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ABSTRACT

Carbon nanotubes and graphene are promising for diverse terahertz (THz) device applications. Here, we summarize
our recent studies on the THz dynamic conductivities and optoelectronic devices of these materials in the THz
region. We show that the THz response of single-wall carbon nanotubes (SWCNTSs) is dominated by plasmon
oscillations along the nanotubes, which lead to extremely anisotropic THz conductivities. By utilizing the strong
THz plasmon resonance as well as its pronounced anisotropy in aligned SWCNT films, we built THz polarizers with
perfect performance and polarization-sensitive THz detectors that work at room temperature. In addition, we studied
the THz conductivities of graphene samples with and without electrical gating. We demonstrated excitation and
active control of surface plasmon polaritons in graphene, as well as a graphene THz modulator with a high
modulation depth, a high modulation speed, and a designable resonance frequency.
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1. INTRODUCTION

Despite many years of world-wide efforts, mature solid-state device technology is still lacking in the terahertz
(THz) frequency range, i.e., electronics and photonics do not overlap. Existing device technologies for the
generation, manipulation, and detection of THz radiation are still in their infancy."’ Recently, there has been
increasing recognition that low-dimensional carbon materials, carbon naontubes (CNTs) and graphene, in particular,
possess novel optoelectronic and electronic properties™ ¥ that are promising for diverse THz device applications,
such as THz emitters, detectors, and polarizers.[4]

In this article, we summarize results of a series of our recent experimental studies on THz optical conductivity
measurements and optoelectronic device applications of CNTs">7 and graphene in the THz region.*'” We showed
that the broad absorption peak universally observed for single-wall carbon nanotubes (SWCNTSs) at ~4 THz is due to
the plasmonic resonance along the tube axis in metallic and doped semiconducting carbon nanotubes.” The strongly
anisotropic nature of plasmon resonance allowed us to build a perfect THz polarizer based on multiple layers of
well-aligned CNT thin films.') This polarizer has a degree of polarization of 99.9% and an extinction ratio of ~30
dB, outperforming the conventional THz polarizers (wire-grid polarizers). We also developed a CNT-based THz
photodetector with a responsivity of ~2.5 V/W and a detectivity of ~5 x 10° cm-Hz"%/W.") Not only can the detector
work at room temperature, but it also shows a high degree of polarization sensitivity due to the strong alignment of
CNTs. In graphene, we showed that its charge carrier density, and thus, its optical conductivity, can be effectively
modified though electrical gating.™ We further demonstrated how we can efficiently excite and actively control the
surface plasmon polaritons (SSPs) in graphene, which can become the building block for diverse graphene-
plasmonic devices.””? We built a high-speed, frequency-controllable THz modulator based on single layer graphene
(SGL) with a modulation depth as high as 50%, in which the resonance frequency was tailored to be in a wide THz
region by the top metallic apertures.!"”
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2. PLASMONIC TERAHERTZ RESPONSE OF CARBON NANOTUBES

Understanding the dynamic behavior of charge carriers in CNTs in response to THz radiation is the first step
toward the development of CNT-based THz devices. Theoretical studies predicted the existence of one-dimensional
(1D) plasmons that can be excited along the SWCNT axis.!'! Experimentally, a number of THz/far-infrared
spectroscopic studies have been performed.!>"® One common spectral feature that has been observed repeatedly is a
broad THz conductivity peak around 4 THz. This feature was interpreted through two possible mechanisms, one
being the interband absorption across the curvature-induced narrow band gap in non-armchair metallic nanotubes,!'>

" and the other being plasmon excitation along tube axis.!'*"!”]
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Figure 1. Attenuation spectra of metal- and semiconductor-enriched SWCNT films at room temperature before and
after annealing. (a) Metal-enriched SWCNT film before (dashed) and after (solid) annealing. (b) Semiconductor-
enriched SWCNT film before (dashed) and after (solid) annealing. Temperature dependence of the THz peak in (c)
unannealed metal-enriched film and (d) unannealed semiconductor-enriched film. Adapted from Ref. [5].

