance and red—shift versus radius and versus pitch. These dependences obey
approximate quadratic relations. 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 values for p-polarization are 2 times lower than the
reflectance values of s-polarization for § = 30°. Therefore, to obtain smaller
reflectance values, 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-polarizations are equivalent.
The simulations with effective medium theory and transfer matrix method
seem to be in good agreement with that reported in the literature using sim-
ulations with FDTD method in the range of structural values investigated.
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From the above successful results, which combine quantum and effective di-
electric theories, we focus in a future work on the influence of the embedding
medium along with the composition (band gap energy) on the reflectance of
the III-V semiconductors. These features could be relevant in the evaluation
of reflectance and absorption in semiconductor NWs. Finally, we propose
that our numerical results could insight light for later reflectance measure-
ments in semiconductor NWs array confirming the existence of optimal ge-
ometrical parameter values to reduce reflectance. In fact, an estimation of
the oscillations number with radius and pitch is obtained.
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Research Highlights

Highlights:

The structural geometric parameters effects on the reflectance of GaAs nanowires
array are investigated.

The Maxwell-Garnett theory is used to calculate the dielectric function of the GaAs
nanowires arrays.

The transfer matrix formalism is used to analyze the optical reflectance for s- and p-
polarized light.

Among the three parameters considered, nanowire radius and the array pitch are
found to be relevant in determining the reflectance at normal and oblique incidences.
For higher radius and pitch, the number of oscillations of reflectance increase and
peaks red-shift are obtained.
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