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ABSTRACT
Mueller matrix ellipsometry over the wide spectral range from the mid-IR to UV is applied to characterize the dielectric function tensor for
films of densely packed single-walled carbon nanotubes aligned in the surface plane. These films optically act as metamaterials with an
in-plane anisotropic, bulk effective medium response. A parameterized oscillator model is developed to describe electronic interband
transitions, π  π w plasmon resonances, and free-carrier absorption. Wide ranges of hyperbolic dispersion are observed and exceptional
tuneability of the hyperbolic ranges is demonstrated by comparing results for a film of aligned but unordered carbon nanotubes with a film
fabricated under optimized conditions to achieve hexagonally close-packed alignment of the nanotubes. The effect of doping on the optical
properties and hyperbolic range is discussed.
Published under license by AVS. https://doi.org/10.1116/1.5130888
I. INTRODUCTION
Hyperbolic metamaterials (HMM) were proposed as a
multifunctional platform to realize waveguiding, imaging, sensing,
and quantum and thermal engineering beyond conventional device
performance.1 HMMs display hyperbolic (or indefinite) dispersion,
which originates from one of the principal components of their
electric or magnetic effective tensor having the opposite sign to the
other two principal components. Type-I HMMs have one negative
component of the dielectric tensor (εzz , 0; εxx , εyy . 0), while
Type-II HMMs have two negative components (εxx , εyy , 0;
εzz . 0). Traditionally, HMMs are formed by combining a metallic
and dielectric building block, either as thin sheets (Type-II) or
metal nanorods embedded in a dielectric matrix (Type-I).2
However, these materials have fixed hyperbolic spectral ranges and
are not dynamically tunable.
In this paper, we demonstrate a novel approach to form Type-I
HMMs based on carbon nanotubes (CNTs). The one-dimensional
character of electrons, phonons, and excitons in individual singlewalled CNTs leads to extremely anisotropic electronic, thermal,
and optical properties. Recently, the preparation of large-scale
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monodomain films of aligned single-walled CNT using slowvacuum filtration was demonstrated.3 A refinement of this technique showed that nanotubes in these films can be aligned and
crystallized into two-dimensional ordered arrays with domain
sizes of approximately 25 nm.4 Control of the doping level and
various grating methods lead to highly tunable optical properties.
We recently demonstrated that densely packed CNT films optically act as a metamaterial with an in-plane anisotropic, bulk
effective medium response.5 Hyperbolic modes confined in nanoribbon resonators with differing widths and orientations relative
to the nanotube were shown to support strong light localization.
In order to predict and tune the optical behavior of these nanoribbon resonators, the hyperbolic spectral ranges in the dielectric
function tensor of bulk CNT films need to be determined.
Early publications reported intrinsic uniaxial behavior in
CNTs aligned within the surface plane.6,7 The Maxwell-Garnett
effective medium approximation utilizing the dielectric function
tensor components of graphite proved to be insufficient to correctly
describe the experimentally observed dielectric function tensor
component perpendicular to the CNT axes. A similar discrepancy
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was found when applying effective medium approximations to the
vertically aligned CNT (Ref. 8) and randomly oriented bundles of
CNTs.9 Early theoretical studies confirmed that effective medium
theories will work to some extent in films containing isolated
CNTs but fail to correctly describe densely packed films due to
neglect of the effect of the diameter-dependent curvature in the
CNT and the interaction between densely packed nanotubes.10,11
Detailed calculations considering the geometry of the CNT based
on kp theory,12,13 tight-binding models,14,15 or density functional
theory16,17 successfully described the optical response of CNT films
and confirmed that the optical response parallel and perpendicular
to the CNT axes must be described independently. The diameter
and helical arrangement of the CNT were predicted to strongly
influence the electronic character and observed optical absorption.
Armchair CNTs were demonstrated to show metallic behavior,
while zigzag and chiral nanotubes are semiconducting.16 In both
cases, discrete valence and conduction band levels are formed
with the distance between the highest valence band and the
lowest conduction band level being higher in metallic CNTs than
their semiconducting counterparts. Besides the interband transitions, a strong and broad π  π w plasmon absorption is expected
in the ultraviolet (UV) spectral range, which slightly shifts for different polarization directions.16 Further, the conductivity in
metallic and doped semiconducting CNTs will be observed as
free-carrier absorption in the infrared spectral range. Much
higher conductivity is observed along the CNT axes compared to
the perpendicular direction.18
The polarization dependence of the interband transitions, the
free-carrier absorption, and the π  π w plasmon, as well as their
change with alignment, doping, and packing density of the nanotubes, determines the ranges of hyperbolic behavior in the dielectric
