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ABSTRACT: Zero reflection and complete light absorption are
required in a wide range of applications ranging from sensing
devices to solar heaters and photoelectrodes. However, simulta-
neously satisfying the requirements of the broadband spectrum,
omnidirectionality, polarization insensitivity, and scalability is very
challenging. Combining the light-trapping characteristics of
microscale copper nanowires (Cu NWs) with the unique optical
properties of carbon nanotubes (CNTs), we experimentally
demonstrate a novel perfect absorber that has an average total
reflectance of 0.75% over the broad 400—1000 nm wavelength
range and an average specular reflectance as low as 0.1%.
Importantly, our cactus-like, hierarchical structure retains a similar
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performance independently of light polarization and for a broad range of incident angles. We furthermore developed a model that
elucidates how the Cu NW and CNT components synergistically contribute to the suppression of both specular and diffuse
reflections while maximizing light absorption. Thanks to the scalability of the fabrication process, on the basis of the thermal
oxidation and chemical vapor deposition methods, our broadband and omnidirectional perfect absorber exhibits a large potential for

boosting the performance of many light-harnessing devices.
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P erfect absorbers in the visible (vis), near-infrared (NIR),
and mid-infrared (MIR) ranges are central to a variety of
energy-related' > and sensing-related”” applications and must
exhibit (1) broadband light absorption, (2) omnidirectionality,
(3) polarization insensitivity, and (4) compatibility with large-
scale fabrication methods.”” To date, many concepts and
structures have been exploited to obtain the above figures of
merit of a perfect absorber.” A major distinction is the type of
mechanism exploited for achieving absorption. On the one
hand, resonant absorbers, such as plasmonic ones, exploit the
strong but relatively narrowband absorption peak originating
from a resonance in the structure.””"” To achieve a broadband
spectrum, they then rely on the excitation of multiple
resonances.' "> Thus, apart from a few exceptions,m_zo
these ultrathin absorbers require sophisticated nanopatterning
procedures that significantly limit their large-scale implemen-
tation."* On the other hand, nonresonant nanostructured
absorbers exploit the formation of a smooth effective refractive
index gradient and/or enhanced multiple internal reflections
within low-density arrays of long constituent elements with
one or more subwavelength dimensions.”"”*” They can achieve
much broader absorption spectra and can be realized with
facile and scalable chemical methods.”***

Carbon-based nanostructured absorbers, because of their 7-
band’s optical transitions,” outperform other nonresonant
absorbers such as vertically aligned Si nanostructures”® in
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both bandwidth and absorptivity. Theoretical calculations>*
and experimental investigations suggest that an extremely low
index of refraction, on the order of 1.01—1.10, as well as very
low total reflectance of less than 0.045%, 1%, 0.03%, and 1%
can be obtained for vertically aligned single-walled carbon
nanotubes (CNTs),””*” multiwalled CNTs,***’ interlocking
CNTs,”® and graphene nanoneedle arrays,™ respectively,
across a wide spectral range from visible to MIR. However,
aligned carbon nanostructures are birefringent, which makes
them angle and polarization sensitive.””>" To remedy to the
CNT birefringence and to achieve an angle- and polarization-
independent optical response, a random orientation of carbon
nanotubes is desirable (Figure 1a). Yet, this can compromise
the low reflectivity of the coating.

One effective approach to enhance omnidirectionality and
polarization insensitivity of the nanostructured absorbers,
especially carbon-based ones, is to make three-dimensional
hierarchical structures that combine materials of different
classes, scales, and electrical/optical properties, providing a
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Figure 1. Schematic illustration of a hierarchical absorber concept and
its experimental realization. (a) #-band mediated absorption in an
effective medium of CNTs and (b) light trapping by multiple internal
scattering between micrometer long Cu NWs. (c) Synergistic
broadband light absorption of a forest of cactus-like Cu-CNT NWs,
together with a field-emission scanning electron microscopy image of
an individual cactus-like component. (d) A photographic image of the
realized Cu-CNT NW structure showing its very black and rough
appearance.

