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An ultrafast carbon nanotube terahertz polarisation modulator
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We demonstrate ultrafast modulation of terahertz radiation by unaligned optically pumped
single-walled carbon nanotubes. Photoexcitation by an ultrafast optical pump pulse induces transient
terahertz absorption in nanowires aligned parallel to the optical pump. By controlling the polarisation
of the optical pump, we show that terahertz polarisation and modulation can be tuned, allowing
sub-picosecond modulation of terahertz radiation. Such speeds suggest potential for semiconductor
nanowire devices in terahertz communication technologies. © 2074 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4879895]

INTRODUCTION

Although microwaves and near-infrared light have been
widely used in communication technologies, the terahertz
region of the electromagnetic spectrum, lying between micro-
waves and IR, has been notably underused. Historically,
intense sources of THz waves, with a frequency from 50 GHz
to 10 THz, have been difficult to find."* A range of sources,
from optical rectification to quantum cascade lasers are now
available,'” but high speed THz communications have yet to
be realised. A lack of satisfactory practical THz modulators,
required to encode information in the THz wave, is a chief
reason for the lack of progress.*”

Terahertz intensity modulators have already been dem-
onstrated using a range of approaches,”® including optically
pumped silicon wafers’™ and electrically modulated meta-
materials.'™'" Liquid crystals have also been suggested for
use as terahertz polarisation modulators. >3 However, these
methods do not provide fast enough switching speeds to
exploit the full potential of THz communication applica-
tions, where picosecond scale switching is desirable. On the
other hand, static THz polarisers have also been developed,
for example, by arranging fine wires in a grid,'*'” but again
cannot provide fast switching speeds.

Carbon nanotubes may offer a solution to the problem of
fast switching. It has been shown that highly aligned single-
walled carbon nanotubes (SWNTSs) can act as opticallé’17 and
THz polarisers,"®'? utilising the intrinsic anisotropy of these
one-dimensional materials. Previously, we have shown that
photoexcitation of highly aligned semiconducting nanotubes
can provide dynamic THz polarisation.® Photoexcitation of
these nanotubes creates an exciton along the length of the
nanotube, which can absorb THz radiation aligned with it
during the lifetime of the exciton (10-100ps*' ). Rotation
of such a nanotube structure allows selective transient polar-
isation of incident THz waves.

However, our previously reported device required the
nanotubes to be highly aligned, and only allowed modulation
of THz intensity by rotation of the nanotube grid. Here, we
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present ultrafast dynamic THz modulation by an unaligned
nanotube device. Selective photoexcitation of the nanotubes
by a polarisation-controlled optical pump creates a transient
and tunable THz polariser which can modulate THz waves
on a sub-picosecond timescale.

SAMPLE GROWTH AND EXPERIMENTAL METHODS

The SWNT sample was produced using a fast, simple,
and cheap method described previously.?*2° Briefly, a nar-
row chirality distribution of semiconducting single-walled
carbon nanotubes was produced by selectively dispersing the
nanotubes with the polymer poly(9,9-dioctylfluorenyl-2,7-
diyl) (PFO). The polymer and SWNT mixture was agitated
using an ultrasonic probe, leading to a selective wrapping of
semiconducting species. Unwrapped and bundled SWNTs
precipitate out of solution and were removed via centrifuga-
tion. High yields of polymer-wrapped SWNTSs were obtained
by optimizing the polymer:nanotube ratio and the sonication
time. The polymer-nanotube blends were then simply drop-
cast from the o-xylene dispersions on to z-cut quartz discs
while gently heating the substrates at 60°C to create an
unaligned SWNT sample. Z-cut quartz was selected for its
high transmission of THz radiation, and unresponsiveness to
photoexcitation.

Figure 1 shows the characterisation of this SWNT film.
Photoluminescence emission (PLE) spectroscopy was used
to determine the chirality of nanotubes present in the sample.
As corroborated by the absorption spectrum in Figure 1(b),
photoexcitation by a 650 nm pump, as used in the THz meas-
urements, selectively photoexcites the (7,5) semiconducting
nanotubes.

The transient THz modulation provided by the SWNT
sample was determined using a time domain THz spectrome-
ter described previously.?”” THz radiation was generated by
optical rectification in a 2mm thick GaP crystal, photoex-
cited by 800nm femtosecond pulses.' The electric field of
the THz radiation was detected by electro-optic sampling in
a second GaP crystal, and the difference in THz transmission
through the photoexcited SWNT sample and the sample
without photoexcitation determined by lock-in detection
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FIG. 1. Characterisation of the SWNT film. (a) Photoluminescence emission
spectroscopy of the nanotube sample. A very narrow distribution of semi-
conducting chiralities is apparent. (b) Absorption spectrum of the nanotubes.
Photoexcitation by the 650 nm pump used in the optical-pump THz—probe
measurements (represented by the dashed line) selectively excites only the
(7,5) nanotubes.

referenced to a chopper in the pump beam. The 650nm
pump pulses used to photoexcite the nanotube modulator
were generated with a fluence of 175 uJ/cm?® by a TOPAS
optical parametric amplifier, pumped from an 800nm
Ti:Sapphire regenerative amplifier.