function tensor in bulk effective mediums formed from the aligned
CNT. The strongest optical anisotropy can be expected when all
CNTs are aligned in one direction, resulting in effective uniaxial
optical properties with the optical axis along the CNT axes and the
ordinary dielectric function tensor component perpendicular to the
CNT axes.19 The determination of the entire anisotropic dielectric
function tensor requires advanced optical characterization techniques and measurement geometries. The polarization dependence
of interband transitions in the aligned CNT has been studied in
limited spectral ranges using polarized transmission,20 polarized
reflection,21 and polarized photoluminesence.22 Standard spectroscopic ellipsometry measurements were performed on horizontally
but randomly aligned CNTs with in-plane isotropic optical
properties.18,23–27 In this geometry, the anisotropy of the bulk effective medium is reduced due to averaging over all CNTs within the
surface plane and only the tensor component perpendicular to the
nanotube axes is uniquely defined. However, there is limited sensitivity to this so-called out-of-plane component of the dielectric
function tensor (along the surface normal) in a reflection or transmission measurement even at oblique incidence and particularly in
regions with absorption.28
In this article, we describe the unambiguous determination of
the uniaxial dielectric function tensor of bulk effective mediums
formed from the aligned CNT. A multisample, multi-angle-ofincidence, and multiazimuth approach using Mueller matrix spectroscopic ellipsometry over the wide spectral range from the
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mid-IR to the NIR-Vis-UV is applied to characterize the freecarrier, interband transitions, and π  π w -plasmon resonance
related features perpendicular and along the CNT axes. Regions of
hyperbolic dispersion are identified in the obtained dielectric
function tensor and their shift with packing density and doping of
the CNT films is discussed.
II. EXPERIMENT
The CNT films in this work were fabricated by the vacuum
filtration method.3,5 A powder of arc-discharge single-walled CNTs
with an average diameter of 1.41 nm was dispersed in water with the
surfactant sodium dodecylbenzenesulfonate. The CNTs were not
sorted and the solution contained approximately 1/3 metallic and 2/3
semiconducting CNT of an average length of 500 nm. A very weak
vacuum then slowly pulled the suspension through a polycarbonate
membrane causing the nanotubes to self-organize and align in the
plane of the membrane. The membrane was then dried, and the
one-inch-in-diameter CNT films were transferred to a silicon substrate. The filtration membranes for the vacuum filtration process
(Whatman Nuclepore tracketched polycarbonate hydrophilic membranes, 0.05 μm pore size) were first treated with a 2 Torr air plasma
for 30 s. This treatment provides a negative-charge surface on the
membrane, which proved to be an important step for achieving a
high degree of nanotube alignment and high packing density. Two
different kinds of films were produced for this study: one of aligned
but unordered CNTs and the other of aligned and ordered, i.e.,
hexagonally close-packed (“crystallized”) CNTs. The crystallinity
of the CNT films was demonstrated before by means of transmission electron microscopy and x-ray diffraction.4 To study the
optical properties in dependence of doping, we identify three distinct doping conditions. CNT films exposed to ambient conditions for an extended period of time (“ambient-doped”) are
known to be unintentionally doped by adsorbates (e.g., water)
resulting in small p-type conductivity.29,30 Minimally doped conditions are achievable by vacuum annealing.4 To induce strong
p-type surface-charge-transfer doping, the crystallized film was
exposed to HNO3 vapor for 10 min. The doping level wears off
slowly during exposure to atmospheric conditions. The ellipsometry measurements on the doped CNT film were performed about
24 h after the initial doping step when moderate doping levels still
remain in the sample. A cross section transmission electron
microscopy image and a top-view scanning electron microscopy
image of the crystallized film are shown in Fig. 1.
Mueller matrix spectroscopic ellipsometry measurements
at several angles of incidence and for a large number of sample
azimuth orientations were obtained on a NIR-Vis-UV ellipsometer
(J.A. Woollam Co. RC2 with an automated rotation stage, 193–
1690 nm) and combined in a multisample analysis with data
acquired on a mid-IR ellipsometer (J.A. Woollam Co. IR-VASE
Mark II, 1.4–35 μm) at several angles of incidence and for measurement direction along, perpendicular, and 45 rotated with respect
to the CNT axes. The NIR-Vis-UV ellipsometer is equipped with
two rotating compensators and can access the entire Mueller
matrix. Access to the full Mueller matrix allows for the calculation
of the depolarization index,31 which was found to be .0.98 over
the entire measured spectral range, indicating that depolarization
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FIG. 1. Cross section transmission electron microscopy image (a) and top-view
scanning electron microscopy image (b) for the crystallized film of single-walled
CNTs. The hexagonal order and alignment direction are indicated by the
sketches in the pictures.

