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Abstract

We report a novel graded refractive index antireflection coating for 111/V
quadruple solar cells based on bottom-up grown tapered GaP nanowires.
We have calculated the photocurrent density of an InGaP-GaAs-InGaAsP-
InGaAs solar cell with a MgF5/ZnS double layer antireflection coating and
with a graded refractive index coating. The photocurrent density can be
increased by 5.9 % when the solar cell is coated with a graded refractive
index layer with a thickness of 1 ym. We propose to realize such a graded
refractive index layer by growing tapered GaP nanowires on I11/V solar cells.

For a first demonstration of the feasibility of the growth of tapered nanowires
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on III/V solar cells, we have grown tapered GaP nanowires on AllnP/GaAs
substrates. We show experimentally that the reflection from the nanowire
coated substrate is reduced and that the transmission into the substrate is

increased for a broad spectral and angular range.
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1. Introduction

Over the last years the photovoltaic research has brought many solutions
to increase the efficiency of solar cells. While triple junction solar cells with
efficiencies exceeding 40 % have been demonstrated |1, B], research is focus-
ing now on the realization of quadruple solar cells [3]. These solar cells have
expected efficiencies exceeding 50 % ‘B] However, for this type of solar cells,
the standard double layer antireflection coatings are not sufficient for reduc-
ing the reflection over the broad wavelength range that is absorbed by the
multiple junctions H, ] The standard double layer antireflection coatings
typically have a bandwidth lower than one octave, e.g., 400 nm to 700 nm or
800 nm to 1100 nm [6], while quadruple solar cells require an antireflection
coating operating from ~350 nm to ~1700 nm [4]. To approach an optimal
performance and the maximum efficiency that has been theoretically calcu-
lated broad-band antireflection layers are necessary. The spectral range of an
antireflection coating is not the only factor limiting the efficiency of multi-
junction solar cells. As these solar cells will be mainly installed in solar
concentrator systems, the angular response has to be optimized as well.

One way to achieve the desired broadband and omni-directional antire-



flection layers is by employing the so-called moth-eye concept H] In this
concept, nanostructures forming an effective medium result in a gradual in-
crease of the refractive index from that of air (n = 1) to that of the solar cell
medium (n ~ 3.3). Recently, different graded refractive index layers have
been demonstrated |. These subwavelength structures can be achieved
in different ways, e.g., by etching nanostructures into the surface |9, |, or
by oblique-angle deposition [§], or by chemical deposition of nanostructures
E, 11]. When the nanostructures are fabricated by etching, the material
of the nanostructures is typically the same forming the active layer of the
solar cell. Deposition of nanostructures offers a wider range of materials
for the nanostructures, thus higher flexibility in the design of antireflection
coatingsﬂg, , ]

It has been recently demonstrated that graded refractive index layers
can be fabricated by bottom-up grown tapered GaP nanowires or layers of
nanowires with a broad distribution of nanowire lengths ] The nanowires
were grown on a GaP substrate, and an increased transmission through the
GaP substrate with respect to a bare GaP substrate was demonstrated.
The bottom-up growth method used for fabricating nanowires allows hetero-
epitaxial growth of a passive antireflection layer on top of the active layer of
the solar cell. Having a passive antireflection layer is advantageous because
of the following reasons: Surface carrier recombination can be dominant in
active nanostructured materials due to their large surface. This effect is
not relevant in the case of passive nanostructures, such as the proposed an-
tireflection nanowire layers, since light is not absorbed in these structures.

Carriers are only generated in the active multi-junction solar cell, beneath



the nanowire coating, where they can be separated and extracted.

