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ABSTRACT: We show that packed, horizontally aligned films of single-
walled carbon nanotubes are hyperbolic metamaterials with ultrasubwave-
length unit cells and dynamic tunability. Using Mueller matrix ellipsometry,
we characterize the films’ optical properties, which are doping level
dependent, and find a broadband hyperbolic region tunable in the mid-
infrared. To characterize the dispersion of in-plane hyperbolic plasmon
modes, we etch the nanotube films into nanoribbons with differing widths
and orientations relative to the nanotube axis, and we observe that the
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hyperbolic modes support strong light localization. An agreement between

the experiments and theoretical models using the ellipsometry data indicates that the packed carbon nanotubes support bulk
anisotropic responses at the nanoscale. Self-assembled films of carbon nanotubes are well-suited for applications in thermal
emission and photodetection, and they serve as model systems for studying light—matter interactions in the deep subwavelength

regime.
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yperbolic metamaterials (HMMs) are optically aniso-

tropic media that have permittivities of opposite sign
along different coordinate axes.'™> They are capable of
localizing light to extreme subwavelength dimensions and
can support a large optical density of states* across a wide
spectral range. In addition, they can serve as model systems for
studying extreme light—matter interactions, such as photonic
topological transitions.” HMMs are actively being investigated
for a number of application areas, including super-resolution
imaging,6 broadband absorption,7 thermal emission control,®
optical sensing,”'” and ultrafast optical sources."’

An ideal HMM platform would simultaneously support
ultrasubwavelength unit cells, tailorable properties via material
customization, and dynamic tunability. However, achieving
these characteristics together has proven to be challenging.
HMMs that consist of metallic and dielectric nanostructure
assemblies, such as stacks of metal-dielectric thin films>*>"!
and aligned metallic nanowires in a dielectric matrix,'”'* are
not dynamically tunable and possess relatively large unit cell
dimensions. Naturally hyperbolic materials,">'* such as
hexagonal boron nitride (h-BN),"*™"7 a-phase molybdenum
trioxide,"®'? and bismuth selenide, exhibit hyperbolic behavior
down to atomic scale dimensions and can possess an extremely
low optical absorption. However, these materials have fixed
hyperbolic spectral ranges, and many require materials growth
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or fabrication processing that is difficult to scale to macro-
scopic areas.

In this study, we introduce packed, self-assembled, and
horizontally aligned single-walled carbon nanotube (SWCNT)
films as a new class of dynamically tunable HMMs. SWCNTs
have several key advantages that make them excellent building
blocks for designer HMMs. First, individual SWCNTSs have
distinct physical properties that depend on their diameter and
chirality.”” Composite films with customizable optical proper-
ties can therefore be produced by mixing together and
assembling different SWCNT types.”' Second, SWCNTs
have single-nanometer diameters, and aligned SWCNT films
can therefore be treated as a true effective medium down to
extremely subwavelength size scales.”” Third, semiconducting
SWCNTs have optical properties that can be tuned through
various gating or doping methods, allowing SWCNT HMMs
to be dynamically tuned. Fourth, horizontally aligned
SWCNTs can support in-plane hyperbolic propagation,
which is difficult to achieve in stacked-layer or nanowire-
based HMM:s and has been the subject of recent studies.'”*’
Fifth, SWCNTs have high thermal conductivities and are
tolerant to very high temperatures, making them suitable as
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Figure 1. Schematics of hyperbolic plasmon modes in thin films and resonators. (a) Left: side view of the IEl field profile of the hyperbolic plasmon
mode (HPM) propagating in a 95 nm thick SWCNT film in air, on a hafnia and silicon substrate. Right: top views of in-plane HPM wavevectors
propagating along and at an angle relative to the SWCNT alignment axes and the corresponding isofrequency surfaces in wavevector space. When
the HPM propagates at an angle to the SWCNT alignment axis, the in-plane propagation wavevector increases. (b) Schematic of the confined
HPM in a nanoribbon resonator, which can be understood as a Fabry—Pérot cavity for propagating hyperbolic plasmons.
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Figure 2. Ellipsometry measurements of aligned SWCNT films. (a) Top view SEM image of the aligned SWCNT film. Scale bar: 100 nm. Inset:
photo of the aligned SWCNT film on the filter membrane. Scale bar: 1 cm. (b) Cross-sectional TEM image of the SWCNT film. Scale bar: 10 nm.
Inset: Fourier transform of the TEM image. (c) Dielectric functions of S0 nm thick SWCNT films, at a low-doping level (left) and a moderate-
doping level (right). The substrate is silicon. The dielectric functions are extracted from the spectroscopic ellipsometry through the Mueller matrix
method (see the Supporting Information). &, is the complex dielectric function along the SWCNT axis, and &, . is the complex dielectric function
along the plane perpendicular to the SWCNT axis. The light green boxes highlight the hyperbolic metamaterial (HMM) spectral range.

