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The development of THz technology and communication systems is creating demand for devices that can
modulate THz beams rapidly. Here we report the design and characterisation of high-performance,
broadband THz modulators based on the photo-induced transparency of carbon nanotube films.
Rather than operating in the standard modulation mode, where optical excitation lowers transmission,
this new class of modulators exhibits an inverted modulation mode with an enhanced transmission.

Under femtosecond pulsed illumination, modulation depths reaching +80% were obtained simulta-
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neously with modulation speeds of 340 GHz. The influence of the film thickness on the insertion loss,
modulation speed and modulation depth was explored over a frequency range from 400 GHz to 2.6 THz.
The excellent modulation depth and high modulation speed demonstrated the significant potential of
carbon nanotube thin films for ultrafast THz modulators.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Increased communications speeds of tens to hundreds of Gbit/s
are needed in the near future to enable ultrafast data transfer rates
between wireless devices and routers. Spectral windows in the
hundreds of GHz range avoid atmospheric water vapour absorption
lines [1], offering the possibility of higher carrier frequencies than
current GHz technologies. Hence, wireless communications based
at 300—400 GHz are developing rapidly due to the potential for
high data transfer rates [2—6]. For example, Wang et al. presented a
communications link with data transfer at 3 Gbit/s using a carrier
frequency of 0.34 THz [6].

In order to actively control beams of THz radiation, for instance
using amplitude modulation, it is desirable to obtain a large mod-
ulation depth (MD) and a fast modulation speed (MS) at the target
frequency. Recently, the development of various THz modulators
using either electrical or optical tuning has been reported [7—10]. In
electrically-tuned modulators the free-carrier absorption of
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injected charges modulates the THz signal, and the transmission
bandwidth and MD are limited by factors including the dielectric
function, carrier density and mobility. Modulators based on a 2D
electron gas (in GaAs/AlGaAs or GaN/AlGaN heterostructures) had a
maximum intensity modulation depth of 93 % [11,12], while recent
modulators based on monolayer graphene can reach 99 % in
reflection at Brewster’s angle [9]. However, the MS is typically in
the range of kHz-MHz [9,13], limited by the device’s resistance and
capacitance. This limitation would need to be overcome for appli-
cation in high-speed wireless communications.

Optical charge injection affords a faster response time, in prin-
ciple limited by the carrier recombination lifetime [8]. Traditional
semiconductors, such as GaAs, Ge and Si, were initially explored for
optical THz modulation and benefit from a high MD (up to 100 %)
and a low insertion loss [8], but suffer from slow recombination
times, typically exceeding 10 ns, that limit the MS. Low-
temperature-grown GaAs has faster picosecond recombination
times due to its higher defect density, however its lower mobility
means it struggles to obtain substantial MD ( <40 %) [14]. Nano-
materials with optically tunable properties have also been studied
as active modulation devices. Among them, graphene and transi-
tion metal dichalcogenides (TMDs) show attractively fast carrier
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recombination, which can overcome the MS limit of traditional
semiconductors [8,15,16], and retain a low insertion loss [17].
However, they still exhibit a weak MD even at high laser fluence.
When considering that graphene is an atom-thick material, the
achieved MD is quite remarkable, however the overall performance
cannot compete with bulk materials.

Recently a novel negative photoconductivity effect, common to
1D and 2D semiconductors and semi-metals, has been actively
studied [18—25]. This effect is based on the enhancement of the THz
radiation transmitted through a sample after pulsed optical exci-
tation. Studies to date have focussed on understanding the funda-
mental mechanisms behind this effect, with stimulated THz
emission, enhanced carrier-carrier or carrier-optical phonon scat-
tering, carrier heating and trion formation discussed in the litera-
ture. However, the possibility of using this optical effect in THz
signal modulation has not been discussed to date, in particular due
to the low MD achieved in the previous studies (< 20 %).