effects minimally influence the measurements on the CNT films
studied here. The mid-IR ellipsometer utilizes a single rotating
compensator on the detector side and can access the first three
columns of the Mueller matrix. Due to symmetry properties of the
Mueller matrix and considering that depolarization can be neglected
as indicated by the measurements on the NIR-Vis-UV ellipsometer,
this is sufficient to fully characterize the anisotropic dielectric function tensor of the CNT films studied here. All datasets were combined and analyzed simultaneously using one optical model.
III. THEORY
We are determining the dielectric function tensor of our
CNT films by spectroscopic ellipsometry in a reflection mode.
For isotropic samples and uniaxial samples with the optical axis
along the surface normal, no mode conversion for p-polarized light
(within the plane of incidence) to s-polarized light ( perpendicular
to the plane of incidence) and vice versa occurs upon reflection,
and the so-called standard ellipsometry formalism can be applied.32
In our case, all nanotubes and thus the optical axis of our bulk effective mediums are aligned parallel to the surface plane. Whenever the
optical axis is not perfectly aligned parallel or perpendicular to
the plane of incidence, mode conversion of s-polarized light to
p-polarized light and vice versa occurs, and the so-called generalized
ellipsometry formalism has to be applied.32 Here, either the entire
Jones matrix must be measured (if the sample is nondepolarizing) or
the Mueller matrix.33 The Mueller matrix is the most general description of light interacting with a sample or an optical element, including depolarization and scattering effects, and connects the incoming
Stokes vector Sin with the outgoing Stokes vector Sout ,
0

