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Carbon nanotubes provide a rare access point into the plasmon physics of one-dimensional electronic
systems. By assembling purified nanotubes into uniformly sized arrays, we show that they support coherent
plasmon resonances, that these plasmons couple to nanotube and substrate phonons, and that the resulting

phonon-plasmon resonances have quality factors as high as 10. Because nanotube plasmons intensely

strengthen electromagnetic fields and light-matter interactions, they provide a compelling platform for

surface-enhanced spectroscopy and tunable optical devices at deep-subwavelength scales.
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Plasmons in carbon nanotubes [1-5] comprise longi-
tudinal-charge oscillations coupled to infrared or terahertz
optical fields. They can either propagate [3-5] or be confined
to Fabry—Pérot resonators by reflections at the nanotube ends
[6-10] [F . 1(a)]. Propagation losses are low [3], and the
resonant frequencies and absorption coefficients can be
controlled via the length [8,10] a 1[7.9] of
the nanotubes. The strong confinement of electromagnetic
fields deriving from the nanotubes’ one dimensionality could
allow light to be guided at the nanometer scale and light-
matter interactions to be enhanced by Purcell factors
predicted to be as high as 10° [5].

At infrared frequencies, nanotube plasmonics could
lead to highly sensitive absorption spectroscopy through
surface-enhanced infrared absorption (SEIRA) [11-13]. At
terahertz frequencies, it could enable tunable lasers and
receivers for use in terabit-per-second wireless communi-
cations [14-16]. Ult lasmonic cir-
cuitry could be naturally integrated with high-performance
nanotube transistors.

However, nanotube plasmonics has been frustrated by
the material quality of nanotube films. In inhomogenecous
nanotube films, with a broad distribution of lengths,
diameters, and/or doping levels, plasmons resonating at
different frequencies quickly lose phase coherence with
each other, leading to fast dissipation. The quality (Q)
factor, which is the quotient of the resonant angula

limited observations of nano-
t lasmon resonators to the incoherent Q < 1 regime
[6-10]. Because dissipation constrains nearly all applica-
tions of plasmonics, the demonstration of high-Q resona-
tors would provide crucial evidence that nanotubes are a
technologically viable plasmonic material.
In this Letter, we show that coherent nanotube plasmon
and phonon-plasmon resonances can have ensemble Q
factors as high as 3 and 10, respectively. The key to our

0031-9007/17/118(25)/257401(6)

257401-1

demonstration is our exceptionally uniform nanotube films,
which we develop using a Langmuir-Schaeffer technique
[17]. We conservatively estimate that our nanotube reso-
nators confine an electromagnetic field whose free-space
wavelength (43) is 8 ym to a mode volume (V) of
0.002 um?. With this combination of Q and optical con-
centration (43/V = 300000), the Purcell factor by which
these plasmonic resonators could enhance light-matter
interactions [18], P = (3Q/4x*)(13/V), exceeds 100 000.
As an illustration of a technology arising from this extraor-
dinary enhancement, we demonstrate nanotube-based
SEIRA spectroscopy. All of the assembly and fabrication
processes developed in this Letter can be readily extended to
the wafer scale.

The supporting substrates for our carbon nanotube
films are Si with 10 nm of SiO, and 0, 10, or 40 nm of
diamondlike carbon (DI.C) on top of the Si0,. The DIL.C is a
nonpolar spacer that controls the coupling between plasmons
in the nanotubes and polar phonons in the Si0,. To assemble
the nanotube films, we added 99.9% semiconducting

FIG. 1. (a) Finite-length nanotubes act as plasmonic Fabry-
Pérot resonators. The plasmon resonances are excited with broad-
spectrum infrared light in a micro Fourier-t

