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ABSTRACT: We experimentally demonstrate near-unity,
unselective absorption, broadband, angle-insensitive, and
polarization-independent absorption, in sparse InP nanowire
arrays, embedded in flexible polymer sheets via geometric
control of waveguide modes in two wire motifs: (i) arrays of
tapered wires and (ii) arrays of nanowires with varying radii.
Sparse arrays of these structures exhibit enhanced absorption
due to strong coupling into the first order azimuthal waveguide
modes of individual nanowires; wire radius thus controls the
spectral region of the absorption enhancement. Whereas arrays
of cylindrical wires with uniform radius exhibit narrowband absorption, arrays of tapered wires and arrays with multiple wire radii
expand this spectral region and achieve broadband absorption enhancement. Herein, we present an economic, top-down
lithographic/etch fabrication method that enables fabrication of multiple InP nanowire arrays from a single InP wafer with
deliberate control of nanowire radius and taper. Using this method, we create sparse tapered and multiradii InP nanowire arrays
and demonstrate optical absorption that is broadband (450−900 nm), angle-insensitive, and near-unity (>90%) in roughly 100
nm planar equivalence of InP. These highly absorbing sparse nanowire arrays represent a promising approach to flexible, high
efficiency optoelectronic devices, such as photodetectors, solar cells, and photoelectrochemical devices.
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Design of “perfect” absorbers and emitters is of
considerable current interest and research in the

nanophotonics and metamaterials fields.1−3 Perfect absorbers
and emitters can find applications in numerous fields across the
electromagnetic spectrum, including light and thermal
sources,4−6 sensing,7,8 and energy conversion.5,9,10 Two types
of near-unity or “perfect” absorption are straightforward to
achieve: (1) a wavelength-sized resonator can be used for
selective “perfect” absorption, absorption at a single frequency,
polarization, and incidence angle,11−14 and (2) an optically
thick layer of lossy material can be used for unselective,
“perfect” absorption, absorption over a large range of
frequencies, angles, and polarizations.15 However, many
applications would benefit from a more comprehensive ability
to tailor perfect absorber characteristics, such as achieving
directional, spectrally broadband thermal emission of infrared
radiation sources,4,16 and broadband, angle-insensitive thin film
perfect absorbers for high efficiency, lightweight photo-
voltaics.15,17,18 To this end, recent work in the field has focused
on the realization of selective perfect absorbers that are
extremely thin,1,13,19 actively tunable,20,21 and wavelength,
angle, or polarization-insensitive,3,22,23 as well as unselective
perfect absorbers with small form factors that are insensitive to
angle, wavelength, or polarization.9,10

In this work, we focus on the design and fabrication of
unselective perfect absorbers with small form factors using
semiconductor nanowire arrays. Specifically, we examine sparse

arrays of InP nanowires fabricated using a top-down litho-
graphic pattern and etch procedure, followed by embedding in
polydimethylsiloxane (PDMS) and mechanical removal from
the substrate. These sparse arrays of vertically oriented,
semiconductor nanowires represent a promising approach to
flexible, lightweight, high efficiency, and low cost optoelectronic
devices in sensing and energy applications, such as photo-
detectors,24−26 bolometers,27,28 solar cells,10,29−31 and photo-
electrochemical devices.32,33 Currently in the photovoltaics
field, the greatest challenge for use of III−V absorbers and cells
is reducing cost/Watt.34 Therefore, it is highly desirable to
develop fabrication methods that reduce or eliminate costs
associated with epitaxial growth and consumption of III−V
compound semiconductor substrates. The wire array fabrication
process described herein holds considerable promise for
achieving these goals because many layers can be fabricated
from a single compound semiconductor substrate. InP is of
particular interest for wire array photovoltaics, and more
broadly, InP has garnered much interest for nanowire-based
optoelectronic devices due to its direct bandgap and low
intrinsic surface recombination velocity,35 which is critical to
high performance in high surface area devices.
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In recent years, the optical properties of semiconductor
nanowire arrays have been the subject of great interest and
intensive research.36−39 Even at very low area fill fractions,
semiconductor nanowire arrays exhibit strong optical absorp-
tion due to robust coupling into the waveguide modes of
individual nanowires.10,40 These arrays of essentially independ-
ent optical antennas have an optical response that is
polarization-independent and angle-insensitive.32 In a standard
nanowire array with uniform wire radius, strong absorption is
observed over a relatively narrow spectral region in which end-
mediated coupling into guided modes is favorable.32,41 Array
geometry,42−44 nanowire shape,10,45−47 and order48,49 have
previously been shown both experimentally and theoretically to
control the spectral position of this region by others. In
previous work,10 we theoretically studied different nanowire
motifs within sparse arrays and, by optical design of the
waveguide modes, predicted broadband absorption enhance-
ments for specific nanowire array geometries and nanowire
motifs, using constant material volume. Specifically, we
optimized arrays with multiple nanowire radii and tapered
nanowires and predicted >90% broadband absorption (Vis-
NIR) in 150 nm planar equivalence. Herein, we develop a
deliberate fabrication method for the desired nanowire array
motifs and experimentally demonstrate broadband, polar-
ization-independent, angle-insensitive, near-unity (>90%)
absorption in sparse arrays of InP nanowires.