synergistic performance in light harvesting.”> The superior
performance of hierarchical structures is mostly attributed to
their combined randomly porous and oriented micro- and
nanostructure, leading to increased multiple internal reflection
over a broad range of oblique incident angles and polarizations
(Figure 1b).**" Hierarchical carbon structures of graphdiyne
nanosheets on a CuO nanowire (NW) array,” carbon black
nanoparticles on knife-like AlL,O; nanoplates,”* multiwalled
CNT films on macroporous silica,” graphene nanosheet arrays
on 3D graphene foam,*® and multiwalled CNTs on aluminum
nanostructured networks®’ were recently shown to exhibit
broadband light absorption with a significantly improved
incident angle independence, in some cases up to 50°.>%*” Yet,
their total reflectivity is typically higher (>2%) than vertically
grown CNTs and graphene nanoneedle arrays.**™°

Here, we report a unique cactus-like hierarchical structure
consisting of a forest of Cu NW coated with radially grown
CNTs (Figure 1c) that give rise to a superblack coating
material (Figure 1d). Fabricated by a facile and scalable
method, which combines thermal oxidation and chemical
vapor deposition techniques, our structure was shown to
exhibit ultra-broadband, omnidirectional, near-to-perfect light
absorption properties. Indeed, we measured an extremely low
average total and specular reflectance (0.75 £ 0.26 and 0.10 +
0.06%, respectively) over the broad 400—1000 nm range.
Furthermore, we demonstrate that a similar performance is
maintained up to incident angles as high as 60°, irrespective of
polarization. Finally, we confirmed that total reflection remains
low in the MIR range (2—10 pm). The effective medium layer-
based model that we developed shows that the low reflectance
indeed originates from the synergistic effect of the CNT
coating on each individual Cu NW and of the Cu NW forest.
Thanks to its extreme light-absorption properties, our structure
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could find application in a wide-range of devices for both
antireflection purposes and photothermal or photocatalytic
energy conversion, for example, in ultra-broadband micro-
bolometer photodetectors and solar steam generation.

B RESULTS AND DISCUSSION

The hierarchical, cactus-like Cu-CNT NW structures were
obtained in three steps: (i) thermal oxidation growth of an
array of vertically aligned CuO NWs on Cu substrates; (ii)
hydrogen thermal reduction of CuO NWs into Cu NWs; (iii)
self-catalytic chemical vapor deposition (CVD) growth of
CNTs on the Cu NW array. The fabrication process is detailed
in Figure 2a (see also Methods and Supporting Information
S1.1). Conventionally, high-quality CNTs are grown on Cu
substrates at elevated temperatures (700—900 °C) in Ar/H,
atmospheres using extrinsic Ni catalysts**~*’ due to the poor
catalytic activity of copper for CNT growth.*’ However,
thermally reduced Cu NWs (Figure 2a(ii)) can easily collapse
under these conditions,*" and extrinsic catalysts act as
impurities in the structure. To obtain our hierarchical
structure, instead, we used a low-temperature self-catalytic
CVD growth process by using acetylene gas (C,H,) as a
carbon precursor due to its low decomposition temperature
(~600 °C).** We also minimized the CNT growth time to
prevent any significant morphological change of the Cu NW
structure in the inert atmosphere.*”*’ Elemental analysis
results of the final Cu-CNT NWs structure in Figure S1
consistently show the vast predominance of carbon and copper
in the structure, indicating that the CNT-coated NWs remain
in the Cu metallic state after exposure to ambient air. The very
low oxygen content (ca. 2.06 wt %) can be mostly attributed to
adsorbed oxygen or water molecules.*>**

