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ABSTRACT

Graphene and carbon nanotubes provide a variety of new opportunities for fundamental and applied research.
Here, we describe results of our recent terahertz and ultrafast studies of carriers and phonons in these materials.
Time-domain terahertz spectroscopy is a powerful method for determining the basic properties of charge carriers
in a non-contact manner. We show how one can modulate the transmission of terahertz waves through graphene
by gating and how one can improve the modulation performance by combining graphene with apertures and
gratings. In carbon nanotubes, we demonstrate that the terahertz response is dominated by plasmon oscillations,
which are enhanced by collective antenna effects when the nanotubes are aligned. Finally, ultrafast spectroscopy
of carbon nanotubes allow us to excite and probe coherent phonons, both in the low-energy radial breathing
mode and high-energy G-mode, which are strongly coupled with excitonic interband transitions.
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1. INTRODUCTION

Carbon-based nanomaterials — single-wall carbon nanotubes (SWCNTs) and graphene, in particular — attract
much attention due to their wide range of novel electronic, photonic, and mechanical properties.1–4 In particular,
they have ideal properties for the development of optoelectronic devices that operate in the mid-infrared (MIR)
and terahertz (THz) ranges, including polarizers, modulators, detectors, and sources. They have been predicted,
and partially demonstrated, to have superior performance over existing devices.5 There have been a number
of basic optical studies on these materials during the past decade, but most of them were performed in the
weak-excitation, quasi-equilibrium regime. In order to probe and assess their performance characteristics as
optoelectronic materials under device-operating conditions, it is crucial to strongly drive them and examine their
optical properties in highly nonequilibrium conditions.6

In this article, we summarize results of a series of experimental studies of the THz and ultrafast dynamics
of carriers and phonons performed on graphene7–9 and SWCNTs.10–13 We use time-domain THz spectroscopy
to probe frequency-dependent conductivities and determine the density and scattering time of charge carriers.
Gate-tunable Fermi energies in graphene can be utilized to effectively modulate the transmission of THz waves.7

When graphene is placed on a grating, normal incidence THz radiation can excite a propagating surface plasmon
polariton,8 which can be used as a notch filter. We show that the modulation contrast ratio can be significantly
enhanced by placing a metallic aperture on top of graphene due to the effect of the extraordinary optical
transmission.9 Free carrier absorption in metallic and doped semiconducting SWCNTs takes the form of plasmon
resonance, which can be excited when the incident THz wave is linearly polarized along the nanotube axis. The
plasmonic nature has been clearly demonstrated in type-separated SWCNT samples,11 and the effect can be
collectively enhanced when a macroscopic number of SWCNTs are aligned.10 Finally, ultrafast spectroscopy
allows us to make time-dependent observations of lattice vibrations.12,14,15 Using femtosecond pump-probe
spectroscopy, we observed coherent phonons (CPs) corresponding to the low-frequency radial breathing mode
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(RBM) and the high-frequency G-mode. CP signals are resonantly enhanced when the pump pulse resonantly
excites excitons, allowing us to obtain precise information on chiralities present in a given SWCNT ensemble.
Furthermore, because the bandgap and diameter in SWCNTs are inversely proportional to each other, the
bandgap coherently oscillates as the lattice undergoes coherent RBM oscillations,14 resulting in modulation of
interband optical absorption at THz frequencies.

2. TERAHERTZ SPECTROSCOPY OF GATED LARGE-AREA GRAPHENE
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Figure 1. [LEFT] (a) Transmittance spectrum of single-layer graphene showing intraband and interband absorption with
the “2EF onset” for interband absorption in between. (b) and (c): Dynamic conductivity of two samples with different
Fermi energies and scattering times. [RIGHT]7 Gate-induced dynamic conductivity change of a graphene sample in
the THz/MIR frequency range. Gate-induced sheet conductance change for (a) intraband conductivity spectra in the
THz region and (b) interband conductivity spectra near the 2EF onset. (c) The gate-induced change of the Fermi level
absolute value |EF | extracted from calculation using Eqs. (1)-(4).

