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Introduction

97 percent light absorption in an ultrabroadband
frequency range utilizing an ultrathin metal layer:
randomly oriented, densely packed dielectric

nanowires as an excellent light trapping scaffold¥

Amir Ghobadi, & **° Sina Abedini Dereshgi,®® Hodjat Hajian,? Gizem Birant,“¢
Bayram Butun,? Alpan Bek“®® and Ekmel Ozbay**°"9

In this paper, we propose a facile and large scale compatible design to obtain perfect ultrabroadband light
absorption using metal-dielectric core—shell nanowires. The design consists of atomic layer deposited
(ALD) Pt metal uniformly wrapped around hydrothermally grown titanium dioxide (TiO,) nanowires. It is
found that the randomly oriented dense TiO, nanowires can impose excellent light trapping properties
where the existence of an ultrathin Pt layer (with a thickness of 10 nm) can absorb the light in an ultra-
broadband frequency range with an amount near unity. Throughout this study, we first investigate the
formation of resonant modes in the metallic nanowires. Our findings prove that a nanowire structure can
support multiple longitudinal localized surface plasmons (LSPs) along its axis together with transverse
resonance modes. Our investigations showed that the spectral position of these resonance peaks can be
tuned with the length, radius, and orientation of the nanowire. Therefore, TiO, random nanowires can
contain all of these features simultaneously in which the superposition of responses for these different
geometries leads to a flat perfect light absorption. The obtained results demonstrate that taking unique
advantages of the ALD method, together with excellent light trapping of chemically synthesized nano-
wires, a perfect, bifacial, wide angle, and large scale compatible absorber can be made where an excellent
performance is achieved while using less materials.

demonstrated that a low density carbon nanotube (CNT) array
can act as an extreme dark material.'® However, in addition to

Electromagnetic (EM) light absorption utilizing subwavelength
geometries has been the subject of several studies in the field
of nanophotonics and nanoplasmonics. A variety of appli-
cations including sensing'™* and spectroscopy,™® photovoltaic
and thermal photovoltaic,”® and photodetection® are examples
of these research studies. In 2008, it was experimentally
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their bulky sparse and fragile feature, material-based absor-
bers have essentially inherent absorption properties and their
response cannot be extended toward longer wavelengths. From
there on, several studies were conducted to find a functional
architecture to achieve an ultra-broadband absorption
response in a thinner design. Owing to their extraordinary EM
response and subwavelength geometry, metamaterials and
plasmonic designs have attracted extensive attention to realize
perfect ultra-broadband light absorption.

Landy et al. proposed a single wavelength perfect absorber
based on a metallic split ring resonator.'* Other metamaterial-
based architectures were later employed to improve the absorp-
tion response of the design.'>™® However, due to the lack of
trapping and confinement mechanisms, this ultrathin single
plasmonic layer has inherently a low absorption limit and it
can absorb just a fraction of the light. This restriction was later
mitigated by introducing a metallic back reflecting layer where
this layer acts as an ideal mirror which reflects the whole light
spectrum.'®'” In this configuration, a metal-insulator-metal
(MIM) cavity is utilized to trap light inside the design and

This journal is © The Royal Society of Chemistry 2017


www.rsc.li/nanoscale
http://orcid.org/0000-0002-8146-0361
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nr04186a&domain=pdf&date_stamp=2017-11-03
http://dx.doi.org/10.1039/C7NR04186A
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR009043

Published on 23 August 2017. Downloaded by Bilkent University on 20/12/2017 06:44:59.