In this work we demonstrate that high-speed THz modulators
with a large MD can be created using thin films of ultralong single-
walled carbon nanotubes (SWCNTs). A high MD of + 80 % and a MS
above 300 GHz were obtained using the strong photoinduced
transparency (or negative photoconductivity) of free-standing
SWCNT films. The performance of the modulators was explored
over the 0.4—2.6 THz frequency range and optimised using thin
SWCNT films grown with different thicknesses. The presented ef-
fect, based on the enhancement of THz radiation transmitted
through a sample after pulsed optical excitation, offers a new
approach to manipulate THz waves.

2. Material and methods
2.1. Sample fabrication

SWCNTs were synthesized by an aerosol CVD method based on
the thermal decomposition of a ferrocene catalysts precursor in
carbon monoxide atmosphere [26]. The aerosol was directed onto
nitrocellulose membrane filters to collect films of SWCNTs. The
collection time was varied to create films with different thick-
nesses, which were labelled by their optical transmittance at
550 nm, which varied from 95 % for the thinnest film to 60 % for the
thickest film. The films had thicknesses varying from 11 nm to
106 nm. All SWCNT films were synthesized under the same con-
ditions, and consisted of nearly equlibrium composition: one-third
metallic and two-third semiconducting CNTs.

The SWCNT films were deposited on circular metallic frames
with an internal diameter of 3 cm using a dry transfer technique
[26], and the polymer nitrocellulose membrane filter was removed.
This created free-standing films where the CNTs were isolated,
without a substrate. A wafer of semi-insulating GaAs was used as a
readily-available benchmark for comparison.

2.2. Microscopic analysis

Portions of the same films described above were deposited onto
copper TEM grids for analysis. The microstructure of the samples
was characterised using a doubly corrected JEOL ARM200F TEM
equipped with a Schottky gun. Annular dark field STEM (ADF-
STEM) analysis was performed at operating voltage of 80 kV. ADF-
STEM images were obtained using a JEOL annular field detector
with a fine-imaging probe, at a current of approximately 23 pA with
a convergence semi-angle of ~21 mrad and a collection angle of
45—-180 mrad. ADF-STEM images were acquired as a single scan of
1,024 x 1,024 pixels with a dwell time of 20 ps per pixel.
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2.3. Absorption and Raman spectroscopy

Equilibrium absorbance spectroscopy measurements were per-
formed via UV—vis-IR spectrophotometer (PerkinElmer Lambda
1050, 200—2500 nm), Fourier-transform infrared spectroscopy
(Bruker Vertex 70 V, 2.5—75 um), THz time-domain spectroscopy
(75—1500 um) [27] and backward-wave oscillator based THz
spectroscopy (3000—6000 pm) [28]. The experimental trans-
mission T was converted to absorbance assuming A = — logqoT.
Raman spectra were obtained using a confocal microspectrometer
(Labram, Jobin-Yvon Horiba) using a 660 nm laser at 0.58 mW
power (spectral resolution 1 cm™ and spatial resolution 1.5 pm).

2.4. Optical pump, THz probe spectroscopy

The pump beam for optical pump, THz probe (OPTP) spectros-
copy was created by an optical parametric amplifier (TOPAS),
seeded by a 1 kHz, 40 fs, 800 nm pulse (from a Newport Spectra
Physics Spitfire ACE) to create pulses with a tunable center wave-
length. Here, a pump wavelength of 650 nm was used (above the
E11 and E;;, excitonic absorption lines of the CNTs). The probe fre-
quency varied from 0.3 THz to 2.7 THz. As the SWCNTs used have
narrow bandgaps any wavelength shorter then 2.5 pm can be used.
Further details of the experimental setup are reported in Refs. [29].
To measure in reflection, a silver-coated prism was placed near the
focus of the OPTP spectrometer. The THz beam reflected from one
side of the prism, onto the sample, off the second face of the prism
and subsequently continued along the initial THz beam axis. The
angle of incidence was <15 from normal incidence.