■ RESULTS AND DISCUSSION

In this section, we begin with a brief discussion of InP nanowire
array design. Next, we validate our experimental and theoretical
methods via a uniform InP nanowire array. Subsequently, we
prove that nanowire taper induces peak broadening and
multiple wire radii generate multiple peaks via characterization
of very sparse InP nanowire arrays. Finally, we demonstrate
near-unity broadband absorption in sparse arrays of tapered and
multiradii InP nanowire arrays. Details on fabrication methods

for precise control of nanowire motif and array geometry can be
found in the Methods section.

Design of Nanowire Arrays. As previously stated,
vertically oriented semiconductor nanowires act as cylindrical
dielectric waveguides with high absorption loss. In sparse
arrays, the nanowires are essentially noninteracting and, thus,
their optical behavior is well-described by traditional waveguide
theory.50 The nanowires exhibit a primary absorption peak,
which is due to end-mediated coupling into the HE11
waveguide mode. The HE11 mode is the TM-like, fundamental
mode that has no cutoff and strong symmetry overlap with
plane waves, facilitating strong in-coupling. In lossy nanowires,
the spectral region of strong coupling and subsequent
absorption enhancement occurs in the moderately guided
portion of the HE11 modal dispersion.

40 The dominant role of
the waveguide modes in the absorption enhancement translates
to a strong correlation between nanowire radius and the
spectral region of absorption enhancement and is used herein
to guide the design of InP nanowire arrays. A radius range of 40
to 100 nm is needed to observe absorption enhancement in the
visible up to the band edge of InP (450−925 nm).

Standard Nanowire Arrays. Initially, we examine a
uniform nanowire array (r = 90 nm, h = 1.6 μm, a = 750
nm) to validate our theoretical framework as well as our
experimental and simulation methods. This array, shown at a
30° tilt in Figure 2a, has a fill fraction of 4.4% and a planar
equivalent thickness of ∼70 nm. Figure 2d displays the
absorption spectrum (green line) for the array, after it was
embedded in PDMS and peeled off of the substrate; the
reflection spectra for the array in three different configurations,
on substrate, embedded in PDMS, and on substrate, and
embedded in PDMS and peeled off of the substrate, is
contained in the Supporting Information. These experimental
spectra give the expected results: we observe low reflectivity for
the array in all cases and a primary absorption peak around 850
nm, corresponding to coupling into the HE11 waveguide mode.
Figure 2e displays the corresponding simulated absorption