(u-FTIR) spectrometer. Before decaying, t

(b) Scanning electron micrographs of cut and aligned nanotube
segments. The nanotube film thickness is 6 nm.
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nanotubes in 1,2-dichloroethane to the wafer surface of a
Langmuir trough. Mechanical moving bars compressed the
suspension to a target pressure of 30 mNm~! with a bar-
moving rate of 20 cm? min~' under multiple (~10) iso-
thermal cycles. We transferred the 6-nm-thick nanotube
arrays onto the various target substrates and used oxygen-
based reactive-ion etching to cut the nanotubes into short
segments, whose length (L) ranged from 30 to 500 nm
[F (b)]. We then exposed them to NO, gas, a strong
oxidizer that induces positive free charge carriers in the
nanotubes [19], and studied the plasmon resonances with
#-FTIR at room temperature. Each measurement spatially
averages 1-10 x 10° nanotubes in a ~(25 pm)? area.

We observe three prominent resonances from the nano-
t [Fig. 2(a)]. The frequency of the highest-
frequency resonance (v;) conspicuously increases as the
segment length (L) decreases, a behavior that identifies v,
as the Fabry-Pérot resonance of the nanotube plasmon. At
L = 30 nm, v reaches 3000 cm™!, corresponding to a free
space wavelength of 1 =3 um. This result shows that
nanotube plasmon resonances, previously observed at THz
through far-infrared frequencies [6—10], can also span the
midinfrared frequency range.

When we lithographically cut the nanotube films parallel
to the nanotube alignment direction, not perpendicula

[Fig. 2(b)]. This measurement confirms that uniform
segmentation (i.e., length control) of the nanotubes is
important to the coherence of their ensemble plasmon
resonance. Moreover, the attenuation of light pola

llel to the nanotube alignment direction (A) is much
stronger than that of perpendicularly polarized light (4 ),

with A”/AL =6 £ 1 [Fig. 2(b), inset]. The observed ratio
indicates good, though imperfect, nanotube alignment.

A distinctive feature of nanotube plasmonic resonators is
that their doping le 1 can dynamically control t

litudes. Figures 2(c) and S3 [20] show
that the doping level strongly affects the plasmon resonances,
with a highly p-type doped film exhibiting a 6-times-stronger
v, attenuation peak than same film when undoped. Doping
also causes v, to blueshift from 1370 to 1920 cm™", a 40%
change in frequency. In t lectrically gated nano-
t lasmons could lead to modula -frequency
communications and tunable SEIRA spectrometers.

The frequency of the lower energy resonances (v, and v3)
evolve much more weakly with L than v, does. However,
their intensities and shapes are strong functions of L and, in
particular, are strongly enhanced as the frequency of v
approaches their frequencies. These behaviors indicate that
they derive from plasmon-coupled phonons. By comparing
the nanotubes’ spectra to spectra of graphene nanoribbons
on Si0,, we identify v5 with the 1168-cm™' longitudinal
optical (LO) phonon in the Si0, substrate [16,22]. The v,
resonance at 1590 cm™' corresponds to the infrared-a

These phonon modes, though closely rela -
band Raman modes of nanotubes [25], are ordinarily very
weak spectroscopic features in an absorption measurement.

However, plasmon coupling significantly strengthens
these phonon modes and modifies their shape (Fig. 3).
For L < 60nm, when v, is significantly greater than
1590cm™", v, is absent. As L increases, the v, feature
appears as an attenuation peak. As L continues to increase,
its line shape becomes asymmetric and then evolves into a
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(a) The attenuation spectra of nanotube resonators when directly resting on the SiO, substrate, showing both plasmon () and

plasmon-coupled phonon (v, and v3) resonances. The spectra are sequentially vertically offset, for clarity, and the black dashed lines are fits
to Fano functions. (b) Cut-direction dependence of the plasmonic absorption. The black (gray) curve is the attenuation spectrum of
nanotubes cut perpendicula llel) to their alignment direction. Inset: polarization dependence of the intensity of peaks v| and v, with
the cut direction fixed to be the perpendicular direction [as shown in Fig. 1(b)]. The intensities of peaks v and 5 are each 6 £ 1 times greater
when the polarizer is oriented along the nanotube length rather than perpendicular to it. (c) Doping dependence of the nanotube segments.
The green curve is measured immediately after NO, exposure. For each curve below it, the samples have rested in atmospheric conditions for
one extra day, whereby the doping level decreases. The sheet charge densities range from approximately 10~ Cem™2to 107 C em™2 [20].
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FIG. 3. (a) The attenuation spectra of nanotube segments on the