Nanoscale

consequently absorption near unity can be achieved. However,
all of the aforementioned designs have a narrowband fre-
quency response which restricts their functionality. In general,
in an MIM cavity-based absorber, which works based on
reflected/transmitted light cancellation, near zero reflection
(considering an optically thick reflecting layer this is equi-
valent to near unity absorption) can be achieved in the vicinity
of a specific frequency range.'®**® In one of the pioneering
studies, Aydin et al.>* demonstrated absorption above 0.71 in a
range of 400 nm-700 nm, utilizing a symmetrical arrangement
of a crossed trapezoid array in an MIM cavity configuration
where the spacer layer thickness was much smaller than the
operation wavelengths. Thereupon, this configuration was
employed in several studies to obtain ultrabroadband light
absorption with wider and stronger characteristics. Top metal
layer patterns and dielectric spacer thickness were found to be
crucial factors to achieve this ultrabroadband response.
Nanopatches,**>* nanodiscs,>>>’ nanorings,*® and other
shapes®® are examples of the employed geometries for top
layer designs. In most of these designs, nanoresonant units
with different shapes/dimensions are tuned in a way that the
superposition of different resonances, arising from each unit,
leads to an overall broadband absorber. However, all of the
above designs have nanopattern configurations as their top
metal layer, which are fabricated using the electron beam
lithography (EBL) technique. Therefore, they have complex
fabrication routes and they are not large scale compatible
designs. In a recent study, it was theoretically and experi-
mentally demonstrated that the use of planar unpatterned
metal-insulator (MI) pairs can provide an ultra-broadband
light absorption where the absorption bandwidth can extend
to longer wavelengths by adding up the number of pairs.*’
After the study, a wide variety of MI combinations including
W-ALO;,"" Cr-Si0,,"* Ag-Si,”* and Ni-SiO, ** were later uti-
lized to improve the absorption capability of this architecture.
A substantial enhancement in the light absorption capacity of
these MI multilayer designs was achieved by the introduction
of tapered configuration. This tapered scaffold provides a
gradual impedance matching from air to the underlying multi-
layer absorber and consequently a larger absorption band-
width can be achieved compared to the bare structure.*>™
However, this improvement is achieved at the expense of
adding complexity in the fabrication route of the design where
the nanosized tapered etching of several periods of a MI multi-
layer requires multiple deposition and lithography processes.
Besides all of these studies that are mainly focused on the
design architecture, there are very limited studies devoted to
the study of designing the scaffold. As mentioned earlier, the
main strategy in absorber designs is to superpose multiple
resonances in a way that the overall response becomes broad.
Some of the previous studies have achieved this characteristic
by using different sized nanopatches. These multiple reson-
ance characteristics can also be obtained utilizing elongated
geometries such as nanowires or nanorods in which the
excitation of multiple longitudinal surface plasmon modes can
ensure an overall broad and strong light absorption. However,
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to date, there have been a few studies employing metal nano-
wires to realize perfect broadband light absorption.”*>® This is
mainly due to the fabrication complexity of these designs.
Most of the methods for metallic nanowire fabrication are
chemical-based processes in which synthesized nanowires/
nanorods (that are dispersed inside a solution) are dropcast to
another substrate.”>>***°” Therefore, instead of free standing
nanowires that are essential for light trapping, a planar-like
configuration will be achieved in which nanowires are horizon-
tally accumulated on each other and consequently longitudinal
resonance modes cannot be efficiently excited throughout the
design. Moreover, most of these chemically synthesized struc-
tures have a small aspect ratio which bounds their absorption
edge to shorter wavelengths. A recent paper proposed an
elegant design based on adiabatic nanofocusing of self-aggre-
gated metallic nanowire bundle arrays to obtain ultra-broad-
band perfect absorption for steam generation applications.’®
However, this work also has multiple fabrication steps and to
achieve absorption above 0.9, three layers should be stacked
on each other, thereby making the overall design bulky. An
alternative approach to obtain high aspect ratio nanowires is
to coat metals on chemically synthesized dielectric nanowires.
However, a full metal coverage on the nanowire surface is not
possible using physical vapor deposition techniques (such as
thermal evaporation and sputtering) due to the shadowing
effect. This problem is even more detrimental in the case of
randomly oriented dense dielectric nanowires that are the
typical morphology of the chemical growth methods such as
hydrothermal synthesis.