Figure 1. Comparison of uniform, tapered, and multiradii arrays. (a−c) Scanning electron micrographs of the uniform, tapered, and multiradii array,
respectively, at a 30° tilt angle; (d) Absorption spectra for the PDMS-embedded arrays shown in (a−c), measured using an integrating sphere; (e)
Simulated absorption spectra corresponding to the experimental results in (d), calculated using a weighted average of the range of nanowire
geometries observed in the fabricated samples; see Table 1 of Supporting Information for array dimensions used in simulation. Colors are
coordinated throughout the figure.
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spectrum (green line), which is a weighted average of spectra
for nanowire array dimensions that capture the geometric
variation observed in the fabricated sample (see Methods and
Supporting Information for a detailed accounting of simulated
array geometry). We found good agreement between experi-
ment and simulation. Additional details on experimental and
simulation methods can be found in the Methods section; the
geometry of each simulated array can be found in the
Supporting Information, along with a discussion of sources
for deviation between simulated and experimental spectra.
Broadband Absorber Nanowire Arrays. The initial

broadband absorber arrays presented herein were designed
with the intention of demonstrating that tapered nanowires
broaden the primary HE11 absorption peak and that multiple
radii in a single array generate multiple absorption peaks.
Therefore, sparse arrays of short nanowires were fabricated, and
the multiradii subcell consisted of two different radii.
Fabrication details can be found in the Methods section. The
sparseness of these arrays and the use of only two distinct radii
in the multiradii array resulted in more well-defined peak
features compared with the slightly denser arrays of taller
nanowires in the following section, which is particularly
essential to the distinction of multiple peaks in the multiradii
arrays that might otherwise blend into one extended peak due
to experimental variation in the fabricated dimensions.
Figure 1a−c displays SEM images at 30° tilt of the sparse (a

= 750 nm) uniform, tapered, and multiradii arrays, which have
fill fractions (planar equivalent thicknesses) of 4.4% (70 nm),
2.3% (29 nm), and 2.3% (31 nm), respectively. The fill
fractions and planar equivalent thicknesses were determined
from image analysis, and the precise dimensions used in
simulation can be found in the Supporting Information. Figure
1d,e displays the experimental and simulated absorption spectra
for these arrays, demonstrating good qualitative agreement
between simulation and experiment. Again, the simulated
spectra were calculated using a weighted average of the range of
nanowire geometries observed in the fabricated samples. The
absorption spectrum of the tapered nanowire array (yellow)
exhibits a broadened absorption peak in comparison to that of
the uniform array (green) due to the spectral broadening of the
HE11 waveguide mode that results from the continually varying
radius from ∼55 to ∼75 nm; and the absorption spectrum of
the multiradii nanowire array (red) exhibits two peaks,
corresponding to the HE11 waveguide modes of the two
different nanowire radii (r ∼ 40 and 80 nm). These results

demonstrate that nanowire taper and multiple wire radii within
a single array both extend the spectral range of absorption
enhancement effected by nanowire array due optical engineer-
ing of the HE11 waveguide mode.
It is important to note that while the uniform array may

appear to be outperforming the tapered and multiradii arrays in
terms of integrated absorption, it is only because the uniform
array contains more than twice the amount of InP. Additionally,
the simulated spectra in Figure 1 employed broadband FDTD
simulations with a polynomial fit to material data, which is
imperfect near the band edge of InP and results in unphysical
absorption beyond the band edge in the simulated spectra. A
more thorough discussion of sources for deviation between
simulated and experimental spectra can be found in the
Supporting Information.

Near-Unity, Broadband Absorber Arrays. To achieve
near-unity broadband absorption, slightly denser arrays of taller
nanowires were fabricated for both the tapered nanowire and
multiradii nanowire motifs. Additionally, the multiradii array
consisted of a 4 wire subcell (2 × 2) to distribute the strong in-
coupling region of the HE11 mode more evenly across the
visible spectrum. Fabrication details can be found in the
Methods section.
Figure 2 contains the results for an exemplary tapered