In this manuscript, we calculate the photocurrent densities of I11/V quadru-
ple solar cells covered with different antireflection coatings. These calcula-
tions reveal that a graded refractive index layer increases the photocurrent
density of the solar cell with respect to a solar cell coated with a standard
MgFs/ZnS double layer antireflection coating. We propose to realize such
graded refractive index layers with tapered GaP nanowires and demonstrate
the growth of tapered GaP nanowires on a layer of AlInP that is lattice
matched to GaAs. We use GaP nanowires because of the large refractive in-
dex of GaP (n ~~ 3.3) and its high electronic bandgap energy (Agap = 549 nm).
AlInP is used as substrate for the nanowire growth because it is considered
the most suitable material to form the upper window layer in a quadruple
II1/V solar cell structure [12]. Furthermore, we have measured the reflectance
and transmittance of an AllnP/GaAs substrate coated with nanowires and
without nanowires. We find that the layer of tapered nanowires reduces the
total reflectance from the AlInP/GaAs substrate for a broad range of wave-
lengths and concomitantly increases the omni-directional transmission into
and absorption in the AllnP/GaAs substrate. These measurements consti-
tute a proof-of-principle as they are the first experimental verification that
tapered GaP nanowires could be used as an antireflection layer for III/V

solar cells.

2. Anti-reflection Layers

To show that the efficiency of a III/V quadruple solar cell can be in-

creased by adding a graded refractive index layer, we have calculated the



reflection from and transmission through an AlInP window layer coated with
different anti-reflection layers. For these calculations the III/V solar cell was
considered to consist of InGaP, GaAs, InGaAsP, and InGaAs with electronic
bandgaps that correspond to cut-off wavelengths of respectively 649 nm,
873 nm, 1215 nm, and 1770 nm. The calculations are performed using the
transfer-matrix method [17]. The refractive index of AlInP varies from 3.06 -
2.14i at 350 nm to 2.77 at 1700 nm, and the refractive index of GaAs from
3.28 - 2.06i at 350 nm to 3.36 — 5.32 - 1075 at 1700 nm. These values have
been determined from ellipsometry measurements of the materials used in
the experiments shown in the next section. The refractive indices of ZnS and
MgFs vary between 2.8 - 0.13i and 2.27, and 1.38 and 1.37, respectively for
wavelengths between 350 nm and 1700 nm. Figure [Ilshows the calculated re-
flectance from an AlInP layer with a thickness of 30 nm coated with different
anti-reflection layers in (a) linear and (b) logarithmic scale. The black solid
curves in Figures [Ih and b show the calculated reflectance of the bare AlInP
layer without antireflection coating. The reflectance from an AllnP layer
coated with a MgF5/ZnS double layer antireflection coating with thicknesses
of 8 nm (ZnS) and 105 nm (MgF,) is displayed by the red long-dashed
curves in Figures [Ih and b. The calculated reflectance from that coating is
lower than 10 % for wavelengths between 450 nm and 1730 nm. While this
anti-reflection coating reduces the reflection for a rather broad wavelength
range, the bandwidth is not optimal for reducing the reflectance over the
wavelength range in which I1I/V multi-junction solar cells absorb light.

To show that the bandwidth of low reflectance can be increased by a

graded refractive index layer, we have calculated the reflectance from a 30 nm



thin AlInP layer that is coated with three different lossless graded refractive
index layers. A schematic of the layout used in the calculations is given in the
inset of Figure[Th, in which a change in color represents a change in refractive
index. The refractive index of these layers is parabolically increasing from 1.0
to 3.3, and the thicknesses of the layers are 250 nm, 500 nm, and 1000 nm,
respectively. In the transfer-matrix calculation, the anti-reflection layer is
implemented by considering sublayers with a thickness of 10 nm and the re-
fractive index is increased parabolically from one layer to the next. These
calculations are displayed in Figures [Ih and b by the olive-short-dashed, the
blue dash-dotted, and the magenta dashed-dot-dotted curves, respectively.
While the graded refractive index layer with a thickness of 250 nm does not
decrease the reflectance significantly for wavelengths longer than 850 nm, the
reflectance of the graded refractive index layers with a thickness of 500 nm
and 1000 nm are around 1 % or lower for a broad wavelength range. The
reflection is the lowest, when a 1000 nm thick graded refractive index antire-
flection coating is applied to the multi-junction solar cell. In this coating, the
gradient of the refractive index between adjacent sublayers is the smallest.
Corresponding to the reflectance calculations, we have performed calcula-
tions of the transmittance through a 30 nm thin AlInP layer coated with the
same anti-reflection layers as above. The calculated transmittance is shown
in Figures [Ic and d in linear and logarithmic scale, respectively. From the
calculated transmittance, we have determined the solar spectrum weighted