In the present paper, we propose a facial, large scale compa-
tible, and lithography free design configuration to obtain
perfect ultrabroadband light absorption. The architecture is
made of hydrothermally grown TiO, nanowires uniformly
coated with an ultrathin Pt metal layer deposited using an
atomic layer deposition (ALD) tool. The synthesized nanowire
design has a random orientation and high packing density
which makes it an excellent scaffold for light trapping.
Therefore, multiple reflections and transmissions from the Pt
shell layer will provide perfect absorption throughout the
whole visible (Vis) and near infrared (NIR) parts of the spec-
trum with an average amount of above 0.97. Our numerical
simulation proves that these nanowires are able to support
multiple longitudinal LSP modes in which the spectral posi-
tion of these modes can be shifted to longer wavelengths by
increasing the wire length. Moreover, due to the small thick-
ness of the Pt coating, the structure acts as a bifacial absorber
capable of providing perfect absorption for both front and rear
illumination. Besides all of these characteristics, due to the
random tilted orientation of nanowires, they can retain their
absorption above 0.8 upon oblique angle excitation throughout
their whole operation bandwidth. The use of hydrothermally
grown TiO, nanowires, which is a chemical-based approach,
makes the scaffold easy to be scaled up. Moreover, although
coating the Pt layer with ALD is a slow process, it uses gaseous
precursors to deposit the layer which makes it an excellent
option to coat large areas with a high level of uniformity. It
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should be noted that taking the excellent trapping capability
of the nanowire structure into consideration, an ultrathin layer
is enough to absorb the entire incoming light. Therefore, the
proposed methodology opens up a new door for future photo-
voltaic technologies in which an ultrathin absorbing material
coated on a suitable trapping scaffold can provide perfect
ultrabroadband light absorption.

Results and discussion

Fig. 1 shows a schematic illustration of fabrication steps of the
Pt coated TiO, nanowires. TiO, nanowires are first grown on
an FTO coated glass substrate through a hydrothermal process
as explained in the Experimental section and in our previous
studies.>*™®" It should be noted that the hydrothermal process
is a chemical-based method where the morphology of nano-
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wires (length, diameter and density) can be controlled by
tuning the growth conditions such as growth temperature,
growth duration, seed layer morphology, and reactant
concentration.®> ®° In the case of growth temperature and dur-
ation, the length and diameter of the nanowires are coupled to
each other and the increase in one of them would lead to the
increase in the dimension of the other one. A more precise
control on the diameter of nanowires can be achieved by
tuning the seed layer crystallinity.®*®> The diameter of the
grown nanowires is defined by the grain size of the seed layer
in which smaller grain boundaries lead to smaller nanowires.
It has been demonstrated that thinner seed layers have smaller
grain boundaries and consequently they provide nanowires
with smaller diameter and higher density. Another factor that
can provide a better control on the lateral growth of nanowires
is the initial reactant concentration.®® As shown in Fig. 1a, the
grown nanowires are densely packed and present random

MeCpPtMe; Pulse
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e

Fig. 1 Schematic illustration of the proposed (a) bare TiO, nanowire, (b) the ALD process to deposit the Pt shell, and (c) the resulting Pt-TiO, core—
shell. Top SEM view of (d) bare and (e) Pt coated nanowires and (f) their cross-sectional image. A TEM image of (g) the bare TiO, nanowire and (h)
the Pt coated core—shell structure, and (i) a high resolution TEM image showing the formation of a 10 nm Pt shell layer wrapping around the