nanowire array, with ∼1.6 μm tall nanowires with radii ranging
from 30 to 110 nm, spaced 450 nm apart (SEM image taken at
a 30° tilt in the inset of Figure 2a). The array has a fill fraction
of 6.7% and contains 108 nm planar equivalence of InP; a
detailed accounting of array dimensions can be found in the
Supporting Information. The experimentally measured and
simulated absorption spectra for the PDMS-embedded, tapered
nanowire array are displayed in Figure 2a and b, respectively, as
a function of incidence angle. The experimental data includes
incidence angles from 0° to 30°, in 5° increments. The
simulated data employed single wavelength FDTD simulations
at 0°, 10°, and 20° and the spectra is a standard average of three
slight geometric variations; the absorption of the planar
equivalence (108 nm) is also overlaid for reference (black,
dashed line). In all spectra, we find good qualitative agreement
between simulation and experiment. A discussion of sources for
quantitative deviation between simulated and experimental
spectra can be found in the Supporting Information.
The tapered array demonstrates angle-insensitive broadband

absorption, approaching 90% absorption across the visible. The
PDMS front surface results in approximately a 5% broadband

Figure 2. Characterization of tapered array. (a) Absorption spectra at various incident angles for the PDMS-embedded array (SEM image taken at a
30° tilt angle shown as inset), measured using an integrating sphere; (b) simulated spectra corresponding to the experimental results in (a) calculated
using an average of three slight geometric variations representing the range of nanowire geometries observed in the fabricated sample; overlaid with
the planar equivalent absorption spectra (108 nm thin film, black dashed); see Table 1 of Supporting Information for array dimensions used in
simulation. Colors are coordinated throughout the figure.
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reflectivity and the remainder is transmission losses due to
incomplete absorption. Compared to the planar equivalent thin
film of 108 nm (black, dashed line in Figure 2b), the nanowire
array exhibits broadband absorption enhancements across the
visible spectrum. These absorption enhancements occur due to
strong coupling into the HE11 waveguide mode, which has been
engineered to occur over a broad spectral region via wire taper.
Absorption drops off beyond 800 nm because there is
insufficient wire length at the larger wire radii to observe
significant absorption enhancements. Additionally, the noise in
both the experimental and simulated spectra is attributed to
residual pieces of the Cr etch mask; contributions of the Cr
mask to the array absorption were quantified via simulation and
found to be negligible (see Supporting Information for details).
Figure 3 displays the results for an exemplary multiradii

nanowire array, with ∼1.75 μm tall nanowires with radii ranging
from 35 to 115 nm, spaced 520 nm apart (SEM image at 30°
tilt shown as the inset of Figure 3a). The array has a fill fraction
of 6% and contains 104 nm planar equivalence of InP; a
detailed accounting of array dimensions can be found in the
Supporting Information. The experimentally measured and
simulated absorption spectra for the PDMS-embedded, multi-
radii nanowire array are displayed in Figure 3a and c,
respectively, as a function of incidence angle. To further push
the array absorption toward near-unity, a silver back reflector
was deposited to achieve two-pass absorption and the resulting
experimental and simulated absorption spectra are shown in
Figure 3b,d. The experimental data includes incidence angles
from 0° to 30°, in 5° increments. The simulated data employed
single wavelength FDTD simulations at 0°, 10°, and 20° and
the spectra is a weighted average of three slight geometric
variations; the absorption of the planar equivalence (104 nm for
single pass, 208 nm for two-pass) is also overlaid for reference
(black, dashed line). In all spectra, we find good qualitative

agreement between simulation and experiment. A discussion of
sources for quantitative deviation between simulated and
experimental spectra can be found in the Supporting
Information.
The multiradii array demonstrates angle-insensitive broad-

band absorption, approaching 90% absorption in a single pass
and exceeding 90% with a silver back reflector up to the band
edge of InP (λ ∼ 925 nm). Again, the PDMS front surface
results in approximately a 5% broadband reflectivity, which
accounts for nearly all of the loss when the array has a back
reflector. In the single pass case, the remainder is transmission
losses due to incomplete absorption. Compared to the planar
equivalent thin films (104 nm for single pass, 208 nm for
double pass; black, dashed lines in Figure 3c,d), the nanowire
array exhibits broadband absorption enhancements across the
visible spectrum. These absorption enhancements occur due to
strong coupling into the HE11 waveguide mode, which has been
engineered to occur over a broad spectral region via multiple
wire radii that span the appropriate radius range.
In the single pass case, absorption is slightly lower in the