1out 0
M11
S0
B S1 C
B M21
B C ¼B
@ S2 A
@ M31
S3
M41

M12
M22
M32
M42

M13
M23
M33
M43

1 0 1in
S0
M14
B S1 C
M24 C
CB C ,
M34 A @ S2 A
M44
S3

(1)

with
S 0 ¼ Ip þ Is ,
S 1 ¼ Ip  Is ,
S2 ¼ Iþ45  I45 ,
and
S3 ¼ Iσþ þ Iσ , where Ix refers to intensity measurements for p, s,
þ45 , 45 , right-handed, and left-handed circular polarized light,
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respectively. The offdiagonal blocks M13 /M14 /M23 /M24 and
M31 /M32 /M41 /M42 are solely related to the cross-polarization reflection coefficients rsp and rps .33 Therefore, nonzero elements in these
blocks indicate the presence of in-plane anisotropy in the sample.
Measurements at multiple sample azimuths allow for characterization
of a uniaxial dielectric function tensor with high sensitivity to both
independent tensor elements and the orientation of the optical axis32
without prior assumptions.
Ellipsometry is an indirect technique and an appropriate
optical model must be applied to extract the optical properties and
layer thicknesses of the constituents of a sample consisting of layers
on a substrate.31 Here, we set up a layer stack model in the
CompleteEASE analysis software (J.A. Woollam Co.) consisting of an
Si substrate, a layer for the bulk CNT film, and a surface roughness
layer. The light propagation within the entire sample stack is calculated using a 4  4 transfer matrix algorithm for multilayer systems
with plane-parallel interfaces similar to the formalism derived by
Berreman.34 A regression analysis (Levenberg-Marquardt algorithm)
is performed where model parameters are varied until calculated and
experimental data match as close as possible.31
The dielectric function tensor components of each sample constituent are needed as input for the transfer matrix formalism. The
isotropic dielectric function for the Si substrate was taken without
modification from the CompleteEASE library. The surface roughness
layer was modeled by using the commonly applied Bruggeman effective medium approximation under the assumption of a 50:50 mixture
of the CNT layer with air (n ¼ 1).31 We are treating our films
formed from aligned CNTs as bulk effective mediums with uniaxial
optical properties. The corresponding dielectric function tensor in
the material coordinate system is given by a diagonal tensor,
0

ε?
ε ¼ A@ 0
0

0
ε?
0

1
0
0 AA1 ,
εk

(2)

with two distinct components ε? and εk , where “?” and “k” denote
polarization perpendicular and parallel to the axes of the aligned
carbon nanotubes, respectively. Matrix A is the Euler rotation matrix,
which accounts for the orientation of the optical axis relative to the
Cartesian laboratory coordinate system.31 In our case, the tilt angle θ
rotates the optical axis into the surface plane (θ  90 ), and the azimuthal angle f accounts for the orientation of the sample relative to
the plane of incidence for each measurement. According to the theoretical predictions, we assume that the two distinct tensor elements
are entirely independent.
In general, each of the two independent dielectric function
tensor elements, ε? and εk , can be described as tabulated values for
each photon energy (“point-by-point”), as interpolation functions of
certain node spacing (B-splines35), or can be modeled themselves
using parameterized, energy-dependent algebraic functions—the
model dielectric functions.31 These model dielectric functions
describe a specific physical process in the material, such as an electronic interband transition, and are combined in order to render the
overall spectral shape of a material’s dielectric function. We started
with two independent sets of Kramers–Kronig-consistent B-spline
functions to find the best match between the model and experimental
data. The best-match B-spline functions were then used as a reference
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to parameterize each dielectric function tensor element.
The regression analysis on the experimental data was then repeated
with the new set of parameterized model dielectric functions. A set
of Gaussian oscillators was found to best describe the line shape of
the interband transitions and the π  π w plasmon resonance,36
2

2

ε2 (E) ¼ An eð(EEn )=Brn Þ  An eð(EþEn )=Brn Þ :

(3)

The variable parameters for each oscillator are the center energy En ,
the amplitude An , and the broadening Brn . The real part is calculated
using the Kramers–Kronig integration. The well-known Drude model
is applied to match the free-carrier related absorption in the IR spectral range,31
ε(E) ¼

h2
:
ε0 ρ(τE2 þ ihE)

(4)

The variable parameters for the Drude equation are the resistivity ρ
given in Ω cm and the average scattering time τ in femtoseconds.
A constant offset ε1 and a pole function account for any offset and
dispersion in the real part of the dielectric function tensor
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component due to absorption at higher energies outside the measured spectral range.31
IV. RESULTS AND DISCUSSION
An exemplary dataset of the Mueller matrix obtained for a
203 nm film of ambient-doped crystallized CNTs is shown in Fig. 2
for a photon energy of 0.73 eV. Experimental data for four angles
of incidence (solid lines) and the best-matching model-calculated
data (dotted lines) are shown for a full sample rotation. The data
are bound between 1 and þ1 due to normalization by the Mueller
matrix element M11 (representative for total reflected unpolarized
intensity). Note the excellent agreement between the model and the
experiment for all rotation angles. A similar agreement was achieved
over the entire measured spectral range from the mid-IR to the UV.
Strong offdiagonal block elements indicate the highly anisotropic
nature of these films. All Mueller matrix elements show a twofold
symmetry indicated by the vertical markers in the second column in
Fig. 2, which proves the effective uniaxial optical properties of the
film. Four rotation angles can be identified where all offdiagonal
block elements are identical to zero for all angles of incidence