transmittance SSWT of the different layers by

SSWT =




where F'(A) and T'()\) are the photon flux (AM1.5G, 1000 W/m?) and
the calculated transmittance, respectively. The integration is performed in
the wavelength range from 300 nm to 1760 nm. The solar weighted trans-
mittances of the 5 different samples are 69.2 % for a bare solar cell, 86.3 %
for the MgF,/ZnS antireflection coating, 89 % for the 250 nm thick graded
refractive index layer, 91.5 % for the 500 nm thick graded refractive index
layer, and 91.7 % for the 1 ym thick graded refractive index layer. Therefore,
the solar weighted transmittance can be increased by 6.3 % when the 1 um
thick graded refractive index layer is used as an antireflection layer instead
of the double layer MgFs/ZnS coating.

According to the calculations of reflectance from and transmittance through
the AlInP layer, we have determined the reflectance from and transmittance
through each individual layer of a III/V multi-junction solar cell. We have
modeled the optical multilayer structure using the transfer-matrix method

. With this method, we have calculated the reflectance and transmit-
tance at each interface. From these transmittances and reflectances, we have
determined the absorption in each sublayer. Multiplying the absorption in
each subcell by the photon flux results in the amount of photons absorbed in
each subcell. The internal quantum efficiency (IQE) of each sub cell is set to
unity, meaning that every photon absorbed in one of the layers contributes
to the photocurrent density of the cell. With this IQE the electron-hole pair
generation is calculated, resulting in a sub-cell specific photocurrent. This
method allows to calculate an unlimited amount of optical layers but it is
limited by the difficulties in predicting the reflections between sub-cells. The

model has been verified by comparing the calculated reflection of a single



junction solar cell coated with different antireflection layers to the measured
reflection [18]. The photocurrent densities in each subcell and the result-
ing photocurrent density of the quadruple solar cell are given in Table [ for
a solar cell coated with a perfect antireflection coating, without antireflec-
tion coating, with a MgF,/ZnS double-layer antireflection coating, and with
graded refractive index layers with parabolically increasing refractive index
from 1.0 to 3.3 over a thickness of 250 nm, 500 nm, and 1000 nm. The first
column in Table [I] shows the maximum photocurrent densities and the max-
imum efficiency of the solar cell if a perfect anti-reflection layer is used, i.e.,
all incident light within the absorption band of the solar cell is transmitted
into and absorbed in the solar cell. The maximum photocurrent density that
can be achieved when all incident light is absorbed is 13.36 mA /cm?. When
applying a graded refractive index layer with a thickness of 1000 nm and
a parabolically increasing refractive index from 1 to 3.3 to the solar cell, a

photocurrent density of 13.28 mA /cm?

can be achieved. This photocurrent
density is limited by the bottom cell. The calculated photocurrent density in
the solar cell coated with the MgF,/ZnS double layer antireflection coating
is 12.54 mA /cm? and is in all subcells lower than the photocurrent density
in the solar cell coated with the thickest graded refractive index layer. The
photocurrent density in the solar cell coated with this graded refractive index

layer is increased by 5.9 % with respect to that of the cell with the double

layer antireflection coating.