Understanding the ac dynamics of Dirac fermions in graphene is crucial for developing graphene-based THz
optoelectronics. Electron-electron interactions and disorder, combined with the unique linear electronic band
dispersions, have strong influence on the graphene dynamic conductivity. Furthermore, by analyzing frequency-
dependent conductivities one can precisely determine the Fermi energy (EF ) and carrier scattering time (τ).
We used a large-area (∼cm2) field-effect transistor, consisting of single-layer graphene on a SiO2/p-Si substrate.
With applied voltage between the graphene layer and silicon substrate, the transmitted intensity of THz and
MIR waves was observed to change with the gate voltage.

A typical transmittance spectrum is shown in Fig. 1[LEFT](a), which exhibits strongly frequency-dependent
intraband absorption in the THz and frequency-independent (universal) interband absorption in the mid-infrared
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(MIR). Using the standard conducting thin film analysis, the 2D THz conductance spectra can be deduced, as
shown in Fig. 1[LEFT](b) and (c) for two different samples with different values of EF and τ .

Gate-induced change in conductance (compared to the value when EF ∼ 0) in the THz range is plotted in
Fig. 1[RIGHT](a). Here, the experimental ∆σ(ω, Vg) = σ(ω, Vg)− σ(ω, V0) spectra are fit with16

σintra(ω, Vg) =
2ie2kBT

πh̄2(ω + iγ)
ln(eEF (Vg)/kBT + e−EF (Vg)/kBT ), (1)

where Vg is the gate voltage, V0 is the gate voltage at which EF ∼ 0 (Dirac point), kB is the Boltzmann
constant, T is the temperature, and γ = τ−1. When a gate voltage is applied, the Fermi level moves away
from the Dirac point and the overall conductance increases [Fig. 1[RIGHT](a)]. At the same time, EF can be
extracted from the MIR portion of the spectra where the “2EF ” onset sensitively changes with Vg,

17,18 as shown
in Fig. 1[RIGHT](b). Each MIR spectrum is fit with16

σintra(ω, Vg) = − ie
2kBT

2πh̄

∫ ∞
0

sinh(x)

cosh[
EF (Vg)
kBT

] + cosh(x)
×

h̄(ω+iΓ)
2kBT

x2 − [ h̄(ω+iΓ)
2kBT

]2
dx, (2)

as presented by the dashed lines, where Γ is the interband transition broadening factor. Another independent
method to determine EF from the MIR spectra is to use the fact that17,18∫

∆σinter(ω, Vg)d(h̄ω) = 2EF (Vg)σ0. (3)

Figure 1[RIGHT](c) summarizes the gate dependence of EF obtained through different methods: Eqs. (1)-(4),
where (4) is based on a simple capacitor model19

|EF (Vg)| = h̄vF

√
π|α0(Vg − V0)| (4)

where vF = 1 × 106 m/s is the Fermi velocity of Dirac fermions in graphene, α0 ≈ 7 × 1010 cm−2V−1 and V0

= 30 V for our case. As shown in Fig. 1[RIGHT](c), there is overall agreement among the four methods, with
a strong asymmetry between hole and electron response, which could be due to the induced carriers of silicon
near the silicon oxide surface or some trapped charges in the oxide layer.