Representative cross-sectional SEM images of the as-grown
CuO NW array structure are shown in Figure 2b,c at two
different magnifications. They show that thermal-oxidation
growth results in a layer of highly dense and vertically aligned
CuO NWs arrays with a wire length of about 30 ym on a
copper oxide layer (Figure 2b), as previously reported.” The
magnified view (Figure 2c) shows that the obtained CuO NWs
have a very smooth surface with a diameter of about 100 nm.
Figure 2d,e presents tilted-view SEM images of the final
hierarchical Cu-CNT NW structure. Importantly, a compar-
ison of Figure 2b,d confirms that the morphology of the NWs
is largely preserved during CNT growth. A mechanical strain
gradient, due to surface reduction of the NWs during the H,
treatment 4process, is responsible for the slight bending of the
Cu NWs."»** On the contrary, samples prepared by using
methane gas as the carbon precursor (growth temperature ~
900 °C) suffered from sintering, with complete loss of the NW
morphology (see Supporting Information S1.2 and Figure S3).
Interestingly, the high-magnification SEM images reveal that,
during our acetylene-based growth, short-length and coil-
shaped CNTs* are radially grown on individual Cu NWs, fully
covering them throughout their entire length (Figure 2e).
Steric hindrance between the adjacent growing CNTs indeed
results in their nonagglomerated radial alignment.”” Some
scarce carbon nanoparticles were also formed on CNTs as
inevitable byproducts of the thermal CVD growth process.*®
As is evident from the close-up view SEM images (Figure S2),
all the CNTs are multiwalled and have an average diameter of
about 15 nm. Their growth indeed indicates that Cu NWs
exhibit intrinsic high catalytic activity without the need for
using an extrinsic catalyst. As Cu catalyst particles (Cu NPs)
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Figure 2. Fabrication process and material characterization. (a) Schematic illustration of different steps of the fabrication process. (b, c) Cross-
sectional SEM images of the thermally grown CuO NW arrays on Cu substrate at low and high magnifications. (d, e) Tilted-view SEM images of
the hierarchical Cu-CNT NW structure obtained by using acetylene gas at low and high magnifications. (f, g) XRD spectra of the as-grown CuO
NWs and the Cu-CNT NW structures together with their corresponding Raman spectra in the inset. The Raman spectroscopy experiments were
performed with a Nd:YLF laser at the excitation wavelength of 532 nm.

can be observed at the tip of the CNTs (Figure S2), we
postulate a tip-growth type mechanism, contrary to a
previously observed root-growth type mechanism for CNTs
on a roughened Cu substrate.” To the best of our knowledge,
only a few publications®>" have reported self-catalytic growth
of CNTs on Cu nanostructures and none of them resulted in
such a fine Cu NWs/CNTs/Cu NPs hierarchical structure. We
also note here that the presence of well-dispersed and exposed
nanocrystalline Cu active sites could make our high-surface
area structure unique for catalytic applications.sz‘53

The composition of the structures can be more accurately
determined from powder X-ray diffraction (XRD) and Raman
spectroscopy (Figure 2f,g). The XRD pattern of the as-grown
CuO NWs structure (Figure 2f) shows the coexistence of a
mixture of monoclinic CuO and cubic Cu,O phases, consistent
with a previous observation of a parallel oxide layering
structure.”” The XRD pattern of the cactus-like Cu-CNT
sample shows strong peaks at 43.3°, 50.5°, and 74.1°,
corresponding to the (111), (200), and (220) reflections of
face-centered-cubic Cu (JCPDS No. 04-0836), and two small
broad peaks at 26.5° and 44.8° related to the (002) and (101)
reflections of CNTs (JCPDS No. 08-0415). As only a weak
peak of the copper oxide group is observed in the XRD graph
at 38.2°% we can infer that the CuO NWs are successfully
reduced into Cu NWs and that the CNT layer efficiently
protects the core Cu NWs from air exposure and surface
oxidation. This is in accordance with the EDS results (Figure
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S1) as well as previous literature reports of related
systems.””**>* Raman spectra further clarify the CNT
structure. The inset in Figure 2g shows two dominant peaks
at around 1327 and 1586 cm™" related to the first-order D and
G bands of CNTs, respectively.”> Three low-intensity peaks at
around 2653, 3186, and 2910 cm ™' can be well assigned to the
overtones and combination of D and G bands, including the
second-order 2D, 2D’, and D+G modes, 1‘espectively.56_58 The
D and G bands are indicative of the presence of disorder and
graphitization in the CNT structure while the second-order
modes indicate the long-range order present within the
structure.”® Therefore, on the basis of the sharp D peak and
the broad overlapped peaks of second-order modes in the
Raman spectrum, we can infer a defective multiwalled CNT
structure with weak long-range order,®® consistent with low-
temperature CVD growth of CNTs’” and formation of
amorphous carbon nanoparticles in the structure.”® Although
the additional Raman features around 183 and 330 cm™ (inset
in Figure 2g) could not be attributed to the Cu phase, they are
completely distinct from the characteristic peaks of bulk CuO,
clearly visible at 294, 343, and 628 cm™! (Ag, Blg, and B2g
modes, respectively) in the Raman spectrum of the as-grown
CuO structure® (inset in Figure 2f), confirming the absence of
oxides in the hierarchical Cu-CNT structure.