3. Tapered GaP Nanowires

To investigate the feasibility of nanowire graded refractive index layers
on top of multijunction solar cells, we have grown layers of tapered GaP
nanowires on top of AllnP using the vapor-liquid-solid (VLS) growth mech-
anism [19] by metal-organic vapor phase epitaxy (MOVPE). AlInP is com-
monly used as upper window layer in I11/V solar cells ] For matching the
growth conditions to that of a real solar cell device, we have grown 30 nm of
AlInP on top of a polished (100) n™*-doped GaAs wafer. This AllnP layer
has been protected by a 300 nm thick GaAs layer. Before nanowire growth,
we have removed this GaAs layer by etching the substrate in 28% NH,OH :
Hy05 : H,O (1: 1: 100). Immediately after this etching step, gold with an
equivalent layer thickness of 0.3 nm has been evaporated and the gold coated
substrate has been placed in the MOVPE reactor. The GaP nanowires are
grown for 180 seconds at a temperature of 570 °C using trimethyl-gallium
(TMG) and phosphine (PHj) as precursors. A top-view scanning electron
micrograph of the GaP nanowires grown on AllnP is shown in Figure Bh.
The nanowires are grown epitaxially with preferential growth in the <111>
direction, however, some nanowires also grow normal to the substrate. From
the cross-sectional scanning electron micrograph in Figure 2b, the thickness
of the nanowire layer can be determined to be 600 + 100 nm. The variation
of the layer thickness can be attributed to nanowires growing into different
crystallographic directions with different growth rates.

To determine the effect of the tapered nanowires on the reflection and
transmission, we have measured the total reflectance and the diffuse re-

flectance from the AlInP/GaAs substrate and the AllnP/GaAs substrate



coated with tapered nanowires. We have measured the total reflectance from
both samples using a Lambda 950 spectrometer (PerkinElmer) consisting of
a tungsten-halogen and a deuterium lamp, an integrating sphere, and a pho-
tomultiplier tube. For the reflectance measurements, the samples have been
mounted at the backside of the integrating sphere. The angle of incidence
was 8°, allowing the measurement of the total and diffusely reflected light.
The diffusely reflected light is measured by making a small opening in the
integrating sphere in such a way that the specularly reflected light escapes
from the sphere. The reflection measurements on the samples are normalized
by the reflection of a white-standard to obtain the absolute reflectance of the
array. From the total reflectance, R, and the diffuse reflectance, Rgi, the
specular reflectance, Rgpec, can be determined by Rgpec = R — Rair. FigureBh
displays the measured total reflectance (black squares), diffuse reflectance
(red circles), and the resulting specular reflectance (blue triangles) from the
AlInP /GaAs substrate. The total and specular reflectance is similar (28 %)
at wavelengths below the electronic bandgap of GaAs (865 nm), and the dif-
fuse reflectance is negligible. This low diffuse reflectance is expected for a flat
layer. For wavelengths longer than 865 nm, the reflectance increases to 36 %,
as the reflectance of the backside of the substrate is contributing to the mea-
surement. At these wavelengths, the diffuse reflectance is slightly increased,
indicating that the backside of the sample is rougher than the front side.
From these two measurements, we can understand the contribution to the
reflection of the substrate backside and the AlInP front side of the sample.
The black solid curve in Figure 3a shows a calculation of the specular reflec-

tion of an AllnP/GaAs layer for comparison done with the transfer matrix

10



method. For this calculation, we have slightly varied the refractive indices of
AlInP and GaAs for fitting the measurements. The resulting refractive index
of AlInP varies from n = 3.82 — 0.247 at 400 nm to 3.04 at 2000 nm, the re-
fractive index of GaAs varies from n = 3.86 —2.27i at 400 nm to 3.15—10"%
at 2000 nm. These refractive indices are the only fitting parameters in the
determination of the reflection.