3. EXCITATION AND ACTIVE CONTROL OF PROPAGATING SURFACE
PLASMON POLARITONS IN GRAPHENE

Existing active plasmonic devices based on metals have either slow speeds or limited tunability, while those based
on semiconductor 2D electron gases typically work at cryogenic temperatures. In contrast, graphene has been
shown to support surface plasmon polaritons (SPPs) with stronger mode confinement and lower propagation loss
owing to its unique electronic properties, mainly the high carrier mobility at room temperature. Furthermore,
the carrier density in graphene can be electrically tuned efficiently with a small bias voltage, and this unique
combination makes graphene a promising platform to build highly integrated active plasmonic devices. To effi-
ciently excite SPPs in graphene with an incident electromagnetic wave, the key challenge is the large wavevector
mismatch between the two waves. Optical gratings are widely used to compensate wavevector mismatches, and
here we use a silicon grating to excite the SPPs through the guided-wave resonance (GWR).20 Moreover, the
silicon grating can also act as a gate electrode to tune the carrier density in graphene, and thus the resonance
frequency varies over a broad range [Fig. 2(a)]. By satisfying the phase matching condition using gratings, the
normal-incidence wave will excite SPPs in graphene, and optical energy is dissipated due to the Ohmic loss
during the propagation in the graphene layer. Therefore, a notch in transmission is expected around resonance
frequency,21

ω0 =

√
2e2EF

h̄2ε0(εr1 + εr2)Λ
, (5)
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Figure 2. Polarized transmission measurements of graphene plasmonic devices. (a) Schematics of the normal-incidence
transmission measurement of silicon-diffractive grating-assisted graphene plasmon excitation by guided-wave resonance
(GWR) with two polarizations (T⊥ and T‖). (b) Transmission spectra in the THz (200-550 cm−1) and MIR (620-
1300 cm−1) 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:
The transmission spectrum of grating period Λ = 800 nm in the MIR without graphene. (c) The logarithm of resonance
frequency ω0 versus the logarithm of grating period Λ. A linear fitting with a fitted slope of ∼0.487 agrees well with the
theoretical prediction of ∼0.5 slope in Eq. (5). (d) Electrical tuning of the fabricated GWR graphene plasmonic device
with period Λ = 100 nm. The resonance dips are marked by arrows. Adapted from Ref.8

where EF is the Fermi energy, εr1 and εr2 are the dielectric constants of the materials above and below the
graphene film, and Λ is the grating period.

We etched periodically spaced trenches of gratings in a lightly doped silicon substrate with electron beam
lithography with various grating periods (Λ). The length and depth of each trench were ∼60 µm and ∼250 nm,
respectively. A 30-nm-thick layer of aluminum oxide was then deposited on top of the grating as the back-gating
dielectric layer followed by transferring CVD-grown monolayer graphene onto the grating. Polarization-dependent
transmission spectra were taken, as illustrated in Fig. 2(a). Figure 2(b) shows the ratio T⊥/T‖ spectra, indicating
a pronounced resonant dip as the incident wave with the correct polarization couples to the graphene SPPs, which
scales with the grating period. In contrast, for graphene on a bare silicon wafer, transmission of parallel and
perpendicular polarized beams shows no observable resonant features. Figure 2(c) shows the relationship between
the logarithm of ω0 and the logarithm of the grating period Λ, which fits well with Eq. (5). Furthermore, the
gate voltage was varied to tune the plasmon resonance, as presented in Fig. 2(d).

4. HIGH-CONTRAST TERAHERTZ WAVE MODULATION BY GATED
GRAPHENE ENHANCED BY EXTRAORDINARY OPTICAL TRANSMISSION

Electrically-controllable intraband absorption of graphene makes it a promising platform for building graphene-
based active THz devices. Compared with previous THz modulators demonstrated with free carriers in con-
ventional semiconductors, graphene-based devices have higher carrier mobilities at room temperature with an
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Figure 3. (a) Schematic diagram of the EOT graphene-based THz modulator. (b) The EOT structure is fabricated
on graphene, which is placed on a SiO2/Si substrate. The carrier density of graphene is tuned by applying a gate
voltage between the silicon substrate and the EOT structure. (c) SEM image of the fabricated EOT-graphene-based THz
modulator. The dark region is graphene underneath. Scale bar is 1 mm. The inset is one element of the EOT ring
aperture array. (d) Raman spectrum of graphene underneath the EOT structure. (e) Transmission spectra for the EOT
graphene-based THz modulator under different gate voltages between -20 V and +20 V. (f) Transmission difference at
different gate voltages, indicating large modulation depth ∼50%. Adapted from Ref.9