RESULTS AND DISCUSSION

The nanotube sample was photoexcited by femtosecond
pulses of the 650 nm polarised pump beam. Due to the inher-
ent anisotropy of the nanotubes, nanotubes aligned in the
same direction as the pump pulse polarisation are preferen-
tially photoexcited. The resulting exciton population resides
predominantly on nanotubes aligned in the direction of the
pump polarisation, and hence incident THz radiation also
polarised in this direction will be preferentially absorbed by
these carriers. Thus, by selecting the polarisation of the
pump beam, we were able to control the THz modulation
capability of the nanotube sample.

The polarisation of the pump beam was controlled by a
half waveplate placed in the beam before the nanotube sam-
ple. Rotating the waveplate by an angle 0 rotated the pump
beam polarisation by an angle 20, i.e., the pump beam was
rotated from vertical polarisation to horizontal polarisation
by rotating the waveplate by 45°. This measurement is sche-
matically demonstrated in Figure 2(b).
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FIG. 2. Selective modulation of THz radiation. (a) and (b) Schematic repre-
sentation of the measurements. A half-wave plate rotates the polarisation of
a 650 nm pump beam by 20, where 0 is the angle between the vertical and
the waveplate axis. This rotated pump beam selectively excites nanotubes
aligned with the pump polarisation. THz waves are only absorbed by those
photoexcited nanotubes that are aligned with the THz polarisation. (a) 6 =0,
and so excited nanotubes are aligned with the THz wave, yielding maximum
absorption. (b) 0 =45°, so excited nanotubes are perpendicular to the THz
polarisation, and so there is minimum absorption of the THz wave. (c)
Photoinduced change in THz transmission, AT /Togg, equivalent to modula-
tion depth of the device, as a function of half-wave plate angle 0. The
induced THz transmission change follows a cosine-squared relationship
with waveplate angle, as expected from Malus’ law, represented by the solid
line.

In Figure 2(c), we present the effect of rotating the
waveplate on the THz modulation through the nanotube sam-
ple. The ratio of change in THz transmission intensity due to
photoexcitation to the transmission through the non-
photoexcited sample, AT /Togr, is plotted as a function of
waveplate angle. Here, AT = Ton — Torr, Where Ton and
Torr represent the THz transmission of the sample with and
without photoexcitation, respectively. As such, AT /Togg is
equivalent to the modulation depth of the nanotube THz
modulator.

As expected from Malus’ law for transmission through a
polariser, the data display a cosine-squared relationship. At
0°, the pump pulse is polarised parallel to the THz probe,
and nanotubes photoexcited by this pump pulse can absorb
the THz probe, leading to maximum absorption. When the
waveplate is rotated by 45°, the pump pulse is polarised per-
pendicular to the THz probe pulse, and so nanotubes photo-
excited in this case absorb much less of the THz radiation.

To analyse the transient nature of this polarisation, the
time between photoexcitation by the pump and probing by
THz pulses can be varied. Figures 3(a)-3(d) display the mod-
ulation depth of the nanotubes at the peak of the THz pulse
as a function of time after photoexcitation, for waveplate
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FIG. 3. Time dynamics of AT /Topr as a function of time between optical
pump and THz probe pulses, at waveplate angles of (a) 0°, (b) 15°, (c) 30°,
and (d) 45°.

angles of 0=0°, 15°, 30°, and 45°. As can be seen from
these figures, upon photoexcitation the modulation depth
increases sharply, with a rise time of 500 fs. This is followed
by a fall in modulation depth characterised by two exponen-
tial timescales—a first, rapid decay ~400 ps, followed by
the decay of a small residual signal over several picoseconds.
Thus, ultrafast transient modulation of THz transmission can
be achieved with the carbon nanotube polariser, at speeds
suitable for communication technologies.

These dynamics can be understood by the creation and
decay of excitons in the nanotubes. As discussed previ-
ously,”® photoexcitation preferentially generates excitons in
those nanotubes parallel to the polarisation of the pump
beam. Internal transitions within these excitons are in the
THz range, and thus THz radiation incident upon the photo-
excited nanotubes can be absorbed. The change in THz
absorption decreases on two distinct timescales, correspond-
ing to the decay of the generated excitons. At the high fluen-
ces used in these experiments, multiple excitons per
nanotube are likely to be formed initially, leading to many-
body interactions. These rapidly decay by Auger proc-
esses,”>?*2% leading to the first fast decay of photoinduced
THz absorption. The longer timescale is then associated with
single excitons.

CONCLUSION

Our study demonstrates that ultrafast, dynamic control
over the polarisation of THz radiation is possible with
unaligned carbon nanotube films. With a modulation depth
(related to AT/T) of —27 dB, this technique has clear scope
for improvement, e.g., through an increase in the density of
nanotubes present in the sample, or alternatively by stacking
of layers of the carbon nanotube samples yielding a thicker
device. These techniques will be explored and developed in
future work.

In summary, we have demonstrated the potential of
unaligned, semiconducting carbon nanotubes for use in ultra-
fast THz modulators with sub-picosecond switch-on speeds.
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Photoexcitation by a polarised pump beam creates a tunable
and transient polarisation of THz radiation through the nano-
tube device, which decays within a picosecond of the photo-
excitation allowing for ultrafast modulation switching
speeds. These properties, combined with the ease and cost
effectiveness of production of the nanotube device, suggest
promise for SWNT devices in THz communication
technologies.
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