In a next step, we have measured the total and diffuse reflectance from
the AllnP/GaAs substrate coated with tapered nanowires. These measure-
ments are displayed in Figure Bb. The total reflectance (black squares) is
strongly reduced compared to the measurement of the AlInP/GaAs sub-
strate. While the total reflectance is lower than 10 % at wavelengths below
873 nm, the total reflectance increases for wavelengths above the electronic
bandgap of GaAs as in the case of the bare AllnP/GaAs substrate. This
increased total reflectance can be attributed to the reflectance of the back-
side of the substrate. The diffuse reflectance (red circles) is dominating the
total reflectance for wavelengths shorter than 873 nm. The increasing diffuse
reflectance with decreasing wavelength is expected and due to scattering of
light from the thick bottom part of the nanowires [20]. For wavelengths longer
than 865 nm, the diffuse reflectance is similar to that of the AllnP/GaAs sub-
strate, indicating that scattering of light from the nanowires is negligible at
these wavelengths.

Although these first measurements demonstrate that the reflectance of
the AlInP/GaAs substrate coated with tapered nanowires is significantly re-
duced with respect to the bare AllnP/GaAs substrate, the reflectance of the

nanowire sample needs to be further decreased for a perfect anti-reflection
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coating. Therefore, a smaller gradient of the refractive index has to be real-
ized. Further, the bottom diameter of the nanowires has to be decreased to
reduce the diffuse reflection at short wavelengths and the density of nanowires
has to be increased to achieve a high index of refraction at the interface with
the AlInP. The dashed curve in Figure 3b shows a fit to the measurements
using the transfer matrix method. The spatial dependence of the refractive
index was used as a fitting parameter, obtaining a parabolic increase from
1.1 at the air-nanowire interface to 1.4 at the nanowire-substrate interface.
While the fit describes the measurement quantitatively at wavelengths longer
than 870 nm, it is limited at visible wavelengths due to the scattering of light
by the nanowires. We consider the layer homogeneous for the fit, neglecting
this scattering in the calculation. Due to the scattering, the Fabry-Pérot
oscillations that are visible in the calculation are not present in the measure-
ments. Further, the fit overestimates the reflectance as light is preferentially
scattered into the substrate with a high refractive index ]

To determine the enhancement of the coupling of light into the AllnP /GaAs
substrate by the tapered nanowires, we have measured the total transmit-
tance through the AllnP/GaAs substrate (solid squares in Figure Bk) and
through the AllnP/GaAs substrate coated with tapered nanowires (open
squares). The solid and dashed curves in Figure 3c show the calculated
transmittance through the AllnP/GaAs substrate and the nanowire sample,
respectively. For wavelengths below 873 nm, the transmission is negligible in
both measurements, as the light gets absorbed in the 360 pm thick GaAs sub-
strate. For wavelengths above the electronic bandgap of GaAs (865 nm), the

transmittance through the bare AllnP/GaAs substrate increases strongly,
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reaching 43 % for wavelengths longer than 950 nm. The transmittance
through the AllnP/GaAs substrate coated with tapered nanowires is 47 %.
This transmittance in both measurements is influenced by residual free-
carrier absorption for wavelengths above the electronic bandgap of GaAs,
which also causes the rather low increase of the transmittance through the
AllnP/GaAs substrate coated with nanowires with respect to the bare Al-
InP/GaAs substrate. This residual absorptance A can be determined by
A = 100% — R — T, with R and T being the total reflectance and trans-
mittance, respectively. The absorptance in the AllnP/GaAs substrate and
in the AlInP/GaAs substrate coated with tapered nanowires is displayed in
Figure Bd. The absorption in the nanowire coated sample (open squares)
is increased with respect to the uncoated substrate (solid squares) for all
wavelengths. For the wavelength range below 873 nm, the fact that less
light is reflected is the main cause for the enhanced absorption (absorptance
higher than 90%) in the sample coated with nanowires. For the wavelength
range above 873 nm, the increased absorption might be attributed to diffusely
transmitted light due to the nanowires. The diffusely transmitted light trav-
els through the GaAs with a longer optical path length, resulting in a higher
absorption probability due to free-carrier absorption. The solid and dashed
curves in Figure Bd show the calculated absorptance of the AllnP/GaAs
substrate and the nanowire sample, respectively, using the transfer matrix
method. According to the calculation of the reflectance of the nanowire sam-
ple, the calculated absorptance in the nanowire sample is underestimated.
The inset in Figure Bd shows a photograph of the AllnP/GaAs substrate

coated with nanowires (sample on the left) and without nanowires (sample
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on the right). The bare substrate is shiny silverish, as expected from GaAs.
The sample coated with nanowires is black, demonstrating the high absorp-
tion in the sample.