To investigate the light-absorption characteristics of the
hierarchical Cu-CNT NW array structure, wavelength-resolved
reflectance spectra across the vis-to-NIR region were measured
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Figure 3. Experimental characterization of the optical properties of the hierarchical absorber. (a) Total reflectance spectra of the CuO NWs, CuO
thin film, Cu NWs, and Cu-CNT NW structures at normal incidence. (b) Angle-resolved total reflectance spectra of the Cu-CNT NW structure at
various oblique incident angles. (c) Haze ratio spectra of the CuO NWs, CuO thin film, Cu NWs, and Cu-CNT NW structures at normal
incidence. (d) Total reflectance spectra of the Cu-CNT NW structure under s- and p-polarized illumination at a 50° incident angle. (e) Angle-
resolved specular reflectance spectra of the Cu-CNT NW structure at various oblique incident angles. The small schematic in each graph depicts
the illumination conditions (black arrow, incidence angle and polarization) and the collected reflectance component (pink arrow, specular

reflection; purple arrow, diffuse reflection).

with a commercial setup (NT&C NanoMicroSpec) consisting
of an inverted optical microscope, equipped with a high-NA
objective (100X, 0.9 N.A.) and coupled to a grating
spectrometer (see Figure SS). In all of our samples, light
cannot be transmitted through the optically thick Cu substrate,
and therefore, reflectance is a direct measure of absorbance,
specifically absorbance = 1 — reflectance. In the following, the
performance of our absorber will thus be discussed in terms of
reflectance, which is the experimentally measured quantity. In
these measurements, we collected both the specular and diffuse
(scattered) part of the reflectance and we normalized the
performance of our samples to that of a calibrated silver mirror
(see the Methods and Supporting Information S2). We also
compared the optical response of our cactus-like Cu-CNT NW
absorber to three structures resulting from intermediate steps
of our fabrication process, namely, a CuO thin film, a forest of
CuO NWs, and a forest of Cu NWs (see Supporting
Information S1.3 and S1.4). The total reflection spectra of
the studied samples, collected for normal incidence in both the
vis-to-NIR (400—1000 nm) and MIR (2—10 um) ranges, are
shown in Figures 3a and S7, respectively. The hierarchical Cu-
CNT NW structure exhibits an extremely low average total
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reflectance of 0.75 + 0.26% in the vis-to-NIR range and 1.37 +
0.92% in the MIR range, clearly outperforming the other
studied structures as well as previously reported hierarchical,
carbon-based systems.”* *° Comparing the featureless spec-
trum of the CuO film with that of the CuO NW structure, we
observe that the light trapping effect of the microscale
NWs*>*® reduces the average total reflectance from a few
percent to less than 1% in the 400—700 nm range. However,
beyond 700 nm, the reflectance increases significantly because
of the limited light absorption below the bandgap of CuO
(1.4—1.7 eV).°"°* Similarly, for the forest of Cu NWs, light-
trapping by the nanowire geometry minimizes the reflection at
short wavelengths, where the metal has stronger absorption
due to interband transitions.”> By comparing the response of
Cu NW arrays with that of the cactus-like Cu-CNT structure,
we observe that the CNT deposition dramatically suppresses
the reflectance of the Cu NWs for wavelengths longer than 550
nm. Overall, these results indicate that the optical properties of
our absorber are related to the synergistic combination of the
NW microstructure and the CNT coating.