blue, exhibiting the inverse problem to the tapered array
(absorption dropped off in the red); this discrepancy occurs for
two reasons: (1) the radii range of the multiradii array is slightly
larger than the tapered array, resulting in a red-shift of the
absorption, and (2) the largest wire radius of the subcell targets
the red region of the spectrum, which is more effective than the
very edge of the wire taper.
In the double pass case, the absorption is nearly flat at >90%

absorption, up to the band edge of InP, but does not drop to
zero beyond the band edge. The absorption beyond the band
edge occurs in the silver back reflector, due to the HE11 mode
field enhancements at the interface. The silver absorption is
only significant beyond the band edge of InP; up to the band
edge, the vast majority of the absorption occurs in the InP.

Figure 3. Characterization of multiradii array. (a, b) Absorption spectra at various incident angles for the PDMS-embedded array, (SEM image taken
at a 30° tilt angle shown as inset of (a)), without and with a silver back reflector, respectively, measured using an integrating sphere; (c, d) simulated
spectra corresponding to the experimental results in (a, b) calculated using a weighted average of three slight geometric variations representing the
range of nanowire geometries observed in the fabricated samples, overlaid with the planar equivalent absorption spectra (104 and 208 nm thin films,
black dashed); see Table 1 of Supporting Information for array dimensions used in simulation. Colors are coordinated throughout the figure.
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Absorption in each material was quantified via simulation and
can be found in the Supporting Information.

■ CONCLUSION

In this work, we experimentally demonstrated near-unity,
unselective absorption, absorption that is broadband, polar-
ization-independent, and angle-insensitive, in sparse arrays of
InP nanowire arrays, enabled by controlled fabrication of
nanowire motifs optimized via optical design. We explored two
motifs, tapered nanowires and arrays of nanowires with varying
radii, that aim to enhance absorption across a wide spectral
range by optical design of the HE11 waveguide mode dispersion
and developed deliberate fabrication methods for the realization
of these designs. Initially, we demonstrated that wire taper
broadens the HE11 mode absorption peak and that incorpo-
ration of multiple wire radii results in multiple HE11 mode
absorption peaks. Subsequently, we designed and fabricated
sparse InP nanowire arrays using both wire taper and multiple
wire radii that achieved near-unity, unselective absorption.
Specifically, we achieved greater than 90% absorption up to the
band edge of InP in a multiradii nanowire array with a back
reflector that contained approximately 100 nm planar
equivalence of InP. These semiconductor-based, spectrally
and angularly unselective absorbers have great potential for
flexible, high efficiency, and low-cost optoelectronic devices in
energy and sensing applications.

■ METHODS

Fabrication. InP nanowire arrays were fabricated top-down
from InP wafers (2″ AXT, n-type, sulfur-doped, (100)
orientation), using inductively coupled plasma reactive ion
etching (ICP-RIE). Wafers were cleaned via sequential
sonication for 10 min in water, IPA, acetone, and water. A
piranha clean step was omitted because the existence of the
native InPxOy facilitated adhesion of the hard mask layers.
Two different hard masks were used in this work: SiO2 and

Cr. The SiO2 mask was approximately 400 nm thick and
deposited via RF sputtering (SiO2 target, 3 mTorr Ar
atmosphere, 200 W forward power). The pattern was defined
in the mask via a direct electron beam lithography write into
negative tone, MaN-2403 resist, followed by a pseudo-Bosch
RIE step (5 mTorr, 1000 W ICP forward power, 25 W RF
forward power, 10 °C, 26 sccm SF6, 35 sccm C4F8) to transfer
the pattern from the resist into the SiO2. For the Cr hard mask,
the pattern was defined via a direct electron beam lithography
write into a bilayer of positive tone resist (PMMA495-A4/
PMMA95-A4), followed by electron beam deposition of a 50
nm Cr layer (0.5 A·s−1, 10−6 Torr) and lift-off of the resist. The
Cr mask was preferable for deep InP etches because it exhibited
a much higher etch selectivity (∼40:1) than the SiO2 mask
(∼4:1). The higher selectivity of the Cr mask also provided
increased control over the axial profile of the nanowire because
lateral etching of the Cr mask was consequently less significant.
A Cl2/H2/CH4 etch (4 mTorr, 2200 W ICP forward power,