nanowire.
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orientations. Afterward, these nanowires are placed in an
atomic layer deposition (ALD) chamber and the Pt coating is
carried out to our desired thickness. The unique properties of
ALD have been exploited to form an ultrathin shell layer. ALD
is built on self-limiting sequential surface reactions from at
least two gas-phase molecular precursors and this technique
offers pinhole-free ultrathin films with angstrom-scale thick-
ness control. For this aim, ozone is utilized as an oxygen pre-
cursor and MeCpPtMe; solution for Pt metal atoms and, con-
sequently, a Pt metal layer is uniformly coated on the surface
of nanowires, as shown in Fig. 1b and c. The details of the
experimental part have been provided in the ESL.f To structu-
rally characterize the sample, a scanning electron microscope
(SEM) and a transmission electron microscope (TEM) have
been employed to investigate the morphology of layers and the
dimensions of the nanowires. The SEM images shown in
Fig. 1d and e reveal top views of the bare TiO, nanowire array
and those coated with the Pt shell layer, respectively. On com-
paring these two images, one can conclude that the mor-
phology of nanowires has not been altered upon deposition
with a Pt layer that is expected taking the ALD process mech-
anism into consideration in which an ultrathin Pt layer is
coated around a nanowire surface and the overall design shape
that remains cylindrical. On the other side, the random orien-
tation of nanowires can be easily distinguished in the cross
sectional SEM view (Fig. 1f). Based on this image, nanowires
have a wide length distribution ranging from 1000 nm to
1500 nm. The TEM image of the bare nanowire also shows that
nanowires have an average diameter of 100 nm (Fig. 1g). The
uniform formation of a thin Pt shell around titania nanowires
has also been confirmed in Fig. 1h where this layer has a thick-
ness of about 10 nm wrapped around the TiO, nanowire (as
shown in a high resolution TEM image of Fig. 1i). It should be
mentioned that the formation of the Pt layer is based on the
nucleation of reactive sites. Therefore, in the first couple of
nanometers (<10 nm), the morphology of the Pt shell is a
nanoisland rather than a continuous layer (as shown in Fig. S1
(ESIY)). As the deposition continues, these nanoislands grow and
finally a continuous layer is formed. This provides us a bottom
up approach to control the resulting metal layer morphology.
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To optically characterize our structure, in the first step, we
need to know about the matching characteristics of Pt and
compare it with other noble metals such as Au and Ag. For
this aim, the effective permittivity of the Pt coated TiO, nano-
wire is predicted by the Maxwell-Garnett mixing rule for a
mixture comprised of infinite-in-length circular cylinders that
are a good approximation for our case where an aspect ratio of
~10 is recorded for the synthesized nanowires. Based on this
theory, the effective permittivity of the core-shell nanowire
(shown in Fig. 2a) can be calculated using the following
formula:®’

ec+es+f(ec— &)
e+ &5 — fec — &)

Eeff = & (1)
where ¢. is the permittivity of the core material (which is TiO,)
and ¢ represents the permittivity of the shell material which
is the metal coating. The variable f also represents the
area ratio between inner and outer cylinders which is defined
by f = (fin/Tou)’. From the predicted effective permittivity
values, we calculate the refractive index (n) and extinction
coefficient (k) where the reflectivity of the core-shell design is
estimated using the following formula:

_(n+ik—1\?
B (n + ik + 1) @)
Fig. 2b shows the reflectivity spectra calculated for 4
different metals of Au, Ag, Pt, and Cr. As can be seen from this
panel, although all the metals represent good matching below
800 nm, this matching is lost in a longer wavelength for Au
and Ag where a reflection near unity is recorded for these
metals. However, both Pt and Cr maintain their matching well
up to 2 um which shows the absorption capacity of these
metals in the proposed core-shell configuration. Therefore,
Pt which we have used in our design has proper matching to
obtain an ultrabroadband absorption response. Moreover, to
understand the impact of the shell Pt layer on the reflectivity
of the design, we swept the Pt layer thickness (d) from 5 nm to
25 nm. As shown in Fig. 2c, moving toward thicker layers, the
matching condition of the core-shell design is lost in longer

a 1.0 b 0.7 c
o ——d=5nm
rout rout Au ——d=10nm
r. 0.8 ——Ag 06
L —Pt

=P | > Cr »05
2 06 2
° °

2 o 0.4
€4 Eett 3 H
x 04 4

0.3

I\ 0.2 55

0.0 0.1

400 800 1200 1600 2000 400 800 1200 1600 2000

Wavelength (nm)