Analog to the calculations performed for determining the photocurrent of
the solar cells displayed in Table [I, we have calculated the photocurrent of a
solar cell coated with an antireflection layer that is gradually increased from
1.1 to 1.4 over a thickness of 600 nm, resembling our measurements. A solar
cell coated with such an antireflection layer would have a total current of
10.98 mA /em?. This total current is increased by 1.5 mA /cm? compared to
a bare cell. However, the calculation only represents a lower limit of the in-
crease in photocurrent, as the absorptance in the solar cell obtained from the
calculation is underestimated with respect to the expected absorption from
the experiments. We note that while the estimated photocurrent is lower
than the photocurrent of a solar cell coated with a double-layer antireflec-
tion coating, the graded refractive index layer can be significantly improved
by growing a nanowire layer with a higher material filling fraction at the
bottom.

Because the tapered nanowires are grown preferentially into the < 111 >B
direction, we could expect that the transmittance through the sample is
anisotropic, i.e., the transmittance depends on the azimuthal angle of the
sample. To determine this anisotropy, we have measured the zero-order
transmission through the AllnP/GaAs substrate coated with the tapered
nanowires for different azimuthal angles. Figure[d displays the transmittance
measured at 1100 nm as a function of azimuthal angle. The rather constant

transmittance with respect to this angle indicates that the preferential growth
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along the < 111 >B direction does not give rise to an anisotropic response.
The transmittance varies between 43.7 % and 46.6 %. These values are
slightly lower than the total transmission, indicating that a small fraction
of the intensity is diffusely scattered. Importantly, the specular transmit-
tance is for all azimuthal angles higher than that measured through the bare
AlInP /GaAs substrate, which is 38.8 % at 1100 nm.

As multi-junction solar cells are usually installed in concentrator systems,
the desired anti-reflection coating should omnidirectionally reduce the reflec-
tion and increase the transmission into the solar cell. To determine the omni-
directionality of the response of the antireflection layer, we have measured the
angle dependent zero-order transmission through the AllnP/GaAs substrate
coated with tapered nanowires and normalized it to the transmission through
the AllnP/GaAs substrate for unpolarized light. This measurement is dis-
played in Figure [l For all wavelengths and angles up to 60°, the normalized
transmission is above unity, meaning that for all wavelengths and angles, the
transmission into the AlInP/GaAs layer is increased by the presence of the
nanowire layer. The insets in Figure [Bl show cuts to the measurement at a
wavelength of 1400 nm as a function of angle of incidence, and at an angle
of incidence of 30° as a function of wavelength. These cuts show that overall
the transmission is enlarged by around 20 % and it further increased to 25 %
for angles of incidence larger than 50°. In a Fresnel lens based concentrator
system the light is typically incident over angles from 0° to 30°, however,
higher angles of incidence would allow thinner concentrator modules.

To determine if the nanowire layer is robust to the high irradiance level

in concentrator systems, we have illuminated the sample with 125 suns
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(AM1.5G) for 4 hours. During the illumination, the sample was mounted
on a Cu base for temperature control and the temperature of the sample was
kept at 50 °C. We have measured the reflection before and after illumination
on 5 different positions of the sample, and found that there is no significant
difference between the measurements. From the reflection measurements be-
fore and after illumination with 125 suns, we can conclude that the nanowire

layer is stable under concentrated sunlight.