thermal emitters. We note parallel and complementary work resonators patterned from the metamaterial. The confined
on the thermal emission properties of SWCNT-based HPMs have characteristics that derive from propagating HPMs
hyperbolic nanostructures at high temperatures.”** in a continuous film. Since the aligned SWCNT film
Our study conceptually builds on prior theoretical studies of thicknesses are much smaller than the mid-infrared free-
hyperbolic materials based on nanotube forests”*~*® and uses a space wavelengths representing the hyperbolic spectral range,
recently developed self-assembly technique that utilizes these HPMs are strongly confined in the nanotube film and
controlled vacuum filtration.”"?***7** This method has decay into the substrate and air cladding (Figure la, left).
recently yielded films that are monolithic and globally ahgned Because the alignment axis of the SWCNT film is parallel to
across the wafer scale,”” electrostatically tunable,” and the substrate, the HPMs exhibit in-plane hyperbolic dispersion.
hexagonally ordered in a cross section when the packing HPMs propagating at an angle relative to the nanotube-
fraction is high.** Highly ordered and large-area SWCNT films alignment axis can have very large modal wavevectors S
have proven to be a unique platform to study nanoscale light— (Figure 1a, right). As a result, the HPMs can confine light to

matter interactions, including intersubband plasmons,*® hybrid deep subwavelength scales.
phonon-plasmon modes,”””" ultrastrong exciton-cavity cou- The patterning of the SWCNT films into nanoribbons
pling,”** and polarization-sensitive mid-infrared (MIR) and enables the direct coupling of free-space radiation into
terahertz emission and detection.'”*”*" In this study, we focus confined HPMs and the study of their in-plane hyperbolic
specifically on the anisotropic bulk optical properties of these dispersion characteristics. The nanoribbons function as Fabry—
films. Fundamentally, these properties emerge from the optical Pérot (FP) resonators that confine propagating HPMs (Figure
properties of the individual nanotubes™ and the degree to 1b). These plasmons propagate across the nanoribbon
which charges can be transported across nanotubes, which is resonators and reflect at the ribbon edges, and the lowest
an important open question in nanotube plasmonics. order FP resonance results when these reflection events
To probe the hyperbolic nature of our SWCNT system, we constructively interfere and the condition 2L + 2¢p = 27 is
investigate both the bulk optical properties of the aligned satisfled. The wavevector f is always perpendicular to the
SWCNT metamaterial, using ellipsometry, and the behavior of nanoribbon cut direction, and the term 2/L is the propagation
hyperbolic plasmon modes (HPMs) confined in nanoribbon phase accumulated from a round trip across the nanoribbon.
3132 DOI: 10.1021/acs.nanolett.9b00552
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Figure 3. IR spectroscopy of SWCNT nanoribbons. (a) Patterned SWCNT film arrays on a HfO,/Si substrate. Scale bar: 1 cm. (b) SEM images of
SWCNT ribbon resonator arrays. Scale bars: 200 nm. The cut angle, , is the relative angle between the SWCNT alignment axis and the edge of the
etched nanoribbon. (c) Experimental and (d) theoretical IR transmission spectra from the micro-FTIR experiments on the moderate-doped
patterned SWCNT films with L = 230 nm and different @ values. The theoretical spectra are obtained from FDTD simulations. The spectra are
stack-plotted by adding vertical offsets of 0.5 between neighboring spectra. (e) Cross-sectional electrical field-strength maps of the SWCNT
nanoribbons. The top nanoribbon is cut at @ = 90° and has a peak resonance at ~0.5 €V (2.5 ym), and the bottom nanoribbon is cut at 8 = 30° and
has a peak resonance at ~0.32 eV (3.9 um). The dashed lines indicate material interfaces. Scale bar: 100 nm.