FIG. 2. Normalized Mueller matrix data obtained on the UV-Vis-NIR ellipsometer for a 203 nm film of ambient-doped crystallized CNTs. Experimental data for four angles of incidence (solid lines) as well as the best-matching model data (dotted lines) are shown for the exemplary energy of 0.73 eV for a full 360 rotation of the sample. Vertical lines in the
second column show the twofold symmetry of all Mueller matrix elements, and vertical lines in m13 and m23 mark the pseudoisotropic orientations in the off-diagonal blocks.
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(vertical lines in m13 and m23 in Fig. 2). These pseudoisotropic
points prove that the optical axis is perfectly aligned in the surface
plane as expected from the transmission electron microscopy images.
From the spread of data vs the angle of incidence at f ¼ 0 , we can
easily identify that the optical axis was within the plane of incidence
at the beginning of the rotation scan even without a model analysis.
A uniaxial dielectric function tensor model was applied to
match experimental and model data. A Kramers–Kronig-consistent
B-spline model with 0.1 eV node spacing was used for each tensor
element in order to obtain the best-matching model. The Euler
angle θ was assumed to be identical for all datasets, while the
azimuthal angle f for the starting orientation of the full rotation
scan in the NIR-Vis-UV spectral range and for each orientation
of the mid-IR measurements was allowed to vary for each dataset.
The thicknesses of the CNT layer and the surface roughness layer
were varied during the regression analysis but assumed to be identical for all datasets. The two independent tensor elements of the
best-matching model were then each parameterized with an appropriate number of Gaussian oscillators and a Drude absorption tail
to account for free-carrier absorption in the IR spectral range.
Eight Gaussian oscillators were necessary to match the parallel
component of the dielectric function tensor and seven Gaussian
oscillators for the perpendicular component. The purpose of the
parameterization is to extract values for the physical quantities of
average scattering time, resistivity, and the energies of the interband
transitions and π  π w plasmon.37 The line shape of the resulting
dielectric function tensor components matches the B-spline extracted
values nearly identically. Gaussian oscillators were chosen since they
match the observed line shape well, and a Gaussian distribution of
transition energies would be expected for normally distributed radii
of CNT around the average radius.24
Figure 3 shows the resulting dielectric function tensor
elements for an ambient-doped sample of aligned but unordered
CNTs. The most prominent features in the dielectric function
tensor elements are due to electronic interband transitions and
the broad π  π w plasmon absorption. In general, the absorption

