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a b s t r a c t

The unique properties of carbon nanotubes (CNTs) allow them to be used in various optical applications,
such as ultra-dark surfaces, bolometers, metamaterial cloaks, and anisotropic absorbers. In particular,
organization of CNTs with controlled density at the sub-micrometer scale could enable new strategies to
engineer optically active surfaces. Here, we present a new strategy to engineer the density-dependent
optical properties of CNT forests by patterning of catalyst film via nanoimprint lithography (NIL) fol-
lowed by atmospheric pressure chemical vapor deposition (CVD) synthesis of CNTs. Via this approach, we
demonstrate atmospheric pressure growth of CNT structures with widths of 80e350 nm. These struc-
tures form self-supporting arrays with height exceeding 500 mm, representing aspect ratios well over
1000:1. Optical attenuation measurement places the density of NIL patterned forests to be a fraction of
the density of unpatterned CNT forests, confirming that the CNT density is effectively controlled by the
catalyst coverage. The infrared absorbance measurements corroborate the density control, and Kramers-
Kronig analysis shows that the refractive indices of the NIL patterned CNT forests are tunable in the range
of 1e1.8.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs [1e5]) in various micro- and macro-
scale forms have been widely studied as thermal and electrical
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interface materials [6,7], electronic devices [8e11], and mechanical
metamaterials [12]. In addition, due to their highly anisotropic
nanoscale filamentary structure, CNTs can be configured for optical
applications such as ultra-dark surfaces [13,14], bolometers [15],
cloaks [16,17], waveguides [18] and anisotropic absorbers [19]. For
instance, ultra-dark surfaces are useful for preventing stray light
from entering sensitive optics, and engineered absorbers can
improve the sensitivity of radiometric devices. For these applica-
tions, scalable methods to control CNT density are necessary to
enable further engineering of optical properties.

One prominent method of forming CNT-based surfaces for op-
tical applications is by chemical vapor deposition (CVD) of vertically
aligned CNT “forests”. Modulation of the CNT density within the
forest is one means of influencing its surface and bulk optical
properties. Previously reported attempts to control the CNT density
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are either based on tuning the catalytic site density or the growth
condo. Examples of the former approach include placing catalyst
particles via pulse-current electrochemical deposition [20] and
block co-polymer film casting [21e25], or bymodifying the catalyst
film de-wetting via changing the catalyst/underlayer thicknesses
[26,27], the grain size [28], or the precursor solution concentration
[29]. The latter approach was demonstrated by changing catalyst
pretreatment [30], hydrogen concentration [31], or the growth
temperature [32]. While effective, these methods typically produce
randomly tangled CNT films, and in the cases that the CNTs are
sufficiently dense to be vertically aligned or thick enough to stand
vertically alone, either their lengths were limited to a few tens of
microns at most, or the resulting forests were highly dense (>50 kg/
m3) [31].

Here we demonstrate a new approach to modulating the
effective density of CNTs in macroscale films, by sub-micrometer
patterning of the CNT growth catalyst using nanoimprint
Fig. 1. a) Steps of nanoimprint lithography process used to pattern CNT growth catalyst. b)
images showing the corresponding patterned CNT catalyst after lift-off. The feature dimens
lithography (NIL). We show that NIL can be employed to create
catalyst films having 1D and 2D grating patterns with well-
controlled sub-micrometer dimensions. CNT forests grown from
these patterns have periodic nanotextures matching the imprinted
patterns, thus varying the effective CNT density and the resulting
refractive index. This texture based density tuning enables growth
of thick (~100s of microns) vertically aligned CNT films with pre-
scribed anisotropic optical properties, contrasting randomly
tangled mats [33] or horizontally aligned CNT films [19] used for
optical applications.

2. Experimental section

2.1. Nanoimprint patterning of CNT catalyst

CNT catalyst was patterned by nanoimprint lithography (NIL) as
schematically shown in Fig. 1a. First, a polymer resin (MRI-8020,
SEM images showing the resist structures after the imprint and etching steps. c) SEM
ions range from 70 to 700 nm. (A colour version of this figure can be viewed online.)