The 2¢) phase term is derived from plasmon reflection at the
ribbon edge. At resonance, f = (m — ¢)/L is specified by fixing
the nanoribbon width. By measuring the resonant frequency of
the nanoribbons as a function of L and cut angle relative to the
SWCNT alignment axis, we can map out the dispersion of the
HPMs.*>*® This FP resonator model is equivalent to a
treatment of the resonators as a low-order two-dimensional
hyperbolic cavity.”">*”

To experimentally prepare our SWCNT HMM system, we
utilize a vacuum-filtration technique with SWCNTSs that are
approximately 1/3 metallic and 2/3 semiconducting, and we
transfer the resulting films to a silicon substrate with a thin
hafnia overlayer. The metallic tubes enable a plasmonic
response in the bulk film, even without an external doping
source.’” The average length of the SWCNTs is approximately
500 nm. The as-assembled film has a 1 in. diameter (Figure 2a,
inset). Scanning electron microscopy (SEM) (Figure 2a),
cross-sectional transmission electron microscopy (TEM)
(Figure 2b), and X-ray diffraction®* show that the nanotubes
are highly aligned and, in cross section, hexagonally ordered,
with a 1.74 nm intertube spacing. The local hexagonal ordering
of these packed films is confirmed by Fourier transforming the
TEM image (Figure 2b, inset), which shows clear peaks
corresponding to a hexagonal lattice arrangement.”* Together,
the images of the aligned SWCNTs at different length scales
reveal a truly multiscalar hyperbolic system.

We utilize Mueller matrix spectroscopic ellipsometry to
characterize the dielectric function tensor of bulk SWCNT
films. Under the assumption of uniaxial anisotropy with optical
axis alignment along the length of the nanotubes, we apply a
parametrized oscillator model to extract the hyperbolic
dielectric function tensor components (see the Supporting
Information for more details).*®*” We consider films with two
different doping levels: a “low-doping level” film with a
resistivity of 4 X 107> Q cm, which is measured in ambient
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conditions without intentional doping, and a “moderate-
doping level” film, which is measured one day after exposure
to HNO, vapor and has a resistivity of 1.6 X 107> Q cm (see
the Supporting Information).*

These ellipsometry measurements reveal that our SWCNT
films are type-I HMMs,” with a negative permittivity along the
nanotube-alignment axis and positive permittivities along the
other axes, across a wide range of infrared wavelengths (Figure
2¢). In the low-doping level film, the spectral ranges of the
hyperbolic dielectric tensor are 0.09—0.3 eV (4—14 ym) and
0.7—0.8 eV (1.6—1.8 um). The negative permittivity in the low
energy range (<0.3 eV) can be understood as the response of
free-charge carriers from the metallic SWCNT's and low-doped
semiconducting SWCNTs. The Lorentzian peaks around 0.6
and 1.2 eV correspond to the S;; and S,, exciton bands,
respectively, in the semiconducting SWCNTs.”" In between,
there is a relatively narrow 0.7—0.8 eV negative permittivity
region originating from the first interband plasmon resonance
of the semiconducting SWCNTs." In the moderately doped
sample, the exciton absorption is suppressed due to band filling
derived from the increased free-charge-carrier density."> Here,
the hyperbolic spectral range is 0.2—0.8 eV (1.7—6.7 um), a
dramatic change from that of the low-doped film.