To fully capture the performance of our absorber, we also
implemented Fourier plane-based optical measurements that
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allow the determination of the total reflectance as a function of
incident angle (from 0° up to 60°) while quantifying separately
the specular and diffuse components of the signal (see
Supporting Information S2, Figure S6). Impressively, for the
hierarchical Cu-CNT NW structure, both the total and
specular reflectance are very low and largely insensitive to
the incident angle, even for values as high as 60° (total average
reflectance at 60° is 1.05 + 0.41%) (Figure 3b,e). Furthermore,
our absorber is insensitive to polarization, even at a high
oblique incidence angle of S0° (Figure 3d), in stark contrast to
the other studied structures (Figure S8) and also to the
previously studied vertically aligned CNTs.”* We suggest that
such behavior results from the suppression of the birefringence
of individual CNTs due to their random orientation on each
Cu NW. Considering separately the two components of the
reflected light, i.e., specular and diffuse, we finally observe that,
at normal incidence, the cactus-like Cu-CNT NW structures
possess an extremely low and wavelength-independent average
specular reflectance of 0.10 + 0.06% across the broad 400—
1000 nm specular range. Higher incident angles further
improve this figure, a minimum being observed for an incident
angle of 24°. This implies that the small total reflection consists
primarily of diffuse light. The scattering behavior of all the
structures can be analyzed on the basis of the haze ratio,
defined as the ratio of diffuse reflectance to total reflectance®*
(Figures 3c and S8d—f). For normal incidence, all the studied
structures behave as diffusers. The forests of Cu NWs and that
of CuO NWs have the highest haze ratio (ca. 93% and 91%,
respectively) across the entire spectral range. Instead, the
hierarchical Cu-CNT NW structure has a very large haze
across the visible range but exhibits an increase in specular
reflection at wavelengths longer than ~700 nm. This optical
response can be related to the relative size of the light
wavelength and the structural components of the absorber, i.e.,
CNTs (~1S5 nm in diameter) and Cu NWs (~100 nm in
diameter).*” In the shorter wavelength region (400—700 nm),
the Cu NWs act as individual scatterers, diffusing light in all
directions. In the longer wavelength region (700—1000),
instead, the size of both CNTs and Cu NWs is significantly
smaller than the incident wavelength. They thus collectively
behave as a homogeneous effective medium film for which the
specular reflectance is increased with respect to the diffuse
reflectance. We remark here, that, as is evident from Figure 3b,
the average total reflectance of the hierarchical Cu-CNT NW
structure remains extremely low across the entire spectrum
(<1% up to 60°).

To elucidate further the origin of the exceptional light-
absorption properties of our hierarchical absorber, we use an
effective medium layer (EML) approach®"®® and perform
separate calculations to distinguish the contribution of the
CNTs coating on each individual Cu NWs from that of the
dense forest of Cu NWs.

First, using the RF module in COMSOL Multiphysics, we
calculated the scattering spectrum of a standalone 30 ym-long
Cu NW with and without a CNT coating under perpendicular
polarization (s-polarized light) (Figure 4a). To describe the
CNT coating, we binarized a high-resolution SEM image and
used it to define two EMLs with different volume fractions of
air and CNTs (Figure 4a; details on the numerical simulations
as well as image analysis procedures and effective medium
calculations can be found in Methods and Supporting
Information S3.1 and S3.2). We observe that the metallic Cu
NW presents resonant modes at about 610, 670, and 950 nm
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Figure 4. Modeling of the optical properties of the hierarchical
absorber. (a) Schematic showing the EML determination from a
binarized image of the cactus-like structure and simulated normalized
scattering spectra for a 30 pgm-long single Cu NW and a single Cu
NW covered with two EMLs composed of different volume fractions
of air and CNTs. Light is incident on the tip of the NW with
polarization perpendicular to its long axis. (b) Schematic showing the
transformation of a binarized SEM image into the EMLs and the
simulated specular reflectance spectra for a Cu film, a forest of Cu
NWs, and a forest of Cu-CNT NWs represented by five EMLs
composed of different volume fractions of air and NWs. (c) A
comparison between the experimental and simulated specular
reflectance spectra for the Cu-CNT NW array structure.

wavelengths that significantly enhance the scattering®® (Figures
4a and S10a), particularly in the NIR region of the spectrum
(750—1000 nm). Similar resonant modes are present also for
shorter Cu NWs (Figure S14), suggesting their contribution to
the large diffuse reflectance of the fabricated multilength Cu
NW structure (see Figure 3c). The addition of the EML
coating onto the Cu NW significantly reduces its scattering,
with the most pronounced effect occurring across the NIR
spectral region (Figures 4a and S10b). Given that some of the
Cu-CNT NWs are slightly bent (Figure 2d), we also calculated
the scattering spectrum for light impinging sidewise onto single
NWs with polarization parallel to their axis and observed an
even larger reduction in the scattering (Figure S11). This
behavior is beneficial for light absorption at very high incident
angles, close to grazing incidence. Furthermore, in the latter
case, we observe that the EMLs strongly increase light
absorption, particularly in the NIR range (Figure S12). Indeed,
for wavelengths longer than 550 nm, light reflection off the
underlying Cu NWs doubles light propagation through the