Fig. 2. SEM images showing sub-micrometer features of top (left) and side (right)
surfaces of CNT forests grown from catalyst that is a) unpatterned, b) lines [1D, 220 nm,
1:2], and c) dots [2D, 220 nm, 1:1]. (A colour version of this figure can be viewed
online.)
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Microresist Technology GmbH) was spin-coated on a cleaned SiO2/
Si substrate and imprinted by a rigid mold containing the inverse
profile of the desired pattern. The detailed NIL processing condi-
tions along with mold fabrication procedure can be found else-
where [34]. The residual layer of imprinted resin was removed by
reactive ion etching using O2 plasma (LAM 9400 SE, LAM Research
Corporation). Then, the 10 nm of alumina followed by 1 nm of Fe
are sputtered (Lab 18, Kurt J. Lesker) on the patterned substrates to
create catalyst stacks needed for CNT growth. The prepared
substrates were subsequently diced using a die saw into 10 mm by
1 mm pieces for density measurement following the growth of
CNTs on them. Lift-off was performed by ultrasonication in acetone
and rinsing with isopropanol then blow-drying with dry air.

2.2. CNT growth

A thermal CVD system was used to perform CNT growth. The
system comprises a temperature controlled tube furnace with a
25 mm diameter quartz tube, and electronic mass flow controllers
(MFCs; Aalborg). The NIL-patterned CNT catalyst substrates are
placed on a quartz platform that measures 75mm by 18mm, which
is connected to a magnetically coupled transfer arm adjacent to the
quartz tube. Then the quartz tube is sealed, and a LabVIEW™
program is used to coordinate the gas flows (He/H2/C2H4) and
time-temperature sequence. The samples shown in this paper were
produced by decoupling the catalyst annealing and CNT growth
steps using rapid insertion and withdrawal of the sample from the
furnace (the ‘decoupled recipe’), as described by Li et al. [35] For all
experiments the CVD temperature was 775 �C and the growth
duration was 5 min.

2.3. Optical characterization

Themass density of CNT forests was characterized bymeasuring
the optical attenuation of a 633 nm laser passing through the forest
[36], relative to a mass density-optical attenuation relationship of
unpatterned CNT forests. The density-attenuation relationship was
obtained by growing unpatterned CNT forests on 10� 1 mm silicon
substrates. The optical attenuation of a series of samples was
recorded, and the mass of the CNT forests were measured using a
microbalance after removing the CNTs from the silicon substrates
using a razor blade. All measurements were performed at the
midpoint of the CNT forest side wall.

The specular reflectance of the CNT sample was measured in
grazing incidence (ATR mode, 4 cm�1 resolution, 32 scans,
4000e400 cm�1 range) using a Fourier transform infrared (FT-IR)
spectrometer (Vertex 70, Bruker). Complex refractive indices of the
CNT samples were obtained by Kramers-Kronig constrained vari-
ational analysis of the measured reflectance spectra [37].

3. Results and discussion

Nanoimprint patterning of the CNTcatalyst film is demonstrated
using master molds with 1D (line) or 2D (dot) patterns spanning a
range of coverage density and sub-micrometer lateral dimensions.
Patterns used in this work are listed in Table S1, along with the
corresponding final catalyst coverage on the substrate (referred to
as the duty cycle). In Fig. 1b, we show photoresist structures after
the imprint and etching steps, indicating that nanoscale patterns
have been successfully formed with high fidelity. Following the
catalyst deposition and subsequent lift-off steps, the patterned
catalyst layer can be observed via scanning electron microscopy
(SEM) due to the contrast between Fe and Al2O3 layers. The catalyst
patterns are well defined over millimeter-scale areas, showing
successful application of NIL.
After CNT growth by CVD for 5 min (see Methods), CNT forests
with approximately 500 mm in height are observed (Fig. S1).
Compared to the smooth sidewall of a non-patterned forest, SEM
imaging (Fig. 2) reveals that the top and side walls of the forests
grown from nanoimprinted catalyst have periodic textures
matching the imprinted patterns. The patterns are clearly visible in
the top view of the forest grown, despite some waviness and
wrinkling, while the sidewalls of the NIL-patterned forests appear
nearly homogeneous. This may be expected because the intrinsic
waviness of the CNTs during growth causes the individual patterns
to blend; the pattern spacing is on the same order as the CNT-CNT
spacing (~100 nm) expected in similar CNT forests grown without
patterning [38]. For example, with a pattern comprising squares
(dots) with 110 nm side length (Fig. 2c), the individual pillars can be
seen at the top of the surface, but it is hard to distinguish individual
pillars from the side view. While the CNTs at the top of the pillars
are bound into a tangled ‘crust’, the CNTs beneath are free from this
constraint, and are free to bend away from each other to fill in the
empty spaces. Line patterns (Fig. 2b) have clearer sidewall defini-
tion due to the greater mechanical constraint provided by the
pattern design.