FIG. 3. Real part (ε1 ) and imaginary part (ε2 ) of the dielectric function tensor
elements parallel and perpendicular to the CNT axes for an ambient-doped
40 nm film of aligned but not densely packed CNT. Known interband transitions
and the π  π w plasmon absorption are marked by arrows. The hyperbolic
ranges are indicated by shading.
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features for polarization along the CNT axes are much stronger
than that for the perpendicular direction (note the logarithmic
scale for ε2 ). Group theory predicts that for polarization along the
CNT axis, optical transitions are only allowed between valence and
conduction bands of an equal index, labeled Snn for semiconducting
CNTs and Mnn for metallic CNTs, where n is the band index. For
polarization perpendicular to the CNT axes, only transitions between
the valence band of index n and conduction bands of index n + 1
are expected. The strongest feature in the data located at 0.65 eV can
be assigned to the transition from the first valence to the first conduction band in semiconducting CNT, S11 . The energetic position is
consistent with theoretical predictions and experimental observations
for CNTs of this diameter.14,18,24 Note that the absorption is
expected to be caused by excitons located slightly below the actual
band-to-band transition energy but it is not possible to distinguish
between exciton and band-to-band absorption using the ellipsometry
technique. The next higher allowed transition S22 is found at 1.18 eV
again in agreement with earlier publications.14,18,24 Since the films
contain a mix of semiconducting and metallic CNTs, we can also
identify the transition from the first valence to the conduction band
in metallic structures, M11 , in our data. This transition is located at
1.67 eV. A broad absorption peak is observed in the range where
S33 and S44 are expected. The broad π  π w plasmon absorption is
located at 4.32 eV for this polarization. A narrow distribution of
CNT diameters in our mix of CNTs can be concluded from the existence of relatively narrow and clearly defined peaks for the interband
transitions.27 Despite the selection rules, for polarization perpendicular to the CNT axes, we can identify the same peaks as for the
parallel component but with a much weaker amplitude. This is likely
related to a slight misalignment of the nanotubes in this unordered
film. In addition, we can identify two peaks that can be assigned to
the symmetry-allowed interband transitions S12 /S21 and S23 /S32 .
Even these allowed transitions are much smaller in amplitude than
the strong interband absorptions for polarization along the CNT
axes. Local field effects have to be taken into account to correctly
describe the amplitude of absorption relative to the CNT axes.12,15
A depolarization effect leads to strongly reduced electronic transitions for light polarized perpendicular to the CNT axes compared to
polarization along the CNT axes resulting in very sharp and strong
features for absorption measurements with polarization parallel to
the nanotube axes and much smaller and very broad absorption for
polarization perpendicular to the nanotube axes.16 Intertube interactions can strongly modify the depolarization effect.15–17 The broad
π  π w plasmon absorption for polarization perpendicular to the
CNT axes is located at 4.79 eV, which is slightly higher than for
polarization along the CNT axes in agreement with theoretical
predictions.16
The hyperbolic ranges in the dielectric function tensor of
aligned but unordered CNTs are marked by shading in Fig. 3.
A very wide range of hyperbolic dispersion between 3.81 and
13.65 μm is found. This range is mainly caused by the large
difference in conductivity along the CNT axes and perpendicular
to the CNT axes. The values for the resistivity obtained from
the Drude model are ρk ¼ 3:0  104 Ω cm along the CNT
axes and ρ? ¼ 8:6  103 Ω cm perpendicular to the CNT axes.
The relatively low resistivities in these ambient-doped films are
caused by the metallic CNT and ambient p-type doping in the
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semiconducting CNT. For films of purely semiconducting CNTs,
we would expect a shift of the hyperbolic range toward longer
wavelengths. Average scattering times of τ k ¼ 13:8 fs and
τ ? ¼ 5:2 fs are consistent with the picture of reduced conductivity
perpendicular to the CNT axes. It has been demonstrated that the
resistivity parameters obtained from contactless ellipsometry
measurements agree within 6% with electrical point probe measurements in these films.26
The obtained dielectric function tensor elements for a CNT
sample of aligned and ordered (crystalline) CNTs are presented in
Fig. 4. Both ambient-doped and highly doped CNT films are
shown. Compared to the unordered CNT film, the dielectric function tensor component parallel to the CNT axes is essentially
unchanged for the ambient-doped film [Fig. 4(a)]. For the perpendicular direction, the contribution of transitions assigned to parallel
polarization is strongly reduced while the S12 /S21 and S23 /S32 transitions can still clearly be identified. This indicates the close to perfect
alignment of the CNT in this sample. The width of the hyperbolic
spectral range is slightly reduced due to a reduced resistivity of
ρ? ¼ 4:1  103 Ω cm and an increased average scattering time of
τ ? ¼ 11:1 fs, indicating better conductivity perpendicular to the
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CNT axes in the ordered film compared to the unordered case.
Further, an additional small and very broad absorption feature
appears in the mid-IR spectral range [indicated by the upwards
pointing arrow in Fig. 4(a)]. The nature of this absorption feature is
not entirely clear and could be related to a plasmon absorption
related to the domain size of perfectly ordered CNTs (approximately
25 nm in this sample), infrared absorption of covalently bound functional groups,27 or some other effects. Note that the amplitude of
this absorption feature is relatively small and only marginally influences the obtained results.
For the doped film [Fig. 4(b)], a very different picture arises.
The hyperbolic spectral range is shifted significantly toward
shorter wavelengths. This strong shift is a consequence of
reduced resistivity for both dielectric function tensor components. Resistivity values of ρk ¼ 1:1  104 Ω cm along the CNT
axes and ρ? ¼ 2:1  103 Ω cm perpendicular to the CNT axes
are obtained while the scattering times of τ k ¼ 11:8 fs and
τ ? ¼ 9:6 fs are not changed much from the ambient-doped case.
This implies that the Fermi level was lowered within the CNT,
which resulted in a higher hole concentration, while the mobility
of the carriers remains mainly unchanged. This picture is consistent with the observed behavior of the interband transitions. The
strongest transition from the first valence to the first conduction
band, S11 , nearly vanishes in the doped case. This can be explained
by a drop of the Fermi level below the first valence band and the
resulting hole saturation which does not allow further transitions
between this band and the first conduction band. The reduction
of this transition essentially connects the two hyperbolic ranges
observed in the ambient-doped case as a result of the absence of
the derivative-like structure in ε1 caused by the strong S11 absorption. For polarization perpendicular to the CNT axes, an additional
absorption feature arises below the S12 =S21 transition. This transition,
S41 , can be assigned to an intervalence band transition, which occurs
due to modified selection rules of the optical transitions at very high
doping levels.4 The absorption feature related to the S12 =S21 transition is slightly reduced compared to the ambient-doped case due to
the hole saturation of the first valence band while the second valence
band remains only partially filled. Note that the energy gap between
the first valence band and the second conduction band and the
energy gap between the second valence band and the first conduction band are nearly identical.24 We expect that even higher doping
concentrations can be achieved which would further shift the hyperbolic range to shorter wavelengths.
V. CONCLUSION