To pattern these films into nanoribbon resonators and
directly probe the HPM modes of the SWCNT system, we use
electron-beam lithography and reactive ion oxygen etching,
with fabrication parameters taken from ref 30. A series of
nanoribbon arrays, each with a 200 ym X 200 um area, are
fabricated from an individual 95 nm thick SWCNT film
(Figure 3a), with L spanning from SS to 395 nm and cut
angles, 0 (defined in Figure 3b), ranging from 90° (cut normal
to the nanotube axis) to 20°. The SEM images (Figure 3b)
display ribbons with uniform dimensions and well-defined
edges, indicating the high quality of our fabrication process
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Figure 4. Dispersion of hyperbolic plasmon modes in SWCNT nanoribbons. (a) HPM dispersion plots for moderately doped, 95 nm thick
SWCNT nanoribbons, derived experimentally from the peak extinction frequency of HPM resonators that have a range of L and @ parameters. The
mode wavevector is defined to be f = (z — ¢)/L, where ¢ is determined numerically and has a level of uncertainty denoted by the error bars. (b)
Theoretical dispersion relations of the HPM, calculated using the transfer matrix theory and the ellipsometry dielectric functions from Figure 1lc.
(c) Dispersion relations of the HPM for 6 = 60° and three doping levels, showing active tuning of the HPMs. (d) 2D in-plane isofrequency surface
for moderately doped resonator arrays at @ = 4000 cm™" (0.5 eV), using the data from panel a. The theoretical curve (dashed) is calculated using

the transfer matrix theory and the ellipsometry data.

flow and our ability to pattern nanoscale features in our
SWCNT films with a high fidelity.

To characterize the HPM ribbon resonators, we perform
micro-Fourier transform infrared (u-FTIR) spectroscopy on
the arrays, with the incident light polarization parallel to the
SWCNT axis. The high degrees of thickness uniformity
(£10%) and homogeneity across the 1 in. SWCNT film make
it possible to measure different arrays of the same film with
consistent results. We measure the extinction spectra, 1 — T/
T, of the ribbon resonator arrays, where T is the transmittance
of the sample on the substrate and T, is the transmittance of
the bare substrate. Each resonator array is measured at
different gas-doping levels (high, moderate, and annealed),
which correspond to resistivities of 8 X 107, 1.6 X 107, and 8
X 107 Q cm, respectively (see the Supporting Information).

Our measurements of HPM nanoribbon resonators show
that when ribbons of fixed width are cut at angles further from
normal to the SWCNT axis (6 < 90°), the plasmon resonances
significantly redshift. This redshift indicates a high mode
confinement (i.e., large HPM wavevector f3). While one might
attribute this redshifting simply to the lengthening of the
SWCNTs for 6 < 90°, this effect is actually a result of in-plane
hyperbolic dispersion, as we show below. For moderately
doped ribbons with L = 230 nm, we observe that, as the cut
angle decreases from 90° to 20°, the resonance redshifts from
~0.5 eV to ~0.1 eV (Figure 3c). These resonators can support
extremely subwavelength resonances, and ribbons with L = 55
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nm are resonant at wavelengths as large as /L ~ 70 for 0 =
20°, compared to 4/L ~ 38 for 6 = 90°.

Theoretical spectra obtained using finite difference time
domain (FDTD) and finite element method (FEM)
simulations show excellent agreement with the experimental
results (Figure 3c,d). In this analysis, the SWCNTs are treated
as an anisotropic medium with a uniaxial dielectric tensor
extracted from ellipsometry (Figure 2c). The agreement
between the simulated and experimental spectra indicates
that the aligned SWCNT film functions as a metamaterial with
a bulk effective medium response. The simulated field profiles
show that, although the incident polarization is along the
nanotube axis, the excited mode has electric field components
both perpendicular and parallel to the nanotubes. This
characteristic indicates the hyperbolic nature of the mode
(Figure S8). The ultrafine spatial granularity of the nanotube
film is particularly important when examining the field profiles
of the nanoribbon plasmon modes. Figure 3e shows a map of
the electrical field strength |El in a 6 = 90° nanoribbon on
resonance (0.5 eV). These field plots reveal strongly varying
electric fields with length scales of only tens of nanometers.
Thus, the single-nanometer unit cell dimension set by the
SWCNT diameter is key to the films’ performance as an
effective medium. In contrast, HMMs with highly heteroge-
neous structuring at these length scales would be strongly
affected by nonlocal effects.*’

