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ABSTRACT: We demonstrate a terahertz polarizer built with stacks of aligned single-walled carbon nanotubes (SWCNTs)
exhibiting ideal broadband terahertz properties: 99.9% degree of polarization and extinction ratios of 10−3 (or 30 dB) from ∼0.4
to 2.2 THz. Compared to structurally tuned and fragile wire-grid systems, the performance in these polarizers is driven by the
inherent anistropic absorption of SWCNTs that enables a physically robust structure. Supported by a scalable dry contact-
transfer approach, these SWCNT-based polarizers are ideal for emerging terahertz applications.
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Applications in terahertz (THz) technology are progressing
at a rapid rate in concert with new compact techniques to

produce THz radiation.1−5 The potential applications of THz
technology are diverse, as THz radiation provides a unique
medium for noninvasive imaging, communications, and sensing
devices that are currently being developed on both a research
and industrial scale.1,2 Complementary to the development of
this technology, it is not only important to devise ways to
produce THz radiation but also to have robust approaches to
manipulate it and extract the detailed information contained
within a coherent THz pulse. Currently, a host of wire-grid
structures composed of uniformly spaced metal wires are
employed as polarizers and filters for THz applications.
Although these exhibit high extinction coefficients at THz
wavelengths (>25 dB), they have drawbacks of fragility and a
structurally tuned architecture that is not extendable to
broadband THz operation. Conventional THz polarizers are
made by mechanically winding thin metallic strings, such as
tungsten wires, on rigid frames under physical tension. Such
widely used and commercially available THz polarizers are
typically free-standing, with function efficiencies highly reliant
on wire spacing constants.6,7

Here, we introduce a thin-film (<10 μm) homogeneous
material composed of single-walled carbon nanotubes
(SWCNTs) that gives comparable performance to wire-grid
technology but has added benefits of (i) broadband THz
absorption driven by the inherent one-dimensional (1-D)
character of the SWCNTs and (ii) mechanical robustness in
diverse operation conditions. In comparison to wire-grid
technology, the THz performance of our material is driven
not by the precise structure of the conductive wires but rather
the inherent anisotropic THz absorption properties of aligned
SWCNTs. Although carbon nanomaterials (SWCNTs and
graphene) are predicted to be excellent THz materials,8−10

previous THz measurements of SWCNTs were performed
either on individual SWCNTs or on collective materials not
ideally suited for this application. Recently, we demonstrated a
collective SWCNT material that behaves as a THz polarizer,
with an 80% degree of polarization (DOP) and extinction ratio
(ER) of 10 dBproperties below industrial standards due to
the nonideal extinction characteristics of the films.11 More
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recently, Kyoung et al. reported on a high-performance carbon
nanotube THz polarizer by mechanically winding multiwalled
carbon nanotubes on a U-shaped polyethylene frame and
reached an ER of ∼37 dB.12 In this Letter, we report on further
advanced SWCNT-based THz polarizers. By utilizing consec-
utively stacked films of aligned SWCNTs, we achieve here a
99.9% DOP, ER of 30 dB, and broadband performance from
∼0.4 to 2.2 THz, demonstrating the remarkable utility of
aligned SWCNTs for THz applications.
Unlike tedious top-down approaches required to generate

precise material structures for wire-grid polarizers, the aligned
SWCNT films studied here were produced by natural self-
assembly of SWCNTs into densely packed and highly aligned
macroscopic materials during SWCNT synthesis. Utilizing
optical lithography to define the pitch between lines of catalyst,
we then employed water-assisted chemical vapor deposition to
grow aligned SWCNTs in high aspect-ratio lines, as shown in
Figure 1a. Following growth, we transferred the lines to a
sapphire window (Figure 1b,c) to produce a THz polar-
izer.13−17 Figure 1d,e shows scanning electron microscope and
optical microscope images, respectively, showing the excellent
SWCNT alignment in the transferred structures. To optimize
the device performance with respect to extinction, multiple
layers were stacked until full extinction of linearly polarized
THz radiation was achieved in a configuration where the THz
field is parallel to the alignment (see Figure 1f). The benefit of
this approach compared to other possible approaches is the
simplicity of the contact-transfer process that makes this
scalable to large areas. Although the specific growth system
utilized in these experiments constrained our growth substrate
size to ∼1−1.5 cm2, there are no known limitations in this
approach that would inhibit scaling to full wafers or even
continuous roll-to-roll growth and contact transfer techniques
to yield high-throughput production of THz devices.18

Figure 2a−d shows time-domain waveforms for THz waves
transmitted through the reference sapphire substrates (black
dashed curves with open circle markers) and the SWCNT films
(blue curves for parallel cases and red curves for perpendicular
cases), for single and multiple stacks of aligned SWCNT films.
For the single SWCNT polarizer in the perpendicular
configuration, the transmission was almost that of the blank
sapphire reference, suggesting minimal loss.11 For the parallel
case, the signal was significantly reduced, suggesting that the
absorption of the THz electric field by the nanotubes is strong.
As the thickness is increased to include three-film stacks, the
THz transmission at the parallel direction became completely
attenuated by the polarizer.
Figure 2e−h shows the transmittance spectra calculated after

