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dvances in nanostructuring techniques have resulted in an increased
interest of enhancing absorption in
photovoltaic cells by means of nanostructures.1-15 Increasing absorption is of great
importance to improve the performance
and reduce the cost of photovoltaic cells,
as it allows for the reduction of the active
material while maintaining eﬃciency, at
least from the optical point of view. In the
race toward the realization of the perfect
absorber, semiconductor nanowires are
promising building blocks.16 Semiconductor nanowires have demonstrated their potential for next generation solar cells.1-4,9,14
Bottom-up growth techniques allow for the
fabrication of nanowires heteroepitaxially
and the control of the doping composition
and concentration radially and axially.17-19
Photosensitive devices based on single nanowires and ensembles of nanowires have
been demonstrated recently.1-5 Ensembles
of nanowires are studied in relation to
photovoltaics using diﬀerent approaches.
On the one hand, dense ensembles of
nanowires forming graded refractive index
layers can be used as an anti-reﬂecting layer
to couple light very eﬃciently into high
index semiconductors.6-8 On the other
hand, the strong interaction of nanowires
with light can be utilized to enhance the
absorption in the nanowire layer. Random
ensembles of vertically aligned nanowires
have been demonstrated as eﬃcient absorber material due to a reduction of specular
reﬂectance at the interface and an increase
of the optical path length in the nanowire
layer by multiple scattering.11 Solar cells
based on random ensembles of non-epitaxially grown Si nanowires have been
DIEDENHOFEN ET AL.

ABSTRACT We demonstrate experimentally that arrays of base-tapered InP nanowires on top of

an InP substrate form a broad band and omnidirectional absorbing medium. These characteristics
are due to the speciﬁc geometry of the nanowires. Almost perfect absorption of light (higher than
97%) occurs in the system. We describe the strong optical absorption by ﬁnite-diﬀerence timedomain simulations and present the ﬁrst study of the inﬂuence of the geometry of the nanowires on
the enhancement of the optical absorption by arrays. Cylindrical nanowires present the highest
absorption normalized to the volume fraction of the semiconductor. The absolute absorption in
layers of conical nanowires is higher than that in cylindrical nanowires but requires a larger volume
fraction of semiconducting material. Base-tapered nanowires, with a cylindrical top and a conical
base, represent an intermediate geometry. These results set the basis for an optimized optical design
of nanowire solar cells.
KEYWORDS: semiconductor nanowires . light management . optical absorption .
anti-reﬂection . photovoltaics

reported with a peak external quantum
eﬃciency of 12%.4 Several theoretical works
have addressed the dependence of the
absorption in arrays of semiconductor nanowires on the diameter of the nanowires or
on the pitch of the array.20-24 Ordered
arrays of dual-diameter nanopillars12 and
crystalline core/amorphous shell nanoneedle arrays13 have been presented for
increasing absorption in Ge. However, in
most works, the absorption has been overestimated because of experimental limitations in the detection of the diﬀusely
reﬂected light.12,13,15 In the view of these
previous results, the geometry of the nanowires inﬂuences the absorption of light in
arrays of these nanostructures.16
In this article, we investigate theoretically
the light absorption in arrays of three different nanowire geometries, namely, cylindrical nanowires, conical nanowires, and a
combination of the previous structures in
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the form of nanowires with a cylindrical top and a
tapered base. In the following, we will call the former
geometry base-tapered nanowire. We ﬁnd that the
absorption is the highest in layers of conical nanowires,
while the absorption relative to the volume fraction of
the semiconductor is the highest in layers of cylindrical
nanowires. Due to the broader base in conical nanowires, the amount of semiconductor is larger for this
geometry. These ﬁndings indicate that, when the
amount of material needs to be reduced, cylindrical
wires perform best; however, if high absorption is
required, independent of the material volume fraction,
conical nanowires give the best result.
We have also investigated experimentally the absorption in the intermediate geometry, that is, basetapered nanowires, by measuring the diﬀuse and
specular reﬂection of InP base-tapered nanowire arrays
on top of an InP substrate. Our results indicate a broad
band and omnidirectional enhanced optical absorption in these arrays, with an absorption higher than
97.5% in the combined system of nanowires and
substrate for wavelengths in the range of 400-850
nm. The absorption in the nanowire layer alone is on
the order of 80%, while the additional absorption takes
place in the substrate. These results demonstrate that it
is possible to unify the strong light-nanowire interaction and the anti-reﬂection concepts by designing a
layer of nanowires with a tapered base. Broad band
and omnidirectional enhanced absorption are two of
the required characteristics for improving the eﬃciency of solar cells.
RESULTS AND DISCUSSION
We have grown large-area arrays of InP nanowires
on (111)B InP substrates using the vapor-liquid-solid
(VLS) growth mechanism by metal-organic vapor
phase epitaxy (MOVPE).25 Details on the growth are
given in the Methods and in ref 26. We have chosen to
work with InP nanowires, as the electronic band gap
energy of 1.344 eV (λg = 922 nm) allows for absorption
in the visible and near-infrared, where the solar irradiance is high. InP is a direct band gap semiconductor
with strong optical absorption in thin layers, which is
commonly used in photovoltaic cells.27 Figure 1 displays scanning electron micrographs (SEM) of arrays of
InP nanowires. The top-view image (Figure 1a) shows
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Figure 1. Scanning electron micrographs of arrays of InP
nanowires. (a) Top-view, (b) tilted-view taken under an
angle of 30 with respect to the nanowire elongation.