We obtain experimental dispersion relations of the HPMs by
recording the peak resonant frequencies of nanoribbons with
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Figure S. Dependence of extinction amplitude on incident wave polarization. (a) Schematic of a nanotube nanoribbon with varying incident light
polarization. The peak extinction amplitude for a SWCNT nanoribbon array, cut at a 45° angle to the nanotube-alignment axis, is recorded as a
function of incident free-space light polarization. This incident light is linearly polarized with an angle y relative to the SWCNT alignment axis. (b)
Experimental extinction amplitude measurement of a 95 nm thick free space with L = 95 nm, 6 = 45° and a range of y. The polar plot is of peak
extinction amplitude as a function of y and shows a maximum peak extinction amplitude at y = 25°. Inset: extinction spectra for select . (c)
Theoretical peak extinction amplitude as a function of y, calculated using FDTD. The direction of the HPM dielectric polarization, P, is calculated
using the transfer matrix method and coincides with the point of maximum peak extinction amplitude. An excellent agreement can be seen between

theory and experiment.

differing cut angles and widths and calculating the wavevector
for each nanoribbon as # = (# — ¢)/L (Figure 4a). We set a
constant HPM reflection phase term, ¢ = (0.28 + 0.07x),
based on calculated values (Figure $9).** As a comparison, we
theoretically model the dispersion of the HPMs in the
SWCNT film using the transfer matrix method"*® and the
moderate-doping dielectric functions measured by ellipsometry
(Figure 4b). The theoretical and experimental dispersion
curves show a good agreement.

The large change in the dispersion relations as a function of
doping demonstrates the excellent tunability of the SWCNT
HMM (Figure 4c). For a resonator array with L = 95 nm and 6
= 60°, the resonance blueshifts approximately an octave, from
@ ~ 2480 cm™' to 5270 cm™', as the doping level increases.
Such tunability suggests that photonic topological transitions’
and e-near-zero modes®’ could be dynamically controlled in
these carbon nanotube systems across the MIR-wavelength
range. While we employ chemical doping using HNO; vapor,
alternative methods based on electrical gate tuning could also
be used,” with conventional electronic gates for sufficiently
thin HMMs and ion gating for thicker, bulk HMM:s.

To further visualize the hyperbolic behavior of our carbon
nanotube system, we extract and plot the experimental in-plane
isofrequency contour in wavevector space at @ = 4000 cm™".
To create this contour, we identify nanoribbons of differing
widths and cut angles that are approximately resonant at our
target frequency (dashed horizontal line, Figure 4a). We then
plot the in-plane wavevector components of each nanoribbon,
defined as 8, = fsin 0 and f, = Pcos 6, where the z-axis is along
the nanotubes (Figure la). The isofrequency contour is
plotted in Figure 4d and reveals a clear hyperbolic shape. As 6
decreases, higher f points on the isofrequency contour are
sampled and L decreases accordingly. At 8 =~ 40° the
hyperbolic curve asymptotes and the largest wavevector is
achieved. For comparison, we also theoretically model the
isofrequency contour using the transfer matrix method and the
ellipsometry data for moderate doping (see the Supporting
Information). The theoretical isofrequency contour shows a
good agreement with the experimental data points.

In interpreting the light—matter interactions in our nano-
tube system, one might intuitively treat the nanoribbons as a
collection of individual nanotubes that form a phased array. As
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the cut angle @ decreases, the nanotubes become longer and
the nanoribbon resonance redshifts. This picture is not
accurate, and a full understanding of our system requires a
treatment of our nanotube system as a bulk anisotropic
medium. To differentiate between the nanotube phased array
and anisotropic medium pictures, we measure the peak
transmission amplitude of nanoribbons as a function of the
polarization angle y of the incident free-space light, at the
nanoribbon resonance frequency (Figure Sa). We consider
moderately doped nanoribbons with a cut angle § = 45° and L
= 95 nm, though the observed effect is general to other
geometric parameters (Figure S4). With the nanotube phased
array concept, we would expect maximum electric field
coupling to the nanoribbons to occur when the incident field
is polarized along the nanotube axis (i.e., = 0°). However, we
instead measure the maximum coupling when y = 25° (Figure
Sb). This angular deviation is also captured by full-wave
simulations (Figure Sc).