https://dx.doi.org/10.1021/acsphotonics.9b01658
ACS Photonics 2020, 7, 366—374


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01658/suppl_file/ph9b01658_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01658?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.9b01658?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

absorbing CNT layer.”® Therefore, these single-NW-level
simulation results show that the CNT coating plays a crucial
role in both suppressing scattering and enhancing absorption.

Next, to assess the collective role of the microscale NW array
onto the low reflectance of our absorber, we binarized a side-
view SEM image of a NW forest and defined five EMLs with
different volume fractions of air and Cu NWs or air and CNT-
Cu NWs (Figure 4b and Supporting Information $3.1). Using
Cu as a substrate, we then calculated the reflectance spectrum
of the multilayer structure (Figure 4b). Compared to a planar
Cu film, we observe that in a forest of Cu NWs the obtained
graded refractive index contributes to a significant reduction in
reflectance only within the spectral region of large intrinsic
absorption for Cu (400—600 nm). Instead, for the hierarchical
Cu-CNT NW forest, we observe a dramatic suppression of the
specular reflectance (average value of 0.13 + 0.05%) across the
entire vis-to-NIR spectral range (400—1000 nm), in excellent
agreement with our experimental results (Figure 4c).

We conclude that the ultra-broadband and omnidirectional
near-unity light-absorption properties of our hierarchical Cu-
CNT NW structure originate from the synergistic contribu-
tions of the forest of nanowires and the CNT coating. On the
one hand, the microscale structure of Cu NWs creates a
smoothly graded refractive index that minimizes specular
reflections (Figure S9c). On the other hand, the nanoscale
CNT structure limits the diffuse reflectance caused by
scattering of individual nanowires. These two effects combined
strongly enhanced in-coupling of light into the hierarchical
structure across a wide range of wavelengths and incident
angles as well as for both light polarizations. Following in-
coupling, light absorption is enhanced by the combination of
the absorptive CNT coating with the forest of reflective Cu
NWs. In fact, as discussed, Cu NWs act as back reflectors so
that any unabsorbed light travels back through the CNT
coating and into the NW forest, overall increasing the
probability of light absorption and prolonging the optical
path within the structure.

B CONCLUSION

In summary, we experimentally demonstrated a novel
hierarchical structure with ultra-broadband and omnidirec-
tional near-unity light-absorption properties (<0.1% average
specular reflection and <1% average total reflection up to a 60°
incident angle within 400—1000 nm) fabricated by a facile and
scalable method. Through experiments and modeling, we
showed that this superior optical performance originates from
the multiscale nature of the developed cactus-like structure
that synergistically combines a forest of microscale Cu NWs
with a nanoscale radially grown-CNT coating for each Cu NW.
Indeed, the effective media created by each of these
components contribute to the suppression of both specular
and diffuse reflections. Furthermore, the light-trapping nature
of the Cu NW forest combined with the unique optical
properties of carbon-based materials maximize light absorp-
tion.

The structure could be easily scaled up to the wafer scale for
industrial production, as both the thermal oxidative growth of
CuO NW arrays®”*® and the CVD growth of CNTs” are
intrinsically scalable for large-area growth and are deployed in
a continuous fashion by just changing the reactor atmosphere.
The extreme light-absorption characteristics of the reported
structure are promising for a wide class of devices from

: . 3,69
microbolometric photodetectors to solar-steam generators.”
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Also, our perfect absorber scheme can be used in optical
systems for baffles and inner coatings that require suppression
of strong light reflection. Furthermore, we envision that the
large values of electrical and thermal conductivities of both the
Cu NW and CNT components,”>’®”" combined with the
expected large local electric field enhancements’” and the
unique catalytic properties of the exposed Cu nano-
particles,”>* could be of great interest for novel applications
in photoelectrochemical devices’> or photoassisted field-
emission devices.”*