Figure 2. (a) Measured total reﬂectance (black squares),
nonspecular reﬂectance (red circles), and specular reﬂectance (blue triangles) of the InP nanowire sample as a
function of wavelength for an angle of incidence of 8. The
solid curve shows the measured total reﬂectance of bulk
InP. (b) Measured absorbance in the InP nanowire sample.
The inset in (b) shows a photograph of the nanowire sample.
The region covered with nanowires is black, indicating high
absorption. No nanowires are grown on the side of the
sample, and the shiny InP substrate is visible.

that the nanowires are grown in a square lattice with a
pitch of 513 nm. The hexagonal shape of the nanowires
indicates the crystallographic structure of the nanowires.
The crystallographic lattice is further studied by highresolution transmission electron micrographs (see Supporting Information, Figure S1), revealing that this lattice
is wurtzite. From the tilted-view SEM images (Figure 1b),
the geometrical structure of the nanowires can be deduced. Due to epitaxial and preferred nanowire growth in
the Æ111æ direction,28 the nanowires are vertically aligned.
The total length of the nanowires is 3 μm with a straight
top part with a length of ∼2 μm and a diameter of 90 ( 5
nm, and a tapered lower part with a length of ∼1 μm. The
diameter of the nanowires at the bottom is 270 ( 20 nm.
The tapering of the nanowires results in an increase of InP
ﬁlling fraction from around 2.3% at the top to 21% at the
bottom. The tapering of the bottom section of the
nanowires occurs intrinsically during the growth of the
nanowires. We attribute this tapering to a short surface
diﬀusion length of the precursors, which is induced by a
high-temperature annealing step before the growth of
the wires. By counting the missing wires in a lowmagniﬁcation SEM image (Supporting Information, Figure S2a), the defect rate of the array can be estimated to
be as low as 2.3%.
For determining the total absorbance in the InP, we
have measured the angle-integrated or total reﬂectance of the nanowire layer for wavelengths between
400 and 850 nm and an angle of incidence of 8. The
experimental details are given in the Methods. The
measurements (Figure 2a, black squares) show an
overall reduction of the total reﬂectance with respect
to a bulk InP substrate (black curve in Figure 2a). While
the bulk InP substrate reﬂects more than 30% of the
incident light, the reﬂectance of the base-tapered
nanowire layer is lower than 2.5% over a broad wavelength range with a minimum of 1.25% at a wavelength of 580 nm. Additionally, we have measured the
nonspecular reﬂectance of the nanowire array (red
circles in Figure 2a). The diﬀerence of the total and
VOL. 5

’

NO. 3

’

2316–2323

’

2317

2011
www.acsnano.org

DIEDENHOFEN ET AL.