To clarify the origin of the peak, we performed absorption spectroscopy studies in a wide spectral
range, from the THz to the ultraviolet, on highly metal- and semiconductor-enriched SWCNT films. The
broad THz peak was observed in both types of films, but it significantly decreased in semiconductor-
enriched films after annealing, which removes dopants, as shown in Figs. 1a and 1b. Moreover, the THz
peak of both types of films showed very weak temperature dependence (see Figs. 1c and 1d). If it were due
to the curvature effect, the THz peak would be observable only in metallic tubes and strongly temperature
dependent. However, both predictions contradict our experimental results. Hence, our results rule out the
hypothesis of the curvature effect, providing strong evidence that the THz peak comes from plasma
resonance of SWCNTs. Quantitative analysis shows that the complex dynamic conductivity, o( @), obtained
from transmission spectra can be fit well by a theoretical model including both plasmon resonance and the
Drude-like free carrier response,””’ which further confirms the plasmonic nature of the THz peak. As
excited in the confined CNT channel, the plasma resonance is strongly polarized, leading to the strongly
enhanced anisotropy of THz spectra in aligned CNTs."™ This pronounced anisotropic property opens up
the possibility to build high-performance THz polarizers based on well-aligned CNT films.

Proc. of SPIE Vol. 9476 947612-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/16/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



3. TERAHERTZ OPTOELERONIC DEVICES BASED ON CARBON NAOTUBES
3.1 Carbon Nanotubes Terahertz Polarizer

Conventional THz polarizers are made by wire-grid metallic wires with uniform spaces, the drawbacks of which
are their fragility as well as the finite operation range limited by the structurally tuned architecture.!” The inherent
and strong anisotropic optical properties of CNTs make them ideal candidates for THz polarizer applications with
added benefits including mechanical robustness and broadband THz operation. There have been a number of studies
on the development of THz polarizers based on aligned CNT films with less ideal performances.'> ' '%! Here, we
show that a perfect THz polarizer can be made from stacks of extremely aligned SWCNT films (see Fig. 2a).

(a) (C) F B R AL LN AL WA
Single Layer 10k Triple Lazer
Sapphire  SWCNTs Triple Layer c '
a’%& g
\ N
k]
[e]
o
k]
©
o
=d
@
Q o2+ -
R BRI PR IR N
(b) 10+ I I I I = (d) 05% T t T —]
SWCNTs L THz
081 & Triple Layer
§ S 40F -
[e)
© L . L
£ 98 . © 3o
I Triple Layer o
2 04 1 S
© g 20, ]
= 0.2 — |.>|~.l_< Single Layer w/o Gaps
SWCNTs // THz
0.0p%= | 1 I I . Single Lzl)yer‘ W/‘Gapsl
0.2 0.6 1.0 14 1.8 22 0.5 10 15 20
Frequency (THz) Frequency (THz)

Figure 2. (a) Scheme showing the use of multiple SWCNT films to produce high-performance a THz polarizer. (b) THz
transmittance spectra in the 0.2-2.2 THz range for a 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. (¢c) Degree of
polarization and (d) extinction ratio of the THz polarizers with different layer numbers as a function of frequency in the
0.2—-2.2 THz range. Adapted from Ref. [6].