To explain this coupling phenomenon, we treat the
SWCNTs as a continuous anisotropic film and calculate,
with the transfer matrix method, the electric fields of
hyperbolic plasmons (Eypy) propagating 45° relative to the
nanotube axis. The frequency is set as the nanoribbon
resonance frequency, and the ellipsometry data for moderately
doped films are used as the dielectric tensor € We then
calculate the dielectric polarization of the nanotubes as P= £,(&
— I)-Eypyy, where I is the identity matrix. The orientation of P
is plotted as the solid green arrow in Figure 5¢ and matches the
polarization angle for maximal nanoribbon light coupling. This
analysis indicates that light coupling to and strong mode
confinement in the nanoribbons are a collective effect that arise
from the hyperbolic effective medium response of the aligned
SWCNTs, and they cannot be explained by the optical
responses of individual SWCNTs. This experiment, together
with our measurement of the hyperbolic plasmon dispersion,
validates the use of an effective medium model to describe the
optical properties of SWCNT films and establishes them as a
hyperbolic metamaterial.

In summary, we demonstrate that horizontally aligned
SWCNT films are a model system for studying tunable
hyperbolic plasmons. The unit cell size of this HMM is limited
only by the cross-sectional area of individual SWCNTs, and
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the hyperbolic dispersion wavelength range can be dynamically
tuned across the MIR wusing gas doping. Micro-FTIR
spectroscopy of SWCNT nanoribbons demonstrates strong
subwavelength light localization as a result of in-plane
hyperbolic dispersion, and full-wave simulations and transfer
matrix analyses elucidate the light—matter interactions in these
strongly anisotropic effective media.

The ability for doping to tailor the HMM hyperbolic spectral
range suggests the possibility of controlling the width and
frequency of the hyperbolic range by assembling varying
mixtures of SWCNT chiralities. Furthermore, a more precise
control of the doping level could be achieved using techniques
such as electrolyte gating. An improved control of the doping
level would enable exploration of effects including intersub-
band plasmons,33 which may give rise to type-II hyperbolic
regions where the permittivities normal to the nanotube-
alignment axis are negative and the permittivity along the axis
is positive, further extending the capabilities of the SWCNT
metamaterial.

Future work will need to address sources of loss in aligned
SWCNT metamaterials. For our films, the imaginary parts of
the dielectric constants over the hyperbolic spectral ranges are
fairly high, indicating absorption in these ranges. This
absorption can originate from multiple sources, including
SWCNT alignment disorder, charges and trapping sites from
the substrate, doping inhomogeneity, and free-carrier scatter-
ing. The latter can be mediated by defects in the nanotubes,
nanotube ends, and carrier-phonon scattering.48 As such, our
SWCNT films are currently best suited for concepts that utilize
optical absorption, such as those involving thermal emission*’
and photodetection.’® Losses in SWCNT films could
potentially be reduced by assembling films with longer
nanotubes and by more uniformly controlling the nanotube
doping level. Scanning near-field optical microscopy of
plasmons propagating along isolated SWCNTs has shown
very low losses, indicating the potential for bulk SWCNT
plasmonic systems to also have low losses.”’

This work opens up new opportunities to study nanoscale
thermal radiation control,*”>* hyperbolic phonon-plasmon
coupling,31 and tunable e-near-zero phenornena47 in carbon
nanotube-based systems. The ability to scale these systems to
deep subwavelength dimensions will enable exploration of fully
three-dimensional SWCNT hyperbolic resonators supporting
extreme mode volumes® and two-dimensional hyperbolic
systems comprising a monolayer or submonolayer of nano-
tubes.
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