ARTICLE

the nonspecular reﬂectance measurement provides
the zero-order or the specular reﬂectance (blue triangles in Figure 2a). The specular reﬂectance achieves
values as low as 0.05% at a wavelength around 510 nm.
The nonspecular reﬂectance for the wavelength range
between 400 and 600 nm can be attributed to diﬀraction of the incident light into higher reﬂection orders
due to the regular nanowire pattern and to diﬀuse
reﬂection due to defects in the array.
Because InP absorbs in the measured wavelength
range, and as the InP nanowires are grown on top of a
300 μm thick InP substrate, we can assume a negligible
transmission through the sample. Using this assumption, we can determine the total absorbance (TA) of the
sample, that is, nanowire layer and substrate, by
TA(%) = 100% - TR (%), with TR the measured total
reﬂectance. The total absorbance is displayed in
Figure 2b, and it is higher than 97.5% for all wavelengths
with a maximum of 98.7% at 580 nm. The inset in
Figure 2b shows a photograph of the base-tapered InP
nanowire sample. The region covered with nanowires is
indeed black as a result of the large absorption. The
shiny, high reﬂecting InP substrate is visible at the edge,
where no nanowires are grown. Note that if the absorption would have been determined from the specular
reﬂectance measurements, it would have been overestimated to a maximum of 99.95% at 510 nm.
To study the low reﬂection of nanowire arrays in more
detail for a wide range of angles, we have measured the
angle-resolved specular reﬂectance for angles of incidence from 6 to 60. While we focus here on the
s-polarized reﬂectance, that is, polarization along the ydirection as deﬁned in Figure 1, we have measured for
p-polarized incident light a comparable ultralow specular
reﬂectance. Figure 3a shows the measured specular
reﬂectance as a function of wavelength at an angle of
incidence of 8. The measured specular reﬂectance is very
low for all wavelengths, and Fabry-Perot oscillations are
visible due to the ﬁnite thickness of the nanowire layer.
Surprisingly, the reﬂectance is also very low in the
wavelength range between 900 and 1000 nm. Considering that the energy of photons in this wavelength range
is lower than the electronic band gap of InP, the low
reﬂection cannot be attributed to absorption but to an
increased transmission into the substrate. In the following, we describe the measurements using transfer-matrix
calculations.
We have performed transfer-matrix calculations29 of
a 4-layer system consisting of air, the straight part of
the nanowires, the tapered part of the nanowires with
a graded refractive index, and the InP substrate. These
calculations, which are used to ﬁt the Fabry-Perot
oscillations in the specular reﬂectance spectra, assume
that the nanowire layer is a homogeneous medium in
which the incident light is refracted due to the layer's
eﬀective refractive index and its intensity is reduced
due to absorption and scattering. For modeling, the

Figure 3. (a) Measurement of the specular reﬂectance
(black squares) and calculation using a transfer-matrix
method (black solid curve) at an angle of incidence of 8.
(b) Eﬀective refractive index and (c) extinction length of the
straight part of the InP nanowire layer obtained from ﬁts of
the transfer-matrix method to the measurements. The real
part of the refractive index is close to unity in the whole
spectral range. The extinction length increases with wavelength due to the reduction of the absorption and scattering by the InP nanowires. The insets in (b) and (c) show the
eﬀective refractive index and the eﬀective extinction length
as a function of nanowire layer thickness at 600 nm.