3. Results
3.1. Optical spectroscopy and electron microscopy

The quality of the samples were evaluated by using transmission
electron microscopy (TEM) and absorption, Raman and THz spec-
troscopy (Fig. 1). The UV—vis-IR absorption properties of the
SWCNT films are shown in Fig. 1a. It is clear from the plot that with
an increase in the deposition time the optical absorption increases.
The SWCNT film absorbance, A(2), at one particular wavelength, 2,
is linearly dependent on the film thickness, d, and the absorption
coefficient, o, which can be described through the Lambert-Beer
law as A(4) = a(A)d. The thicknesses of the SWCNT films were 11,
22, 47, 74 and 106 nm respectively [30,31].

In Fig. 1a the strong m-plasmon absorption of the CNTs (at
279 nm) is accompanied by three excitonic absorption bands cor-
responding to semiconducting (E3; and E5,) and metallic (E})
SWCNTs at 2300 nm, 1240 nm and 870 nm respectively. By using a
Kataura plot, we determined an average diameter of 1.8 nm,
consistent with the diameter observed directly in TEM (see below).
The range of NT diameters contributes to the broadening of the
excitonic bands.

Fig. 1b shows the G and D Raman bands. The high quality (low
number of defects) of the samples is evident from the low D mode
intensity in comparison with the G band (Ig/Ip > 100). A small
blueshift of the G band was observed with a decrease in the film
thickness. This can be attributed to changes in the amount of
oxygen doping per CNT. Thinner films had a lower number of CNTs
per bundle (as evidenced by TEM, see below), and hence a greater
fraction of CNTs at the surface of the bundles. As samples were
stored in air and were not annealed prior to measurements to
desorb any oxygen, the outermost CNTs in each bundle were
doped. Hence thinner films (smaller bundles) had more doping
per CNT.
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Fig. 1. (a) Absorption and (b) Raman spectra of different SWCNT films. Data are shown for 5 films, labelled by their transmittance at 550 nm as 60 %, 70 %, 80 %, 90 % and 95 %,
corresponding to the five different thicknesses 106, 74, 47, 22 and 11 nm respectively. TEM images of SWCNT films with 95 %, 90 %, 80 % 70 % and 60 % transmittance from the right-

hand to the left-hand side. (A colour version of this figure can be viewed online.)

Low magnification TEM images demonstrate the films consisted
of high purity, randomly oriented NTs (Fig. 1c—g). In this figure the
thickness of the samples increases from the right-hand to the left-
hand side. The small nanoparticles on the SWCNT film surface are
Fe catalysts. All samples show a percolated NT network with only a
small number of individual SWCNTs. The far-right column of Fig. 1
shows that the SWCNT bundles in the thinnest film have a nar-
rower diameter. The average individual SWCNT diameter was
found to be 1.8 nm with an average length above 10 pm. In the
thinnest sample around 90 % of the SWCNTs were grouped into
bundles, due to the strong van der Waals interactions between the
individual CNTs, with around 10 % individualised CNTs.

Using multiple TEM images we extracted information about the
bundle diameter and the distance between interbundle contacts.
With an increase in film thickness, the bundle size grew from
17.9 nm to 30.3 nm, which can be understood as follows. A longer
deposition time caused an increase in bundle size, due to the van
der Waals interactions between CNTs that are already deposited on
the polymer membrane, and the NTs that are newly arriving. The
extra NTs shortened the mean spacing between bundle-to-bundle
contacts from 88 nm to 21 nm for the thinnest and thickest
samples.

3.2. THz conductance and shielding effectiveness

As the wavelength increases, the optical transmission decreased
(absorbance increased, Fig. 1a) monotonically through the infrared
towards the THz range as a result of the conductivity associated
with delocalized carriers (described by the Drude model) and axial
plasmon motion [32]. When SWCNTs form an extended network, a
strong Drude contribution is expected to be seen. In the frequency
range from 70 GHz to 300 GHz range, the effective conductance
(¢ x d) of the films is higher for the thicker films varying between
2.5 mS (thinnest film) and 16 mS (thickest film), as determined
from transmission measurements using BWOs and THz-TDS.