Fig. 3. SEM images showing top surfaces of CNT forests grown from NIL lines patterns,
with a) [1D, 220 nm, 1:1], b) [1D, 220 nm, 2:1], c) [1D, 420 nm, 1:1], and d) [1D,
700 nm, 1:1].

Fig. 4. a) Relationship between mass density and optical depth of unpatterned CNT
forest, used as a reference to deduce NIL-CNT forest density. Two straight lines at the
lower and higher optical depth values were used to estimate density of NIL-CNT forests
whose measured optical depths fall beyond the range of the reference plot. b) Mass
density of NIL-CNT forests plotted versus the catalyst coverage.
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In Fig. 3, we showa series of line patterns with [1D, 220 nm,1:1],
[1D, 220 nm, 2:1], [1D, 420 nm, 1:1], and [1D, 700 nm, 1:1]. In all
cases the pattern shapes are well preserved through the film
thickness (Fig. S2). Also, when the period is kept the same, thicker
CNT lines are less wrinkled, presumably due their greater rigidity
which counteracts the forces exerted by the growing CNTs [39].
Notably, the aspect ratio of the individual CNT nanostructures
within the NIL-patterned forests easily exceeds ~5000:1, while
isolated micropillars rarely exceed the aspect ratio of 10 without
significant bending [40], showing that the mechanical constraint
provided by periodic patterns is critical to prolonged vertical
growth.

Because the NIL-patterned catalysts result in CNT forests with
uniform texture on a length scale smaller than visible light, the
influence of the pattern on effective density can be assessed using
optical attenuation. Moreover, the average density of the CNT forest
can be derived by treating the CNT forest to be an effective medium
of individual absorbers. Therefore, as previously shown [36], the
Beer-Lambert law can be used to calculate the average density of
the NIL-patterned CNT forests as:

T ¼ I
Io

¼ e�ml

where T is the transmittance which is a ratio of the intensity of
transmitted light (I) over intensity of the incident light (Io), m is the
attenuation coefficient, and l is the path length. Using identical
samples, the path length is fixed in the above equation, and hence
the optical depth (t), which is the product of m and l, can represent
each sample's optical attenuation.

To provide a reference measure of mass density, a series of
unpatterned forests was grown and their average volumetric mass
densities were calculated using a microbalance and SEM mea-
surements. Then, the optical depths were measured (see Methods)
and a reference optical depth-mass density relationship was
plotted (Fig. 4a). The relationship shows a nonlinear increase in
mass density as the optical depth increases, consistent with pre-
vious results [36], which shows initial linear relationship, and non-
linearity arising at higher optical depth.

Then, the optical depths of the NIL-patterned CNT samples were
measured and their mass densities were deduced from the previ-
ously established relation (Fig. 4b). Note that two straight lines
were used to estimate the mass density values at lower and higher
ends of the optical depth axis, which are also shown in Fig. 4a. The
catalyst coverage is a measure of how much area was covered with
catalyst over the entire sample cross section, and was calculated
based on SEM measurements of the pattern and spacing widths.
This value for the unpatterned CNT forests would be 1, and it is
evident that NIL patterned CNT forests only have a fraction of
density of the unpatterned forest, as shown in Fig. 4b.

At a first glance, it seems that the mass density would scale
linearly with the catalyst coverage with the intercept at the origin,
as no catalyst coverage would mean no CNT growth. In reality, this
relationship is shown to be sub-linear possibly because as the in-
dividual catalyst pattern dimensions approach average spacing
between individual CNTs [38], the random catalyst film de-wetting
may yield less than expected number of CNT nucleation sites, and/
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or the concentration of chemical species produced by catalyst
patches needed for growth of CNTs may shift, causing changes in
the CNT population produced. Even at these small catalyst feature
sizes, the chemical coupling between catalyst particles [41] results
in uniform growth of CNTs across the patterned area. However,
while the growth was uniform the low mass density implies that
this is close to the lower limit of the catalyst coverage required to
produce vertically aligned CNTs.