tapered part of the nanowire layer, this part was
divided into sublayers with a thickness of 20 nm and
a gradually increasing eﬀective refractive index and
eﬀective extinction coeﬃcient.6 The refractive indices
of the straight and tapered part of the nanowires are
obtained by ﬁtting the period of the Fabry-P
erot
oscillations, while the extinction coeﬃcients of the
straight and tapered part, characterizing the absorption and scattering, are obtained from the intensity of
the reﬂectance. Figure 3a shows the measured specular reﬂectance (symbols) for an angle of incidence of
8 together with the calculated specular reﬂectance
(curve) using the transfer-matrix method. The eﬀective
refractive index of the straight part of the nanowires
layer and the extinction length, deﬁned as λ/(4πkeﬀ),
where keﬀ is the extinction coeﬃcient, are displayed in
Figure 3b,c, respectively. The eﬀective refractive index
is lower than 1.04 over the measured wavelength
range, resulting in nearly perfect optical matching at
the interface of the nanowire layer with air and very
eﬃcient coupling of light into the nanowire layer. The
inset in Figure 3b displays the refractive index as a
function of nanowire layer thickness at a wavelength of
600 nm. The refractive index is increasing parabolically
along the tapered part of the nanowire layer due to a
parabolically increasing InP ﬁlling fraction in the layer.
The eﬀective extinction length (Figure 3c) increases with
wavelength because of a decrease of the absorption and
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scattering of the InP nanowires. The inset in Figure 3c
displays the eﬀective extinction length at a wavelength of
600 nm as a function of nanowire layer thickness. The
eﬀective extinction length is decreasing in the tapered
part of the nanowire layer, as absorption is increasing due
to an increasing InP ﬁlling fraction. For wavelengths
longer than 800 nm, the transfer-matrix method fails in
describing the measurement and the low specular reﬂectance for wavelengths between 900 and 1000 nm is
not reproduced in the calculation. The disagreement at
long wavelengths between the measurement and the
transfer-matrix calculation is, as we will show later, due to
the coupling of the incident light into guided modes
supported by the tapered part of the nanowires. This
coupling cannot be taken into account by the eﬀective
medium used in the transfer-matrix model.
Figure 4a shows the measurement of the specular
reﬂectance for s-polarized incident light as a function
of the angle of incidence and wavelength. The reﬂectance is very low over the whole spectral and angular
range, with a maximum reﬂectance of 4% at 40 and
650 nm. The reﬂectance shows Fabry-Perot oscillations
due to the ﬁnite thickness of the nanowire layer. The
reﬂectance is also very low for all angles in the wavelength range between 900 and 1000 nm. In the following, we describe the measurements using ﬁnitediﬀerence time-domain (FDTD) simulations.
To understand the eﬀect of the base-tapered nanowire geometry on the specular reﬂectance, we have
performed FDTD simulations30 of the reﬂectance of the
nanowire layer. The FDTD simulation of the specular
reﬂectance as a function of wavelength and angle of
incidence is shown in Figure 4b for s-polarized incident
light, that is, polarization along the y-direction as
displayed in Figure 1a. A good qualitative agreement
between measurements and simulations is obtained,
reproducing the Fabry-Perot oscillations, the low reﬂectance in the wavelength range between 900 and
1000 nm, and the band of higher reﬂection for angles
of incidence between 20 and 55 and wavelengths
between 450 and 800 nm. This band can be attributed
to the periodicity of the nanowire array as FDTD
simulations for diﬀerent nanowire periods (not shown
here) show a shift of the band. The small qualitative
diﬀerences between measurement and FDTD simulation can be assigned to the following reasons: (i) The
values of complex permittivity of InP used in the
simulations are those of zinc blende InP,31 while the
nanowires grow with wurtzite structure.32 Values of
the permittivity of wurtzite InP are not reported in
literature. (ii) The minor disorder of the nanowire layer,
which is not included in the simulations, gives rise to
nonspecular reﬂection (see Figure 2), resulting in a
reduction of the measured specular reﬂection. (iii) The
nanowires are approximated to a cylindrical shape with
conical base, while the nanowires have a hexagonal
shape. We have chosen this approximation because

Figure 4. (a) Measured specular reﬂectance and (b) FDTD
simulation of the specular reﬂectance of the base-tapered
InP nanowire layer. The curves correspond to cuts along the
dashed lines.

Figure 5. (a) Simulated angle-integrated reﬂectance (black
solid curve) and transmittance (red dashed curve) of InP
nanowires on top of a non-absorbing substrate at normal
incidence. (b) Simulated absorbance of the nanowire layer.
For wavelengths longer than 920 nm, at which InP does not
absorb, more than 90% of the incident light is coupled into
the underlying substrate. The calculated absorbance shows
that around 80% of the incident light is absorbed by the
base-tapered nanowire layer.