Wavelength (nm)

Fig. 2 (a) The proposed model for finding the effective permittivity of the core—shell design, and reflectivity spectra of (b) different metal types and

(c) different Pt layer thicknesses.
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wavelengths. However, on the other hand, it should be men-
tioned that although the thinner shell layer leads to less reflec-
tion from the design, the absorption capacity of the design
will also be reduced due to its thickness. In addition, as men-
tioned in the previous section, the formation of a Pt continu-
ous film is possible if the layer thickness reaches about 10 nm.
Therefore, we fix the Pt layer thickness as d = 10 nm. As
explained earlier, a one dimensional (1D) metallic nano-
structure, where the structure is elongated in one dimension,
can support multiple longitudinal resonant modes with trans-
verse confinement along the nanowire surface. These sup-
ported modes, which are mainly longitudinal propagating and
localized surface plasmon polaritons (SPPs) as well as trans-
verse modes, are superposed and consequently an overall
broad absorption response can be achieved. The longitudinal
plasmon modes are essentially standing waves which can be
explained by 1D damped Fabry-Perot cavity models. In other
words, a nanowire can be considered as a monopole antenna
where the resonant plasmon modes can be approximated by
m(Asp/2) = L, where m is a positive integer number, L is the
length of the nanowire and A, is the surface plasmon polari-
ton wavelength. Therefore, the multiple standing waves
resonate at the wavelengths of 2L, L, 2L/3, ..., 2L/m in which
the longer nanowire can provide a broader absorption band-
width. To gain a better understanding of the nature of these
modes, we performed numerical calculations employing a
commercial finite-difference time-domain (FDTD) software
package (Lumerical FDTD Solutions).®® In the numerical simu-
lations, the propagation direction of incident light is chosen to
be perpendicular to the x—y plane. Periodic boundary con-
ditions are also employed in the x and y directions, while
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boundaries in the z direction are adopted as a perfectly
matched layer (PML). The unit cell periodicity P is chosen to
be 200 nm and the Pt layer thickness is fixed at 10 nm.
A broadband plane wave with polarization of the electric field
along the x axis is utilized to stimulate the unit cell and
reflected (R) and transmitted (7' lights are calculated by two
monitors on two sides of the multilayer stack. Therefore,
absorption (4) is calculated by using the equationA=1—-R - T.
In the initial step, the impact of the nanowire radius r is
studied to understand the impact of this geometry under
resonance conditions of the design. It should be mentioned
that the length of the nanowire L is fixed at 1000 nm for this
set of sweep. As can be clearly seen from Fig. 3a, several local
maxima show the position of different resonant modes for
different radius values where the longer resonances belong to
the first resonant plasmon modes. For radii values r < 60 nm,
these resonances are clear but when we move toward larger
radii these peaks start to disappear and the overall absorption
values decline. In fact, in large radius nanowires, the high
filling factor makes the design to act like a planar reflecting
layer. A more representative picture can be obtained by looking
at the contour plot of the absorption values as a function of
the wavelength and radius of the nanowire. As shown in
Fig. 3b, there is only a slight shift in the position of absorption
peaks, which is expected considering the fact that these reson-
ances are longitudinal modes defined by the length of the
nanowire. Moreover, lower order modes have wider spectral
broadening (compared to higher order plasmon modes) that is
the characteristics of standing waves. Another parameter that
affects the overall light absorption capacity of the design is the
length of the nanowires. Therefore, in the next step, we per-
MAX

1000 =
‘..i i

500 1000 1500 2000 MIN
Wavelength (nm)

Longitudinal Position (nm)