To assess the optical property tuning afforded by density con-
trol, we have performed FT-IR measurements of the NIL patterned
CNT forests to obtain their refractive indices. The measured optical
absorbance of the forests in grazing incidence (Fig. 5a) shows
characteristic peaks expected from CNTs, including signatures of
common functional groups adsorbed and/or bonded to CNTs from
CVD synthesis, such as CHx and eCOOH. The IR absorption spectra
of CNT forests depend on CNT characteristics, such as diameter,
length, chirality and bundling [42,43] as well as the functional
groups attached to the CNTs [44]. Especially, the IR modes of CNT
population overlap in the energy window between 700 and
1300 cm�1 [42], and it can be seen that the intensity across peaks
Fig. 5. a) IR absorbance spectra of NIL-patterned CNT forests. Peaks associated with
common functional groups are labelled. b) Optical refractive indices (wavenumber
1000 cm�1) of the CNT forests plotted versus mass density. (A colour version of this
figure can be viewed online.)
within this window is generally proportional to the pattern density.
Similar IR modes in the range of 700e1300 cm�1 suggests that the
CNTs that make up of the forests did not significantly change by the
NIL patterning, except perhaps in the case of the lowest density.

Next, the refractive indices (at wavenumber 1000 cm�1) of the
CNT patterns were calculated by performing Kramers-Kronig
analysis and are plotted against average mass density (Fig. 5b).
The refractive index values range from 1 to 1.8, and are positively
correlated with the density. Graphite has a refractive index value of
~4 at this wavenumber [45,46], and by using effective medium
theory to approximate CNT forests as air and graphite mixture, it
follows that as the density of the CNT forest increases, so will the
refractive index. Others have reported that the refractive index
linearly increases with decreasing porosity [47]. In our measure-
ments, the relationship was not strictly linear but showed an
abrupt increase around 7e8 kg/m3 (Fig. S3). One possible expla-
nation is that the rough top surface morphology of forests (which is
more pronounced at lower mass density, for the more widely
spaced patterns) as well as the differences in CNT alignment within
the forests would affect the reflection measurements, and hence
introduce errors in the refractive index calculations or changes in
the effective optical properties.

Interestingly, a small difference in catalyst coverage in the lower
coverage regime (25% and 33%) translates to a large difference in
the resulting CNT forest mass densities (~1 kg/m3 and ~7 kg/m3).
This leaves a large gap in the lower density regime (within 1e7 kg/
m3) where the mass densities are presumably very sensitive to the
catalyst coverage. The refractive indices of NIL-patterned CNT for-
ests that fall in this range may reveal a different trend, and further
add to the ability to tune the refractive index of CNT forests by NIL
patterning.

In the case of 1D grating patterns (Patterns 2e6) the grating di-
rectionwould introduce anisotropy in the samples' optical response.
If the incident light has polarization perpendicular to the grating
structure, the refractive index would be closer to that of higher
density forests, and if the polarization is parallel, it would be closer
to that of lower density forests. The variations in different length
scales at which the NIL-patterned CNT forests are defined will also
influence the optical modulation behavior, especially if the struc-
tural length scales become comparable to the wavelength of the
incident light such that the light-matter interaction is enhanced. The
sub-micrometer features that NIL can impart on the CNT forests
provides opportunities to directly tune such interactions.

The demonstrated range of refractive index tuning is from ~1 to
~1.8, which would make the NIL-patterned CNT forests useful for
design of gradient index (GRIN) optics. Flat GRIN lenses can be
readily designed and produced by laterally varying porosity [48]
which could also be achieve by NIL-patterned CNT growth. In
addition, the patterns can be designed to incorporate elongated
elements with varying orientations, which would make them
polarization-selective absorbers that have applications in optical
encryption [49], dynamic pixellation [50], polarimetry [51], and
single-molecule microscopy [52].

4. Conclusions

Nanoimprint lithography has been successfully used to pattern
catalyst films for CNT growth, resulting in modulation of their
density and optical refractive index. SEM examination of the top
and side surface morphology reveals that the nanoscale patterns
translate to CNT nanostructures that grow together to form
monolithic structures. The versatility and scalability of the NIL
[53,54] is favorable toward fabricating density-graded CNT forests
that show directional optical properties of interest. Hierarchical
patterning of CNT catalyst may also be achieved by appropriate
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design of the mold, and when applied with strain-engineered
growth technique [55], or post-growth capillary densification
[56], it is expected that density-graded 3D structures can be
created.
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