the hexagonal shape changes from nanowire to nanowire (see Figure 1). Considering that the geometry
used in the FDTD simulations includes the periodicity
of the base-tapered nanowires array, we can assume
that the intensity of the diﬀracted light that is captured
neither in the specular reﬂectance measurement nor in
the FDTD simulation of the specular reﬂectance is
similar. Therefore, we can assume that the minor
discrepancy between the specular reﬂectance measurement and FDTD simulation is not due to diﬀraction.
Since we have performed measurements using InP
nanowires grown on an InP substrate, we cannot
conclude from the measurements if the strong absorbance and the reduced reﬂectance are solely due to
enhanced absorption in the nanowire layer or also to
enhanced light coupling into the substrate. Therefore,
we have simulated the total reﬂectance using FDTD by
assuming a substrate with an identical real part of the
refractive index of InP, but by ignoring its absorption. In
Figure 5a, we present the simulated total reﬂectance
(black solid curve) and total transmittance (red dashed
curve) of nanowires on top of a non-absorbing substrate. Fabry-P
erot oscillations are visible in both simulations. The pronounced dip in the reﬂectance at a
wavelength of 540 nm is due to the Rayleigh anomaly,
that is, the angle and wavelength at which a diﬀracted
order of the structure becomes evanescent. The sharp
increase of the transmittance at 920 nm is due to the
VOL. 5

’

NO. 3

’

2316–2323

’

2319

2011
www.acsnano.org

DIEDENHOFEN ET AL.

ARTICLE

absence of absorption in the nanowire layer for wavelengths longer than the electronic band gap of InP.
Figure 5b displays the absorbance in the nanowire layer
obtained from the simulated reﬂectance and transmittance. We estimate from Figure 5b that around 80% of
the light is absorbed by the base-tapered nanowire layer
at wavelengths between 550 and 900 nm and more than
90% is absorbed for shorter wavelengths. For wavelengths longer than the electronic band gap, the absorption drops to very low values. This residual absorption in
the simulation is due to the deﬁnition of the material
constants in the FDTD simulation.
To better understand the origin of the measured
reﬂectance, it is worth to look at the electric ﬁeld
distribution around the nanowires. Therefore, we determine the dominant component of the electric ﬁeld, that
is, the y-component. This component is oriented parallel
to the polarization vector of the incident wave, and its
orientation with respect to the nanowire geometry is
displayed in Figure 1a. These simulations are presented in
Figure 6, where the electric and displacement ﬁeld are
plotted for an angle of incidence of 40 and at four
diﬀerent wavelengths, namely, 505 nm (Figure 6a,e), 605
nm (Figure 6b,f), 688 nm (Figure 6c,g), and 980 nm
(Figure 6d,h). The displacement ﬁeld is useful to visualize
the ﬁeld inside the nanowires, as this ﬁeld is magniﬁed by
a factor given by the permittivity of InP. At 505 nm
(Figure 6a), InP absorbs strongly and the electric ﬁeld
does not reach the substrate. At this wavelength, the
displacement ﬁeld is concentrated at the top of the wire
(Figure 6e), indicating that most of the absorption occurs
at the top. From the equal tilt of the wavefront above and
inside the nanowire layer, we can conclude that the light
is transmitted into the layer with negligible refraction.
This absence of refraction conﬁrms that the nanowire
layer has a low eﬀective refractive index with a value close
to 1, as it was determined from the transfer-matrix ﬁts to
the measurements. The combination of strong absorption and low refraction explains the low reﬂectance of the
sample at short wavelengths. At 605 nm (Figure 6b) and
688 nm (Figure 6c), InP absorbs only moderately.31 The
displacement ﬁeld (Figure 6f,g) shows that next to some
absorption in the straight part of the wire, the tapered
region plays an important role in the high absorbance
and low reﬂectance of the sample. Light is eﬃciently
coupled to guided modes in the tapered InP region,
resulting in high internal ﬁelds in this part of the nanowires. Below the band gap energy of InP, at a wavelength
of 980 nm, there is no absorption. At this wavelength, the
reﬂectance is remarkably low. The calculation of the ﬁelds
(Figure 6d,h) reveals that the incident light couples very
eﬃciently to the lowest order waveguide mode in the
tapered region and is fully transmitted into the InP
substrate. Therefore, from the near-ﬁeld simulations, we
can conclude that for short wavelengths light is absorbed
in the straight part of the wires, while at longer wavelengths the tapering of the nanowires is essential for