40-nm DLC substrate, showing v, decreasing with increasing L
and passing through the 1590-cm™' nanotube phonon resonance.
The spectra are sequentially vertically offset, for cla

lack dashed lines are fits to Fano functions, which are also offset
from the data. (b) A magnification of the dashed rectangle from
Fig. 3(a), along with fits to Fano functions (black dashed lines),
showing the 1590-cm~" E,, nanotube phonons when z, is on or
nearly on resonance. As L increases and v; moves through the
1590-cm~' resonance, t -cm~! phonon
resonance changes from being absent, to being an absorbing
feature (due to constructive interference), to being a partially
transparent feature (due to destructive interference). The fitted
resonance width (y,) ranges from 20 to 30 cm™'.

window of phonon-induced transparency. The intensity of
5 also evolves with the nanotube-doping level and is much
stronger when v is on resonance [Fig. 2(c)]. This resonant
enhancement demonstrates the principle of SEIRA spec-
t 1d be used to sensitively detect and probe
nearby chemicals, including biomolecules.

The intensity of v3, the Si0Q, phonon resonance, also
strongly increases as L increases and v, approaches vj.
Moreover, as can be seen in Fig. 2(a), while the line
shape of v, is symmetrical for the shortest nanotubes, it
evolves into an increasingly asymmetrical line shape as v,
approaches v3. Understanding the line shapes to result from
Breit-Wigner-Fano interference [26,27] between plasmon
and phonon resonances, we fit all of the v, and v, line
shapes to

(Frjtv—v )2+ A
(U—I/j)z"‘}/? J

Alv) o (0

with A the attenuation, y; the linewidth, which is the
damping rate divided by 2z, F; the Fano parameter, which

characterizes the resonance’s degree of asymmetry, b; an
offset parameter that represents screening of the resonance
by intrinsic losses [28], and j = 1 or 2. These fits exhibit
excellent agreement with the measured spectra [Figs. 2(a),
3(a), and 3(b)]. We do not fit v5 line shapes in this Letter,
because this peak, though primarily deriving from the
1168-cm™! phonon in Si0,, also shows interference from
the 806-cm™! longitudinal optical phonon in SiO,. We
cannot derive all of the rates describing the coupled
phonon-plasmon coupling from our measured spectra
alone, and the crossover from induced transparency to
the strong-coupling or vacuum-Rabi-splitting regime is
complex [29,30]. Nevertheless, because v, is a much
sharper feature than v, we interpret it as phonon-induced
transparency. The coupling between v, and v is signifi-
cantly stronger and, as we will show below, at the threshold
of the strong-coupling regime.

When plotting v and vy vs wave vector (g), where
g = n/L, we observe a clear anticrossing [Fig. 4(a)]. In
t -L (high-g) limit, v, is asymptotically linear with ¢,
consistent with the theory of plasmon resonances of one-
dimensional electronic systems [1-3,31,32]. The slope of this
linear asymptote in Fig. 4(a) (0.0032) implies an asymptotic
effective index of refraction of 1/(27 x 0.0032) = 50 and a
plasmon velocity (V,) of ¢/50. In terms of the Fermi velocity
(Vg =¢/300), V,, = 6Vp.