B METHODS

Fabrication. A combined and continuous thermal
oxidation/hydrogen thermal reduction/chemical vapor depo-
sition technique was employed to fabricate the hierarchical Cu-
CNT NW array structure (see Supporting Information S1.1).
Briefly, a CuO NW array structure was first grown on a clean
Cu substrate by a thermal annealing process at 450 °C for 4 h
in ambient air (Figure 2a(i)). A detailed description of the
growth mechanism of the CuO NWs can be found
elsewhere.”” The as-grown CuO NWs appeared black and
were used as a 3D support for the later CNT branch growth,
which avoids aggregation of CNTs. Before CVD growth of
CNTs, a hydrogen thermal reduction process was performed
on the as-grown CuO NWs at 350 °C for 10 min in a low
concentration H, environment (300 sccm Ar/30 sccm H,) to
reduce the CuO NWs into Cu NWs, which can act as a catalyst
for random growth of CNTs (Figure 2a(ii)).*>**’® Then, the
CNTs were directly grown on the surface of Cu NW arrays via
a self-catalytic mechanism at 600 °C for 10 min by using a
mixture of acetylene (C,H,) gas (300 sccm Ar/40 sccm C,H,)
as a carbon precursor with a low decomposition temperature
(Figure 2a(iii)). After CVD growth of CNTs, the system was
rapidly cooled down to room temperature (~30 K/min) under
Ar cover to prevent oxidation and preserve the morphology of
Cu NWs. The obtained Cu-CNT NW structure had a very
black and rough appearance when inspected by the naked eye
(Figure 1d).

Optical Measurements. To record reflectance spectra of
structures at different incident angles, an inverted microscope
(Nikon Eclipse TE2000-U) combined with a grating
spectrometer via a 4-f setup was employed (see Supporting
Information S2, Figure SS). A 100X, 0.9 NA objective was
used to access a broad range of incident angles (up to
approximately 64°). Kohler illumination was used to illuminate
a small spot in the back focal plane (BFP) of the objective,
corresponding to a small range of illumination angles on the
sample. The angle could be controlled by moving the
illuminated spot through the BFP. The 4-f setup provided
access to an intermediate Fourier plane (FP), which can be
used to exclude all diffuse reflectance and only record the
specular component. This was done by adding an iris in the FP
and aligning it to the illuminated spot in the BFP. Spectral
reflectance measurements at infrared wavelengths (2—10 um)
were performed with a Bruker Vertex 80 FTIR spectrometer.

Numerical Simulation. Effective medium theory approx-
imation and the RF module of the COMSOL Multiphysics
V5.3 software package were used to simulate the scattering and
the reflectivity of Cu-CNT NWs at both the single nanowire
and the array scale level as a function of wavelength (see
Supporting Information S3). To simulate the effect of the
CNT layer on the scattering of a single Cu NW, a 2D
numerical electromagnetic model was developed and the
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scattering behavior was modeled for a 30 ym-long cylindrical
Cu NW wrapped with two EMLs of CNTs (see Supporting
Information $3.2.1 and Figure S9a). We used a scattering
boundary condition to terminate the simulated domain and
avoid any reflection from the boundaries. The system was
studied for light propagation both perpendicular and parallel to
the wire long axis with polarization parallel and perpendicular
to it, respectively. To simulate the effect of a forest of Cu NWs
with and without a CNT coating and calculate its reflectance, a
2D unit cell model was employed. A Floquet boundary
condition was used to simulate an infinite film consisting of a
Cu back reflector and five EMLs with an overall height of 30
um (see Supporting Information $3.2.2 and Figure S9b). A
port boundary condition was used for excitation and reflection
calculations. The percentage of reflected light was obtained by
calculating the outgoing power from port 1 at the top of the
unit cell. The wavelength-dependent complex refractive indices
for CNT (considered as graphite) and Cu were taken from refs
77 and 78.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.9b01658.

Additional information about the growth methodology
for the structures together with their corresponding
SEM images and the EDS mapping results; the
employed reflectance measurement technique with the
reflectance measurement results for the structures across
the vis-to-NIR range and the MIR of the spectrum;
effective medium approximation and the image analysis
results; numerical modeling of the optical properties of
the structures together with the simulation results
(PDF)
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