Fourier transformation of the time-domain data in Figure 2a−d
in the range of 0.2−2.2 THz. The transmittance was defined as
T = |Es/Er|

2, where Es and Er are the complex THz signals in the
frequency domain after Fourier transform from their time-
domain data for the sample and the reference, respectively.
From these four panels, we can more clearly identify the
anisotropy. For a thin-film single-SWCNT polarizer with gaps
between adjacent lines (Figure 2e), the transmittance is almost
1 in the perpendicular configuration and small (0.2−0.4) in the
parallel configuration. This is in contrast to a stack of three
films (Figure 2h), where the transmission is still ∼1 for the
perpendicular configuration but 0 throughout the whole
frequency range in the parallel configuration. The THz
transmittance also decreases with increasing frequency,
conflicting with the Drude model valid for conventional metals,
such as those tungsten wires for wire-grid THz polarizers. This
frequency dependence is consistent with previous far-infrared/
THz spectroscopy studies performed on various types of
SWCNT samples, showing a robust absorption peak around 4
THz, whose origin is still under debate.19−22

Figure 1. (a) Growth of upright SWCNT lines using patterned catalyst substrates; (b) contact transfer of SWCNT polarizers to transparent sapphire
substrates; (c) image showing transferred SWCNT polarizer and growth substrate from which transfer occurred; (d,e) scanning electron microscope
and optical microscope images showing the excellent SWCNT alignment inside of the transferred SWCNT structures; and (f) scheme showing the
use of multiple SWCNT films to produce high-performance polarizers discussed in this work.
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To elucidate polarizer performance, we calculated the DOP,
defined as DOP = (T⊥ − T//)/(T⊥ + T//), and the ER, ER =
T///T⊥, where T// is the transmittance for the parallel case, and
T⊥ is the transmittance for the perpendicular case. As shown in
Figure 3a, the DOP value of our SWCNT polarizer increases
with the SWCNT film thickness and reaches a value at 99.9%
throughout the whole measured frequency range for a triple-
stacked film. Figure 3b indicates that the ER value is increasing
dramatically with the film thickness, achieving an average value
of 33.4 dB in the 0.4−2.2 THz range − 2 orders of magnitude
better than the thinner SWCNT films.
In addition to better broadband and DOP than THz wire-

grid polarizers, the SWCNT array structures enable versatile
operation outside of the THz regime. The thick SWCNT films
also exhibit strong mid-infrared and visible polarization
responses,17,23 allowing their use as anisotropic absorbers in
an ultrawide spectral range from the THz to the visible. This
enables a complex integration scheme for these materials as
optical components in diverse applications utilizing broadband
radiation for imaging and/or communication, such as in

medical diagnostics. As the transfer process is capable of
being scaled to large areas and the carbon nanotube synthetic
process depends on cheap carbon precursors and earth-
abundant metal catalysts, the latter of which is removed from
the SWCNTs prior to making the device, this route represents
a high-performance material capable of penetrating the market
for THz technology in the future.
In summary, we have synthesized optical polarizers made of

highly aligned single-walled carbon nanotube films on sapphire
substrates that exhibited remarkable broadband performance in
the THz frequency range, with DOP of 99.9% from ∼0.4 to 2.2
THz and extinction ratios of up to ∼35 dB. This material yields
broadband polarization and extinction features that outperform
wire-grid polarizers, with multiple additional benefits including
robust mechanical structure, a scalable printing process for the
SWCNTs, and diverse component operation outside of the
THz frequency range. Such materials will be key for the
development of the next generation in THz applications and
technology.
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Figure 2. Transmitted THz electric field signals in the time domain for
(a) single-layer SWCNT film with gaps; (b) single-layer SWCNT film
without gaps; (c) double-layer SWCNT film; and (d) triple-layer
SWCNT film. Black dashed lines with open circles are for the
reference sapphire substrate, blue solid lines are for samples with THz
polarization parallel to the nanotube axis, and red solid lines are for
samples with THz polarization perpendicular to the nanotube axis. On
the right column, THz transmittance spectra in the 0.2−2.2 THz range
are shown for (e) single-layer SWCNT film with gaps; (f) single-layer
SWCNT film without gaps; (g) double-layer SWCNT film; and (h)
triple-layer SWCNT film. Blue solid lines with open circle markers are
for the parallel case, and red solid lines with open square markers are
for the perpendicular case.

Figure 3. (a) Degree of polarization and (b) extinction ratio of the
THz polarizers with different thicknesses as a function of frequency in
the 0.2−2.2 THz range. For the optimized triple-layer SWCNT
polarizer, the averaged value of the extinction ratio in this frequency
range is 33.4 dB.
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