200 W RF forward power, 28 sccm H2, 32 sccm Cl2) was used
to transfer the pattern into the InP for the realization of
nanowire arrays. The table temperature was set to 60 °C and no
thermal contact between the sample and the carrier wafer was
omitted to achieve etch temperatures of ∼300 °C to ensure
sufficient volatility of the In etch products. Because CH4
provides sidewall passivation, its flow was varied between 24
and 30 sccm to control the degree of sidewall taper from

normal taper to inverse taper, respectively. For the arrays
discussed herein, normal taper, no taper, and inverse taper were
obtained at 24, 26, and 30 sccm, respectively.
To exfoliate the nanowire arrays from the InP substrate, the

samples were covered with a thick layer of 10:1 PDMS solution,
degassed for 20 min, baked overnight at 80 °C, and
mechanically peeled-off the substrate after cooling. All SEM
images were taken on wafer, prior to embedding in PDMS.

Optical Characterization. All experimental optical spectra
were obtained using a Fianium laser as a tunable source and a
home-built integrating sphere setup with silicon photodiode
detectors.51 Reflection and transmission (when relevant)
spectra are composed of 276 points, spaced linearly in
wavelengths from 450 to 1000 nm. Absorption was calculated
from 1-R-T.

Simulation. Full-field, 3D simulations were performed
using Lumerical FDTD, a commercial electromagnetics
software package. At normal incidence, the infinite periodicity
of the nanowire arrays was rendered using periodic boundary
conditions and, at non-normal incidence, Bloch boundary
conditions to enforce phase continuity. Symmetric boundary
conditions were applied when relevant to reduce computation
time. In the axial direction, perfectly matched layers were used
to emulate infinite space above and below the array. All
nanowire structures were modeled using Palik data for InP, Ag,
Cr, and SiO2, and ellipsometric data for PDMS.
Simulated spectra in Figure 1 used a single, broadband

(450−1000 nm) simulation; for greater accuracy, simulated
spectra in Figures S2 and S3 used a single wavelength, polarized
infinite plane wave source, and each spectrum is composed of
276n simulations, spaced linearly in wavelength from 450 to
1000 nm, where n is the number of polarizations necessary to
capture the unpolarized optical response of the array. Planar
power monitors were used to extract the array absorption and
also to distinguish between absorption in the InP and the other
materials.
Image analysis of SEM images was used to determine the

range of nanowire dimensions within the array; each of the
arrays contained a significant distribution of nanowire geo-
metries due in large part to the high temperature and high
power InP etch. For the simulated spectra in Figure 1,
simulation sweeps of the full experimental dimension range
were performed, and a linear least-squares fit was used to fit the
experimental absorption data. For Figures S2 and S3, a more
computationally conservative approach was needed due to the
computational cost of single wavelength simulations at multiple
angles and polarizations. In light of this, three representative
geometries were chosen for each sample; the simulated spectra
in Figure 2 is a standard arithmetic mean of the three selected
geometries and the simulated spectra in Figure 3 is a weighted
average, in which the coefficients were determined from a linear
least-squares fit to the single pass, normal incidence
experimental spectra (Figure 3a, red line), similar to the
spectra in Figure 1. The nanowires in Figures S1 and S3 were
rendered as truncated cones and the nanowires in Figure 2
were rendered as a stack of two truncated cones to capture their
complex axial profile. The remaining SiO2 and Cr masks were
modeled as truncated cones with bottom radius matching the
top radius of the nanowire and a top radius of 10 nm. Precise
simulated dimensions are summarized in the Supporting
Information. A finer mesh was used around the nanowire,
with a mesh cell width of one tenth the smallest radius.
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