electrically-tunable carrier density. However, the extinction ratio for THz wave modulations obtained with single-
layer graphene (SLG) has so far been quite limited because of its small non-resonant intraband absorption in
the THz. Recently, many efforts have been devoted to enhance SLG absorption in the THz, including excit-
ing graphene plasmonic resonances,22 integrating with photonic cavities,23 and metamaterials.24 However, no
devices demonstrated to date have a combination of a large modulation depth, a high speed, and a designable
resonant frequency as shown here.

Here, we use a ring-shaped apertures in a metallic film, i.e., extraordinary optical transmission (EOT) struc-
ture, to enhance the intraband absorption in SLG underneath the apertures to form a graphene-based THz
modulator with a high extinction ratio [Figs. 3(a) and (b)]. To fabricate this device, the CVD-grown graphene is
first transferred onto a SiO2/Si substrate using standard transfer techniques, followed by electron beam lithogra-
phy, electron beam evaporation, and lift-off. SEM images of the fabricated device are shown in Fig. 3(c), where
the bright region is the gold EOT structure and the dark region is graphene underneath; Raman data is shown
in Fig. 3(d), indicating the high-quality of the SLG sample after the transfer. THz transmission spectra of the
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device under different bias gate voltages, from −20 V to 20 V, are illustrated in Fig. 3(e), indicating that the
peak transmission resonating at ∼0.44 THz changes with the gate voltage. A large modulation depth of ∼50%
is observed, as shown in Fig. 3(f), where ∆T is defined as T (Vg) − T (−20V ) and normalized to the peak of
T (−20V ). These results suggest that CMOS-compatible THz modulators with tailored operation frequencies,
large on/off ratios, and high speeds can be built.

5. PLASMONIC NATURE OF THE TERAHERTZ CONDUCTIVITY PEAK IN
CARBON NANOTUBES

The origin of the pronounced, finite-frequency THz conductivity spectra peak commonly observed in carbon
nanotube ensembles remains controversial. Two interpretations have emerged. One is based on the curvature-
induced bandgap in non-armchair metallic SWCNTs, while the other is the plasmon resonance in metallic and
doped semiconducting SWCNTs. If the hypothesis of curvature-induced bandgaps is correct, the THz peak
should (1) happen only in non-armchair metallic SWCNTs, (2) sensitively depend on the diameter, (3) be
suppressed by optical pumping or carrier doping, (4) have a strong temperature dependence, and (5) show
polarization dependence. If the second hypothesis for the THz peak is correct, (1) It should be detected in both
doped semiconducting and metallic SWCNTs; (2) The peak frequency should depend on the nanotube length
in a predicted way; (3) The peak intensity should be enhanced by increasing carrier density in semiconducting
SWCNTs; (4) Temperature dependence is expected to be weak; and (5) No resonance is expected when the THz
polarization is perpendicular to the nanotube direction.
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Figure 4. (a) Unsorted, metal-enriched, and semiconductor-enriched SWCNTs suspended in aqueous solution separated
via density gradient ultracentrifugation. (b) Semiconductor-enriched SWCNT film before (dashed) and after (solid)
annealing. (c) Metal-enriched SWCNT film before (dashed) and after (solid) annealing. (d) Temperature dependence of
the THz peak in [LEFT] metal-enriched SWCNT film after annealing and [RIGHT] semiconductor-enriched SWCNT
film before annealing. Adapted from Ref.11