Our polarizer is produced through multiple transfers of aligned SWCNT thin films onto a sapphire window. These
aligned SWCNT films with a thickness of around 1 um were grown from photolithography-defined catalysts
patterns on silicon substrates by a water-assisted chemical vapor deposition (CVD) method. The THz transmittance
spectra of a polarizer made of three layers display extremely strong anisotropy, as shown in Fig. 2b. While it totally
blocks THz radiation when the SWCNT alignment direction is parallel to the polarization direction of the incident
beam, the polarizer shows very weak interaction with the THz beam in the perpendicular configuration. By carefully
comparing the performance of polarizers made by different layers of aligned SWCNTs, one can see that both the
degree of polarization (DOP) and extinction ratio (ER) increase with increasing number of SWCNT layers, as shown
in Figs. 2¢ and 2d. For the polarizer with triple layers of SWCNTs, we achieved a 99.9% DOP, an ER of ~30 dB,
and broadband performance from ~ 0.4 to 2.2 THz, which outperforms previous CNT-based THz polarizers as well
as commercial wire-grid THz polarizers.””) These experimental results as well as the sample and scalable fabrication
method (contact transfer) demonstrate the remarkable utility of aligned SWCNTSs for THz technology.

3.2 Carbon Nanotube Terahertz Photodetector

THz detectors are required for a wide range of applications in astronomy, sensing, communications, imaging,
and defense. Current THz detectors are mostly cryogenic, narrow-band and bulky.!”) Therefore, entirely novel and
new material systems or approaches are being sought. The strong broadband THz absorption from plasmon
resonance, the excellent thermal properties, and mechanical strength make CNTs very attractive candidates for
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thermal-based THz detection."”) CNT-based thermal detectors can be divided into two categories: bolometric
detectors™™ ?'! and photothermoelectric (PTE) detectors.” **) While the former uses a heat-induced conductivity
change to detect light, the latter responds to light in the form of a thermal voltage (current) generated through a
temperature gradient. The Seebeck coefficient (S) of the detector material is the key factor to affect the performance
of a PTE detector. The S of a CNT film is usually less than ~50 pV/K, but it could be largely enhanced through
electronic type separation or the incorporation of other polymers;***! it also can be conveniently turned from p- to
n-type by diverse doping methods,”* allowing for the fabrication of a CNT-PTE detector based on a p-n junction.!”
22331 THz detectors using antennas coupled to CNT quantum dots, individual metallic SWCNTs, and CNT bundles
and films have been demonstrated,”’>" but they work only at low temperatures. Here, we demonstrate a room-
temperature-operating, antenna-free, and broadband THz-PTE detector based on aligned SWCNT thin films.”
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Figure 3. (a) A schematic diagram of the experimental geometry. The /-V characteristics are measured, while the
device is illuminated in air at room temperature by a linearly polarized THz beam. (b) Current—voltage characteristic
under illumination by a THz beam with a frequency of 2.52 THz (red), and without illumination (black). (c)
Polarization dependence of the open-circuit voltage, V., normalized by its value for parallel polarization, for
frequencies of 1.39 THz, 2.52 THz, and 3.11 THz. (d) Power dependence of V. for frequencies of 1.39 THz, 2.52 THz,
and 3.11 THz, yielding responsivities of 2.5 V/W, 2.4 V/W, and 1.7 V/W, respectively. Adapted from Ref. [7].

This detector was fabricated on a single piece of an aligned SWCNT film grown by the CVD method with
thickness around 1-2 wm. The width and length of the detector channel were ~150 pm and ~1 mm, respectively. A
p-n junction was made by partially n-doping the as-grown p-type film, as illustrated in Fig. 3a. The whole device
was supported on Teflon tape for better thermal isolation from the environment. The open circuit photovoltage, V.,
was observed under THz radiation, giving an average response of ~2.5 V/W, as shown in Figs. 3b and 3d. The NEP
of the detector was around 20 nW/ Hz'?, and the estimated detectivity was ~5 x 10° cm-Hz"*/W by considering an
active detector area of ~1-mm diameter. The detector essentially works as a thermocouple, in which the difference
of S between the n- and p-sides determines its responsivity; the larger the difference, the higher the responsivity.'*!
Careful thermal measurements show that in our device the S of the original p-type film is ~70 uV/K, and the S of the
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n-type film is ~ =70 WV/K. The large difference of S at the junction is responsible for the observed large
photovoltage. The added benefit of the detector is its polarization sensitivity, a unique feature of well-aligned
SWCNT films, which could not be realized on the majority of existing thermal detectors. As one can see in Fig. 3c,
the ratio of photovoltage between the parallel and perpendicular directions is around 0.1 to 0.3, which is much more
pronounced than that in the infrared and visible regions. These results realized uncooled THz detectors based on a
macroscopic CNT film. Further improvement in sensitivity can be achieved by: i) increasing the active area by the
fabrication of multiple junctions on the same device and ii) using a highly enriched semiconducting SWCNT film to
boost the Seebeck coefficients and therefore the responsivity.