FIG. 4. Real part (ε1 ) and imaginary part (ε2 ) of the dielectric function tensor
elements parallel and perpendicular to the CNT axes for a 208 nm film of
aligned and densely packed (crystalline) CNTs for the ambient-doped case (a)
and the highly doped case after exposure to HNO3 vapor (b). Known interband
transitions and the π  π w plasmon absorption are marked by arrows. The
hyperbolic ranges are indicated by shading. An additional small absorption in
the mid-IR spectral range is marked with a upward-pointing arrow.
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We have demonstrated a reliable approach to characterize the
uniaxial dielectric function tensor of aligned CNT films by using
Mueller matrix ellipsometry. Measurements at many sample orientations and angles of incidence were performed over the very wide
spectral range from the mid-IR to UV. The resulting dielectric
function tensor elements were parameterized using a combination
of Gaussian oscillators to describe the electronic interband transitions
and the π  π w plasmon absorption. A Drude absorption tail
accounts for the free-carrier absorption in the mid-IR and allows
for the determination of the resistivity and average scattering time
contactlessly. The observed interband transitions were identified
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by comparison with theoretical predictions and prior experimental results. We showed that aligned films of CNTs exhibit wide
ranges of hyperbolic dispersion in the NIR and mid-IR spectral
range suitable for many device applications. The existence of the
hyperbolic spectral range can be explained by the large discrepancy in the resistivity in the films along the CNT axes and perpendicular to it as indicated by the shift in the Drude absorption
tail and by strongly reduced amplitudes of the electronic interband transitions for polarization along and perpendicular to the
CNT axes. Consequently, the hyperbolic range can be tuned over
a remarkably wide range by modifying the Fermi level in the
films, for example, through doping by exposure to HNO3 vapor,
and by fine-tuning the composition and alignment of the nanotubes. We demonstrated this by comparing the dielectric function
tensor of an aligned but unordered CNT film with results obtained
on a film of aligned and densely packed (crystalline) CNTs in an
ambient-doped and a doped case. Metamaterials formed from
aligned CNTs are thus a promising route to achieve tunable hyperbolic behavior.
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