Here, we use type-sorted SWCNTs prepared by density gradient ultracentrifugation (DGU)25–30 to clearly
reveal the plasmonic nature of the THz conductivity peak in SWCNTs. Attenuation spectra of semiconductor-
and metal-enriched films taken from THz to UV at room temperature both show a broad THz peak [Figs. 4(b)
and (c)]. Upon annealing the THz peak is greatly suppressed in semiconductor-enriched films while in metal-
enriched films it exhibits only a small decrease. Furthermore, as shown in Fig. 4(d), the attenuation has little
dependence on temperature. Based on these observations, the curvature-induced hypothesis can be ruled out,
and we can conclude that the THz peak comes from the plasmon resonance of SWCNTs.
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Figure 5. [LEFT](a) SEM image of a SWCNT film on a sapphire substrate showing the high degree of nanotube alignment.
(b) Optical microscope image of the SWCNT film showing the high uniformity of the nanotube length. (c) THz and
infrared attenuation spectra for a highly aligned SWCNT array for polarization parallel (black) and perpendicular (red)
to the nanotube alignment direction. [RIGHT] The logarithm of absorptive (top trace) and radiative (bottom trace)
loss spectra calculated for a single metallic SWCNT with a diameter of 2.7 nm and a length of 75 µm. (b) The logarithm
of radiative (red line), Ohmic (blue line), and total (black line) losses calculated for the aligned films consisting of 5 ×
104 identical nanotubes with the collective antenna effect. (c) Total normalized attenuation of the film, calculated from
the total losses shown in (b). Adapted from Ref.10

Recently, films of ultralong and extremely well-aligned SWCNTs have been demonstrated to behave as nearly
perfect polarizers in the THz range.31,32 Such films can be fabricated by CVD growth and dry contact transfer
printing processes.33 Figure 5[LEFT](a) and (b), respectively, show SEM and optical images of an aligned
SWCNT film on a sapphire substrate, indicating the high degree of alignment and high uniformity of nanotube
lengths (∼75 µm). As shown in Fig. 5[LEFT](c), extreme polarization anisotropy is observed. In the low-
frequency THz region (<100 cm−1) there is no obvious attenuation when the THz polarization is perpendicular
to the nanotubes while strong attenuation exists for the parallel case. With increasing frequency, both the
perpendicular and parallel attenuation increases, exhibiting a pronounced and broad peak at ∼450 cm−1.

Attenuation comes both from the radiation loss (reflection) and Ohmic loss (absorption).10 The scattered
(or radiated) power as well as the absorbed power for an individual SWCNT can be calculated from the induced
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current, I(z, ω), on the nanotube via the incident electromagnetic wave as

Pr(L, ω) =
ω2

4ε0c3

∫ π

0

dθ sin3 θ

∣∣∣∣∣
∫ L/2

−L/2
I(z, ω)dz

∣∣∣∣∣
2

, (6)

whereas the absorbed power is34

Po(L, ω) =
1

4πR
Re(σ−1

c (ω))

∫ L/2

−L/2
|I(z, ω)|2dz, (7)

where L is the length of the nanotube with the origin at the geometric center of the nanotube and σc(ω) is the
surface conductivity of a metallic SWCNT. The total attenuation is the sum of Po and Pr. A film consisting of
many nanotubes excited within the coherence area of the incident light beam will radiate coherently, and the
absorbed power is proportional to the number of excited nanotubes, N , while the scatted power is proportional to
N2. The calculated loss spectra of a single metallic SWCNT and aligned films are presented in Fig. 5[RIGHT](a)
and (b), respectively, indicating an important contribution of absorption at the longest wavelengths and a
significant contribution of radiative loss in the MIR range, which reflects the collective antenna properties of
these aligned, ultralong SWCNTs. The calculated absorption spectrum in Fig. 5[RIGHT](c) reproduces the
observed spectra well.