Figure 6. Simulated electric ﬁeld amplitude and electric
displacement ﬁeld components along the y-direction in a
plane along the nanowire axis for an angle of incidence of
40 and for wavelengths of 505 nm (a,e), 605 nm (b,f), 688
nm (c,g), and 980 nm (d,h). The indicent ﬁeld has an
amplitude of 1 V/m.

strong absorption. In the wavelength range between 900
and 1000 nm, where a very low reﬂectance is measured,
the incident light is guided eﬃciently into the substrate
by the tapered section of the nanowires.
Comparison of Nanowire Geometry. Once we have established the relevance of the tapered section of the
nanowires for the optical response of the layer, we
compare the simulations of the absorbance of a layer of
base-tapered, cylindrical, and conical nanowires for normal incidence (Figure 7a) and for an angle of incidence of
30 (Figure 7b). The cylindrical wires have a diameter of
90 nm and a length of 3 μm. The conical nanowires have a
top diameter of 90 nm, a bottom diameter of 270 nm and
a height of 3 μm. The base-tapered nanowires have the
same geometry as before, that is, a straight top section
with a length of 2 μm and a nanowire diameter of 90 nm,
and a tapered bottom section with a length of 1 μm. The
bottom diameter of the base-tapered nanowires is 270
nm. Therefore, the length of the wires is kept constant for
the three geometries.
For both angles of incidence and for wavelengths
below 550 nm, the absorbance in the layer of cylindrical
nanowires (red dashed curve), the layer of base-tapered nanowires (black solid curve), and the layer of
conical nanowires (blue dashed dotted curve) are
almost identical. Therefore, we can conclude that the
geometry of the nanowires has a minor inﬂuence in the
absorbance at these wavelengths. Note that the large
VOL. 5

’

NO. 3

’

2316–2323

’

2320

2011
www.acsnano.org

absorbance at short wavelengths agrees with the nearﬁeld data of Figure 6, where we found that most
of the light is absorbed in the straight top part of the
wires. As we can see in Figure 7a,b, for both angles of
incidence and for longer wavelengths than 550 nm,
the absorbance in the layer of base-tapered nanowires is strongly enhanced compared to the absorbance of the layer of cylindrical nanowires, and this
absorbance is further enhanced in the layer of conical
nanowires. At these wavelengths, light is absorbed by
the tapered part, due to the higher material ﬁlling
fraction and the coupling of light to guided modes in
the nanowires.
From the simulated absorption of the three geometries displayed in Figure 7a,b, we can conclude that
the absorption is the highest in the layer of conical
nanowires. To quantify the diﬀerence in absorption in
the three diﬀerent layers, we have determined the
averaged wavelength-integrated absorption at normal
incidence for wavelengths between 400 and 920 nm in
each nanowire layer. The averaged wavelength-integrated absorbances are 98, 84, and 45% in the layer of
conical, base-tapered, and cylindrical nanowires, respectively. This diﬀerence in absorption can be attributed to diﬀerences in the geometry that change the
coupling of light into the layer and to diﬀerences in the
volume fraction of the semiconductor. These volume
fractions are 0.104, 0.051, and 0.024 for the conical,
base-tapered, and cylindrical nanowires, respectively.
The averaged wavelength-integrated absorbances normalized to the volume fraction of semiconductor are 940,
1647, and 1875% for layers of conical, base-tapered, and

METHODS
VLS Growth. The VLS growth mechanism requires a metal
catalyst particle. To achieve ordered arrays of nanowires, we
have used substrate conformal imprint lithography (SCIL) for
patterning gold. A detailed description of SCIL and the nanowire
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Figure 7. Simulated absorbance of base-tapered nanowires
(black solid curve), cylindrical nanowires (red dashed curve),
and conical nanowires (blue dashed-dotted curve) for (a)
normal incidence and (b) an angle of incidence of 30. The
length of the nanowires is 3 μm, and the nanowires'
diameter at the top is 90 nm for the three geometries. The
diameter at the bottom is 270 nm for the base-tapered and
conical nanowires. The dips in the absorbance in (b) at 780
nm are a Rayleigh anomaly, or a diﬀracted order in the
periodic structure becoming evanescent, at this particular
wavelength and angle of incidence.