Fig. 3 The absorption spectra and contour plot of different nanowire (a, b) radii and (c, d) lengths. (e) The absorption profile through the nanowire

length as a function of the excitation wavelength.
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formed a sweep on the length of the nanowires. The same as
radius dependence, the spectra show multiple resonances
proving the formation of different orders of plasmon modes,
as shown in Fig. 3c. However, the position of absorption peaks
gains larger shifts compared to the previous case that is
expected considering the fact that these modes are mainly
longitudinal modes. Fig. 3d shows the dependence of the peak
position on the lengths of the nanowires. As can be clearly
deduced from this figure, first order modes have lower ampli-
tudes compared to the larger ones. As the order of modes is
increased, not only a peak amount becomes larger but also the
coupling between modes becomes stronger and the overall
absorption values approach unity. Fig. 3e illustrates the
absorption profile of the nanowire as its longitudinal position.
According to all of these results, one can conclude that a
random design, where different sized nanowires (both radius
and length) are brought together, can provide a near unity flat
absorption response due to the superposition of adjacent res-
onant modes. Based on this plot, the absorption in the shorter
wavelengths is concentrated in the top edge of the nanowire.
As we go to longer wavelength values, light diffuses deeper
into the nanowire array and consequently the absorption con-
finement is shifted into the bottom edge of the wire.

To gain a better insight into the formation of the longitudi-
nal modes across the nanowire, the field profiles of different
wavelengths of 4 = 500 nm, 1000 nm, and 2000 nm are plotted
in Fig. 4a-i. Fig. 4a—c clearly show the formation of an electric
field (E field) standing wave along the nanowire length where
the number of peaks and nodes are increased when the inci-
dent light wavelength becomes shorter. In other words, the
resonance at 2000 nm is due to the fundamental mode, while
the one at 500 nm represents higher order modes. The same
pattern can also be found for a magnetic field (H field), as
shown in Fig. 4d-f. Both E field and H field distributions
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reveal that we have a large absorption cross-section in the
space between nanowires where the position dependence of
these power distributions alters with the order of modes.
Moreover, the E field distributions of the design for these
three different wavelengths are plotted in Fig. 4g-i. As these
panels clearly illustrate, wavefronts of the plane wave have not
been disturbed upon impinging the nanowire array design.
This proves excellent matching between air and the nanowire
structure where an almost zero reflection is recorded on the
surface of the nanowire array. In other words, upon the exci-
tation of the structure with a plane wave, the light diffuses into
the design and it gets trapped there where the diffusion length
of the light increases when we move to longer wavelengths;
this is in line with our previous results as shown in Fig. 3e.
Another prominent factor affecting the absorption spectra
of the nanowires is their orientation. Fig. 5 shows the absorp-
tion spectra of vertically standing and tilted nanowires. The
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Fig. 5 The absorption spectra of vertically and tilted standing nanowires.
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Fig. 4 (a, b, ) Electric field, (d, e, f) magnetic field and (g, h, i) mode profiles of different three incidence wavelengths of 500 nm, 1000 nm, and

2000 nm.
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unit cell employed in our simulations for this case is shown in
the inset. This panel shows that a slight tilt in the orientation
of nanowires makes a blue shift in the resonance frequency.
Looking at this graph, similar to the radius and length of
nanowires, one can understand that a randomly oriented
nanowire array (as in our case) can have a response that is the
superposition of these resonances and, therefore, a flat near
unity absorption can be obtained for this architecture.
Essentially, the randomly oriented nanowires (rather than ver-
tically aligned ones) are an excellent scaffold to trap the light.
Thus, all the numerical findings prove that our synthesized
nanowires should form an excellent absorber with a strong
light absorption capacity and ultra-broadband response. To
evaluate our findings, we have fabricated the design and the
optical characterization is conducted on the sample to scruti-
nize the absorption capacity of the nanowire design. As
explained in the previous parts and schematically illustrated in
Fig. 6a, the densely packed randomly oriented Pt coated TiO,
nanowires are excellent light harvesting architectures. The
light impinging on this design will be entirely trapped inside
the design and absorption near unity will be recorded for this
configuration. This can be easily recognized from the compari-
son between bare TiO, nanowires and Pt coated ones, as
shown in Fig. 6b. For a black background, the Pt coated nano-
wire sample can be barely distinguished from the underlying
color estimating a high absorption amount in the visible
range. In addition to this, the bare nanowire structure has a
white non-transparent color that proves its high trapping
capacity. Fig. 6¢c shows the absorption spectra of the sample
measured in the integrated sphere setup. The transmission