4. TERAHERTZ AND INFRARED SPECTROSCOPY OF GATED GRAPHENE

The study of AC dynamics of Dirac fermions in graphene is very important for developing graphene-based THz
optoelectronics. While a number of studies have confirmed the so-called universal optical conductivity for interband
transitions in a wide spectra range,”'>¥ only recently there have been reports about studies of the intraband

conductivity in the THz region.™ **36I
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Figure 4. (a) Transmittance spectrum of single-layer graphene showing intraband and interband absorption with the
“2Eronset” for interband absorption. (b) Gate-induced sheet conductance change for intraband dynamics in the THz
regime. Adapted from Ref. [§8].

Here, we studied the THz and infrared transmission of large-area graphene in a field-effect transistor (FET)
configuration, consisting of a single layer graphene (SGL) on a SiO,/p-Si substrate. A typical transmittance
spectrum is shown in Fig. 4a. We observed both the strongly frequency-dependent intraband absorption in the THz
range and frequency-independent (universal) interband absorption in the mid-infrared (MIR) range. Furthermore, we
measured the dynamic conductivity change in the THz region induced by electrical gating, as shown in Fig. 4b,
where the position of the Fermi energy was deduced by theoretical fits.”® Based on Fig. 4b, one can see that, when a
gate voltage is applied, the Fermi level moves away from the Dirac point and the overall conductance increases due
to the increase of carrier density. These results demonstrate promising functionalities of large-area graphene devices
for critical components in THz and infrared optoelectronics.

5. TERAHERTZ OPTOELERONIC DEVICES BASED ON GRAPHENE
5.1 Graphene Plasmonic Device

Graphene has been shown to support surface plasmon polaritons (SPPs) with strong confinement and low
propagation loss in the mid-infrared region due to its large carrier mobilities at room temperature.*® The carrier
density in graphene is highly gate-tunable, which can achieve tuning times below one nanosecond.””’ These
properties make graphene a promising material for electrically tunable plasmonic devices. The key challenge
associated with efficient excitation of SPPs in graphene is to compensate the momentum difference between the
SPPs and the incident electromagnetic beam.”® One widely-used scheme is grating coupling, where the periodicity
of the grating provides the additional in-plane momentum needed to excite the SPP.*°! Here, we demonstrate the
excitation and active control of SPPs in graphene using a silicon grating.
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Figure 5. Polarized transmission measurements of gated graphene plasmoinc devices. (a) Schematic of normal-
incidence transmission measurement of silicon-grating-assisted graphene plasmon excitation by guided-wave resonance
(GWR) with two polarizations (7', and 7)). (b) Transmission spectra in the THz (200-550 em™) and MIR (620-1300 cm’
") for different grating periods. The resonance dips are marked by arrows. The black line is the transmittance of
monolayer graphene. The shaded area represents the frequency region where the signal-to-noise ratio was too low. Inset
is the transmission spectrum of grating period A = 800 nm in the MIR without graphene. (c) Electrical tuning of the
fabricated GWR graphene plasmonic device with period A = 100 nm. The resonance dips are marked by arrows. (d)
The response of a grpahene plasmonic device with period A = 100 nm under a bias of 4 V, which reaches an extinction
ratio of ~6%. Adapted from Ref. [9].