cylindrical nanowires. Therefore, cylindrical nanowires
form the most eﬃcient absorber medium relative to
the amount of material.
These calculations provide the guidelines for the
design of optically optimized nanowire based solar cells.
In case that the absorption needs to be maximized, the
best choice of geometry is conical nanowires. In case the
semiconductor material needs to be reduced, the best
geometry is cylindrical nanowires. This geometry provides a moderate absorption but requires only one-fourth
of semiconductor compared to conical wires. A good
compromise between these two geometries is basetapered nanowires. The absorbance for the example of
base-tapered nanowires described above is similar to
that of conical nanowires, while only half of the material is
required to achieve this absorption.
CONCLUSIONS
We have demonstrated enhanced broad band and
omnidirectional absorbance in arrays of base-tapered
InP nanowires grown by the vapor-liquid-solid mechanism on top of an InP substrate. Measurements of
the total reﬂectance reveal that the optical absorbance in the nanowire layer and substrate is higher
than 97% in the visible and near-infrared. The strong
optical absorption is conﬁrmed by ﬁnite-diﬀerence
time-domain simulations. Diﬀerent mechanisms are
responsible for this absorption. First, the low eﬀective
refractive index of the nanowire layer allows for a
nearly perfect coupling of the incident light into the
layer. Second, the strong absorption in InP has a major
role at short wavelengths, while for longer wavelengths, the light is eﬃciently coupled to guided
modes in the tapered part of the nanowires. From
the FDTD simulations, we determine that the absorption in the nanowire layer alone, that is, without
considering the eﬀect of the absorbing substrate, is
larger than 80%. A comparison of the absorption in
layers of cylindrical, base-tapered, and conical nanowires shows that the absorption is the highest in
conical nanowires, but that cylindrical nanowires
form the most eﬃcient absorber medium when considering the amount of semiconductor. A similar
absorption eﬃciency than in conical nanowires can
be obtained with base-tapered nanowires with a
signiﬁcant lower amount of semiconductor. This investigation of the inﬂuence of the nanowire geometry
on the absorption sets the basis for the optimization
of nanowires based solar cells.

growth process used can be found in ref 26. SCIL allows the
fabrication of large-area arrays of nanowires in a low-cost
process with a high reproducibility. The InP nanowires are
grown for 60 min at a temperature of 420 C using trimethylindium (TMIn) and phosphine (PH3) as precursors.
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Total Reflectance Measurement. We measured the total reflectance of the layer of nanowires using a Lambda 950 spectrometer (PerkinElmer) consisting of a tungsten-halogen and a
deuterium lamp, an integrating sphere, and a photomultiplier
tube. For the reflectance measurements, the samples were
mounted at the backside of the integrating sphere. The angle
of incidence was 8, allowing the measurement of the specularly and nonspecularly reflected light simultaneously. The
nonspecularly 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 nanowire arrays are normalized by
the reflection of a white-standard to obtain the absolute
reflectance of the array.
Angle-Resolved Specular Reflectance Measurement. For this measurement, the sample and detector are mounted on a set of
computer-controlled rotation stages. The sample was illuminated using the collimated beam of a fiber-coupled supercontinuum light source (Fianium SC400-PP), and the spectra
were obtained using a fiber-coupled Si spectrometer (Ocean
Optics, USB2000) for the visible and a fiber-coupled InGaAs
spectrometer (Andor iDus) for the near-infrared. A schematic of
the experimental setup is given in Figure S3 (see Supporting
Information).
FDTD Simulations. We have used an in-house developed FDTD
program on a computational domain consisting of a nanowire
on a semi-infinite substrate.30 The domain has quasiperiodic
boundary conditions33 in the horizontal directions and absorbing perfectly matched layers (PML) boundaries34 in the vertical
directions. The dispersion of the permittivity of InP is taken into
account by fitting the refractive index of zinc blende InP with a
Lorentz model above and below the band gap.31 The spectral
response of the nanowire layer is obtained by using a short 0.5 fs
incident pulse with constant transverse wavenumber and Fourier transforming the simulated time-domain data. The reflectance and transmittance are computed from the fields in a plane
above the nanowire and 50 nm in the substrate, respectively.
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