Black absorber

0.10
0.05
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and reflection results have been analysed and the absorption
values have been calculated from these data. As can be implied
from this graph, absorption above 0.97 is measured through-
out an ultra-broadband spectrum spanning from 370 nm to
1100 nm. The measurement has been limited to this range
due to equipment limitations. To understand the response of
the sample in the longer wavelength values, we have applied
oblique angle measurements using ellipsometry equipment
for both transverse magnetic (TM) and transverse electric (TE)
polarizations. It should be mentioned that due to the existence
of nanowires in the design, we should have high scattering
from designs. However, our design is a highly absorptive trap-
ping design where light is trapped inside the nanostructures
and after several scattering, it gets absorbed before it leaves
the structure. This can be confirmed by comparing the absorp-
tion spectra obtained from the integrated sphere setup
(Fig. 6¢) and ellipsometry results (Fig. 6d and e) where a fair
matching is recorded for these two sets of data. As Fig. 6d and
e obviously illustrates, the structure maintains its absorption
response high even at higher incidence angles. For both TM
and TE polarizations, the absorption values remains above 0.9
for angles as wide as 60°, and for an angle of § = 70° the
response is still above 0.8 throughout the whole studied
spectrum. These results are expected considering the high
aspect ratio of nanowires and their random orientation that
make the design functional through wide incidence angles.
Another unique property of this design configuration is its
bifacial absorption capability. Essentially, in most of the
plasmonic designs, a back reflecting layer is required to obtain
high broadband absorption. The back reflector coating sends
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Fig. 6 (a) Trapping capability of a randomly oriented nanowire design, (b) the image of the sample proving its black color, (c) normal incident light
absorption spectra of the black sample and its oblique angle response to (d) TM and (e) TE polarizations, and (f) average light absorption values as a

function of the incident light angles.
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the light back into the cavity and absorption near unity is
achieved across an ultra-broadband frequency range. The exist-
ence of the back mirror layer makes the design highly reflective
in one direction. However, in our design, the use of an ultra-
thin metal layer, where it is partially coated on the substrate
(in the places that we do not have the nanowire), makes the
device responsive even under rear illumination. Fig. 7a shows
the black appearance of the nanowire design under both front
and rear illumination. To be able to characterize its longer
wavelengths, similar to the previous part, we have made
oblique angle absorption measurements for both TM and TE
polarizations, as shown in Fig. 7b and c. Based on these
results, for TM polarization, the absorption remains above 0.9
up to 1600 nm in which an abrupt reduction is recorded in the
longer wavelengths. However, TE polarized light loses its
absorption strength in a very sharp way in which an average
absorption of 0.9 for @ = 30° declines to an amount as small as
0.7 for 0 = 70° light incidence.

Conclusions

In summary, in this study, we design, fabricate, and character-
ize an ultrabroadband bifacial wide angle absorber in Vis and
NIR frequency regimes. Our absorber architecture is made of
Pt coated TiO, nanowires where these nanowires have a high
packing density and random orientation which make them an
excellent light trapping candidate. Our numerical findings
demonstrate that the absorption edge of the structure can be
extended toward longer wavelengths by increasing the nano-
wire length. This paper reveals the importance of the scaffold
where by taking unique advantages of the ALD method,
together with the excellent light trapping of chemically syn-
thesized nanowires, a large scale compatible absorber design
can be realized where a near perfect absorption is obtained
while using fewer materials.
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