7. ULTRAFAST GENERATION AND DETECTION OF COHERENT PHONONS IN
CARBON NANOTUBES

Optical phonons often strong couple with electrons and are behind virtually all energy and phase relaxation
processes for electrons in solids. Recently, much attention has been paid to non-perturbatively strong electron-
optical-phonon coupling in SWCNTs, which is believed to be responsible for current saturation behaviors in
high-field electronic transport as well as for the appearance of a broad and red-shifted Raman feature. In
both cases, dynamical quantities of phonons such as lifetimes and dephasing times are the key parameters that
characterize the processes. While an extensive literature exists on CW Raman studies, time-domain vibrational
measurements directly probing lattice dynamics in SWCNTs have only recently begun.14,15,35–39 Exactly how
optical phonons decay in energy and phase in SWNTs is still an open question. We have carried out a series
of coherent phonon spectroscopy studies of SWCNTs12–15 using spectrally-resolved and temperature-dependent
ultrafast pump-probe spectroscopy. A pump pulse initiates coherent lattice vibrations, and then a delayed,
spectrally broad probe pulse is incident on the sample, where it induces additional lattice vibrations through
impulsive stimulated Raman scattering. The probe photon-energy dependence of phonon amplitude can be
well explained within our model.40,41 Furthermore, the temperature dependence of the observed dephasing
rate (not shown in this article) clearly exhibits a thermally-activated component, indicating the presence of the
‘exchange-modulation’ mechanism.42 Namely, the high-energy phonon mode dephases via anharmonicity-induced
coupling with a lower-frequency mode. Our quantitative analysis provides evidence that the lower-frequency
mode responsible for the decay of optical phonons is the RBM.

Figure 6 [LEFT] (a) shows time-domain transmission modulations for a probe at 1.48 eV (840 nm), ob-
tained after subtracting an exponentially decaying electronic component. The oscillatory signal consists of
high-frequency and low-frequency contributions. As is confirmed in the Fourier transform in Fig. 6 [LEFT] (b),
the low-frequency signal at ∼7 THz corresponds to the RBM, the high-frequency signal is due to the G-mode
phonons having a frequency of 47.69 THz (1590.8 cm−1). The detection mechanism of the coherent RBM phonons
is through absorption coefficient oscillations as a result of diameter-dependent bandgap.14,15,40 While the G-
phonons can also modify optical constants of SWCNTs, according to theoretical calculations,40,41 absorption
coefficient modulations are expected to be much smaller than those by the RBM.

The G-phonons show drastic changes with the probe wavelength both in amplitude and phase, as shown in
Fig. 6 [RIGHT] (a). Figure 6 [RIGHT] (b) shows the optical phonon amplitude as a function of probe energy. The
amplitude curve features two peaks with each maximum occurring near the probe energy of 1.46 eV (850 nm)
and 1.65 eV (750 nm), respectively, which are separated from each other by the optical phonon energy, while
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Figure 6. [LEFT] (a) Coherent phonon oscillations in SWCNTs, extracted from the pump-probe signal for pump and
probe energies of 1.55 eV (800 nm) and 1.48 eV (840 nm), respectively. (b) Corresponding Fourier-transformed spectrum
showing radial-breathing modes (RBMs) at 6.0-7.5 THz (200-250 cm−1) and optical phonons (G-mode) at 47.69 THz
(1590.8 cm−1). [RIGHT] (a) Coherent G-phonon dynamics measured at probe energies of 1.65 eV (750 nm), 1.57 eV
(790 nm), and 1.46 eV (850 nm). (b) Coherent phonon amplitude vs. probe energy, exhibiting two peaks at 1.47 eV and
1.66 eV. (c) Simulated spectral intensity for a Gaussian laser spectrum centered at 1.55 eV (800 nm) with a spectral
width of 195 meV FWHM. Adapted from Ref.12

having a local minimum near the center energy of the laser spectrum. This behavior can be explained by
taking into account impulsive stimulated Stokes and anti-Stokes Raman scattering processes. Simulations of the
scattering intensity for the two scattering processes were performed assuming a Gaussian laser spectrum centered
at 1.55 eV (800 nm) with a spectral width of 195 meV FWHM. The results [Fig. 6 [RIGHT] (c)] show that the
signal intensity will be strong on the lower (higher) energy side of the center of the laser spectrum with a peak
100 meV below (above) the center, consistent with the experiment.
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