The y, linewidths and cormresponding @ factors
[Figs. 4(b)—(c)] a

7! = ~200 fs. As L decreases, y;! decreases,
reaching 50 fs for L = 100nm and 20 fs for L = 40 nm.
Calculating Q as v, /y,, we find that Q has a maximum of
10 and also decreases with decreasing L until L < 100 nm,
at which point it remains an approximately constant ¢ = 2.
Among plasmon resonances with minimal coupling to Si0O,
phonons, Q =3 was the highest quality factor that we
observed. The Q vs L trend derives from mult

luding lithographic effects, nanotube alignment effects,
an increased number of phonon decay pathways for higher-
encrgy plasmons [16], and phonon-plasmon hybridization
near v3. Coupled antenna theory also indicates that mutual
coupling in dense nanotube arrays blueshifts and broadens
ensemble plasmon resonances [33].

The frequency of the v,-v5 splitting at the 1168-cm™'
anticrossing corresponds to twice the plasmon-phonon
coupling strength [g,3, see Fig. 4(d)]. As expected, g3 is
highest (6.5 THz) when the nanotubes rest directly on the
Si0,. This coupling strength is comparable to the ~5-THz
linewidth of 1| and v near their anticrossing, indicating that
the vy-v5 interaction is at the threshold of the strong-
coupling regime. Fitting ¢, as a function of the DLLC-spacer
thickness (x) to ¢=*/% provides an estimate of the transverse
decay length of the plasmon mode [Fig. 4(e)]. This length,
§=55nm, is 150 times smaller than 1y = 8.3 um
(1200 cm™!) at L = 180nm. We estimate the maximum
Purcell factor at the mode center to be P = 180000 [20].
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FIG. 4. (a) The resonant frequencies, v, and v3, as a function of the wave vector (¢ = z/L). The dashed black lines are guides to the

eye. The vy frequencies derive from fits, and the v5 frequencies derive from selecting the frequency corresponding to the local maximum
of the attenuation spectra. Inset: v; and vy vs g near the anticrossing at 1168 cm™'. The splitting between 24 and v is smaller when the
DLC spacer is larger. (b) y7', derived from fits to Eq. (1) as a function of L. (c) Q. computed as v, /7y, as a function of L. (d) The
attenuation spectrum at the anticrossing (L = 180nm, ¢ = 1.8 x 10° cm™"), showing a higher g, splitting for the nanotubes resting on
Si0, compared to those resting on the 40-nm DLC substrate. (e) gz as a function of the DLC thickness (x).

Isola
ly high value [5,34].

The plasmon resonances of graphene nanoribbons
[16,35-38] share several features with those that we
observe in nanotubes, including plasmon-phonon hybridi-
zation [16] and phonon-induced transparency [36].
However, nanotube plasmonics has several unique advan-
tages. The one dimensionality of nanotubes allows them to
confine light to smaller volumes and to suffer from less
scattering at edges [4,5]. Their linear dispersion relation-
ship, compared to the square-root relationship for graphene
[16,35], makes their resonances more broadly tunable.
Highly absorptive thick films of nanotubes would have
no clearly manufacturable analogue in graphene. Finally,
compared to those of metallic graphene, the plasmon
resonances of semiconducting nanotubes have both
stronger doping effects and a potential to form more
efficient photothermoelectric detectors [39].

In conclusion, we showed that carbon nanotubes can be a
high-quality plasmonic nanomaterial that significantly
strengthens light-matter interactions. As demonstrated by
the resonant enhancement of phonons that we observe,
nanotube plasmonics should be an ideal tool for sensitive
SEIRA spectroscopy. In this application, nanotubes could
play a dual role as plasmonic resonators and infrared
receivers, and functionalization could enhance their inter-
action with specific analytes. Their nonlinearity and aniso-
t 1 propertics make them promising building
blocks for metamaterials [40], and they could play a role in
quantum optics by enhancing and tuning single-photon
sources [41]. In the long run, because nanotubes can

function both as electrical t
lators, they could be a foundation for integrating
electrical and optical logic at the nanometer scale.
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