4. Conclusions

In conclusion, we have presented calculations demonstrating that the pho-
tocurrent density of a I1I/V quadruple solar cell can be increased when apply-
ing a graded refractive index coating to the solar cell instead of the standard
MgF5/ZnS double layer antireflection coating. For demonstrating the feasi-
bility of graded refractive index layers on solar cells, we have grown layers of
tapered GaP nanowires on AllnP/GaAs substrates and we have investigated
the transmission and reflection properties of these layers. We have shown
that the reflection from AllnP/GaAs substrates can be reduced by coating
the substrate with a graded refractive index layer. Our experiments reveal
that the total reflection is indeed reduced over a broad spectral range when
applying tapered GaP nanowires on top of an AllnP/GaAs substrate and
that the transmission into the substrate is increased for a wide spectral and
angular range. These results render tapered nanowires a promising candidate

for increasing the efficiency of 111/V multi-junction solar cells.
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Table 1: Calculated photocurrent densities of a IIT/V quadruple junction solar cell coated
with a perfect antireflection layer (AM 1.5G), a bare cell without antireflection layer, a
MgF2/ZnS double layer antireflection coating with thicknesses of 89 nm (ZnS) and 105 nm
(MgF2) (AR layer), and different graded refractive index (GI) anti-reflection layers that

have a parabolically increasing refractive index from 1.0 to 3.3 over the given thickness.

AM1.5GBare AR 250 500 1000
cell layer  nm nm nm
GI GI GI

layer  layer layer

Top cell current [mA /cm?] 16.71 10.83 1254 13.81 13.8  13.82
Second cell current [mA/cm?| 154 1145 144  14.88 15.09 15.08
Third cell current [mA/cm?]  14.98  10.86 14.72 14.16 14.9  14.94
Bottom cell current [mA/em?] 13.36  9.57 1254 11.91 13.13 13.28
Resulting current [mA /cm?] 13.36  9.57 1254 1191 13.13 13.28
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Figure 1: a) and b) Calculation of the reflectance from and c) and d) transmittance

through a 30 nm thin AlInP layer coated with different anti-reflection layers in linear scale

(a,c) and logarithmic scale (b,d). The black solid curves correspond to the reflectance and

transmittance of a bare AlInP layer on top of GaAs substrate. The AlInP layer is coated

with a MgF /ZnS anti-reflection layer with thicknesses of 89 nm (ZnS) and 105 nm (MgF5)

(red dashed curves), a parabolically increasing refractive index layer from 1.0 to 3.3 with

a thickness of 250 nm (olive short-dashed curves), 500 nm (blue dash-dotted curves), and

1 pm (magenta dash-dot-dotted curves). The inset in a) displays a schematic of the layout

of the calculations in which a change in color represents a change in refractive index. The

inset in ¢) shows the same calculations as in ¢) but in a narrower wavelength range.
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Figure 2: a) Top-view and b) cross-sectional scanning electron micrographs of GaP

nanowires grown on AllnP.
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Figure 3: a) Measured reflectance from the AllnP/GaAs substrate and b) measured re-
flectance from the AllnP/GaAs substrate coated with tapered nanowires. In both graphs
the total reflectance (black squares), specular reflectance (blue triangles), and diffuse re-
flectance (red circles) are displayed. c¢) Measured total transmittance through and d)
measured absorptance in the AlInP/GaAs substrate (solid squares) and the AlInP/GaAs
substrate coated with tapered nanowires (open squares). The solid curves correspond to
the calculated reflectance, transmittance, and absorptance of the reference sample, and
the dashed curves to the calculations of the nanowire sample. The inset in d) shows a

photograph of the AllnP/GaAs substrate coated with nanowires and without nanowires.
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Figure 4: Measured transmittance through the AlInP/GaAs substrate coated with tapered

nanowires as a function of azimuthal angle at a wavelength of 1100 nm.
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Figure 5: Measured transmission through the AlInP/GaAs substrate coated with
nanowires normalized to the transmission through an AlInP/GaAs substrate as a function
of angle of incidence and wavelength. The top inset shows a cut to the measurement at

1400 nm and the right inset shows a cut at an angle of incidence of 30°.
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