Shown in Fig. 5a is a sketch of the device architecture. The fabrication procedure included the following steps:
i) periodically spaced tranches were etched into a lightly doped silicon substrate for grating formation; the depth and
length of each trench were ~ 250 nm and ~ 60 um, respectively, and the grating period (A) varied from device to
device; ii) a 30-nm-thick layer of aluminum oxide was then deposited on top of the grating as the dielectric material;
and iii) CVD-grown SGL was transferred on top of the grating as the propagating medium of SPPs. The silicon
grating served for two purposes: 1) facilitating SSP excitation in graphene under the normal-incidence of infrared
beam through the guide-wave resonance (GWR)™ * and ii) tuning the resonance frequency of the device over a
wide spectral range by acting as back gate electrodes. Polarization-dependent transmission experiments in the mid-
infrared (MIR) and far-infrared (FIR) regions were performed on devices with different grating periods, as shown in
Fig. 5b. As the SSPs can only be excited when the input light is polarized perpendicular to the grating lines, the
dependence of the ratio 7,/T, on the frequency show a series of resonant dips, indicating light energy is absorbed in
the graphene layer due to the excitation of the SPPs. While the resonance frequency can be changed by the gating
period, it can also be modulated through electrical gating at a fixed grating period. As shown in Fig. 5c, a large shift
of ~80 cm™ is reached by increasing the gate voltage from 0.5 to 4 V. The ER of the resonance varied from device to
device, presumably due to sample uniformity variations. A high ER of ~0.6% was achieved on the device with
grating period A = 200 nm and bias voltage of 4 V, as shown in Fig. 5d. These results pave the way to excite and
actively control plasmonic waves in graphene.
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5.2 Graphene Terahertz Modulator

Because its novel two-dimensional nature, the electronic properties of graphene are highly gate-controllable,
opening the possibility of diverse device applications.”*"**! One of the promising applications is to build a graphene-
based THz modulator.*” To date, however, its small non-resonant intraband absorption has been the bottleneck of
developing graphene THz modulators with high extinction ratios. Recently, many efforts have been put to enhance
the SLG absorption in the THz region, such as exciting plasmonic resonance in graphene,'* integrating graphene
with photonic cavities*? or metamaterials.*”) Here, we show a novel graphene THz modulator with a large
modulation depth, a high speed, and a designable resonance frequency.
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Figure 6. (a) Schematic diagram of the EOT graphene-based THz modulator. (b) Cross section of the modulator.
Graphene is placed on a SiO,/Si substrate, and the EOT structure is fabricated on top of graphene. (c) Transmission
spectra for the EOT graphene-based THz modulator under different gate voltages between -20 V and +20 V. (d) The
transmission change at different gate voltages. A large modulation depth of ~50% is obtained. Adapted from Ref. [10].

Taking advantage of the extraordinary optical transmission (EOT) effect,*® we used a metallic film with sub-
wavelength apertures to enhance the extinction ratio of the graphene-based THz modulator. To fabricate the device,
we first transferred the CVD-grown SLG onto a SiO,/Si substrate using a poly(methylmethacrylate) (PMMA)-
assisted wet-transfer technique. Metallic films (3-nm-thick titanium and 97-nm thick gold) were successively
evaporated onto the surface of SLG using e-beam evaporation, in which the EOT array with ring shaped structures
were defined by e-beam lithography (see Figs. 6a and 6b). A series of THz transmission spectra were measured on
the device with different bias gate voltages, in the range from —20 V to 20 V, as shown in Fig. 6¢. One can find that
the aperture-induced resonance is centered at ~0.44 THz, and the value of peak transmission changes with the gate
voltage. According to Fig. 6d, a large modulation depth of ~50% is achieved, where AT was defined as T(V,) —
T(-20V) and normalized to the peak of T (—20V). In addition, the estimated speed of the device is as large as ~0.2
GHz by taking into account the device capacitance. Moreover, by changing the circumference of the apertures, the
EOT array could be scaled to have different resonance frequencies over a wide THz range. These results suggest the
possibility of CMOS-compatible THz modulators based on graphene with a large ER, a high speed, and a tailored
working frequency.
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