A higher conductance results in a higher shielding effectiveness
(SE), which is the electric field insertion loss in free space for a plane
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wave at normal incidence and is defined by SE =
20logo(|Eg| /|Es|) = — 20logqo|t|, where Es and Eg are the field
strength measured with and without sample respectively and t =
Es/Eg. The SE can also be calculated from the optical density
(absorbanceA = —log;q t|2)as SE =10A.The SE can be tuned by the
sample thickness, and varied from 10.5 dB (~ 0.11 dB/nm) for the
thickest sample to 2.7 dB (~ 0.3 dB/nm) for the thinnest sample. A
higher shielding effectiveness (higher insertion loss) is beneficial for
electromagnetic screening applications [33], but is not desirable for
standard ultrafast optical modulators operating in photoinduced
absorption mode. However, for the inverted operation mode used
here, based on photoinduced transparency, a greater SE in equilib-
rium yields an increased modulation depth, as discussed in the
following section.

3.3. Ultrafast optical modulation

The THz transmission of a medium is a function of its conductivity
[34]. Therefore, the THz transmission can be modulated by changing a
material’s conductivity using optical excitation. The MD is a key
parameter and can be defined by MD = AE/E = (Eon — Eorr)/Eors
where Eggr and Eqy are THz electric field strength in equilibrium and
under photoexcitation respectively. In traditional THz modulators
based on traditional semiconductors (e.g. IlI-V semiconductors) the
photoinduced free carriers attenuate the THz radiation, reducing the
transmitted field strength (Egn <Eopr) and giving “negative” THz
modulation (MD < 0). Results using semi-insulating GaAs as such a
modulator are shown in Fig. 2a, where the average THz transmission
(dashed blue line) relative to the incident amplitude is plotted as a
function of time after a 650 nm excitation pulse (fluence 210 pjcm).
Before the pump arrives, the transmission is high (low insertion loss,
SE = 3.34 dB). When pumped Egy lowers rapidly as a result of the
strong absorption of GaAs and its relatively good electron mobility.
This yields a large MD of —83 %, but the slow carrier recombination
time ( > 1 ns) leads to a poor MS.

In contrast to the negative MD of GaAs, the SWCNT thin films
showed an inverted operation mode, where optical excitation
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Fig. 2. (a) The transmission of GaAs- and SWCNT-based modulators under 650 nm excitation with a fluence of 210 ujcm™. (b) Modulation depth in transmission, as a function of
pump-probe delay time, for samples with different thicknesses under the same pump conditions as in (a). (c) In transmission mode MD for 60 % sample at fluences varying from 7 to
210 pjem™ (d) 60 % sample in the reflection geometry for the same fluences as in (c). (A colour version of this figure can be viewed online.)

triggered an increase in transmission, and a positive MD. For the
thickest SWCNT film, a large positive MD of +-80 % was obtained under
the same excitation conditions as for GaAs (solid red line in Fig. 2a),
and with a recovery on picosecond timescales. The physical origin of
this photoinduced transparency, a reduction in the overall conduc-
tivity of the film, is still under debate. While some studies assigned it
to trion formation that lowers the total carrier density and increases
the average effective mass, other studies attributed it to heat-induced
changes [22,24,25]. The modulator reached its highest MD within a
few ps, before reverting back to its equilibrium level after around
15 ps. We also checked a sample deposited on a quartz substrate
which had a MD and MS comparable to its free-standing counterpart,
but has the added benefit of being mechanically robust.

The modulation speed is another important parameter for the
use of THz modulators in high-speed applications. Here we defined
the maximum operation frequency as MS = 1/7 using exponential
fits to AE/E with lifetime <. This yielded MS = 300 GHz (for 7 = 3.3
ps), significantly faster than for the GaAs modulator, which had
MS < 0.5 GHz (7> 2 ns). Silicon-based modulators have even longer
recombination times (microseconds to milliseconds) and conse-
quently have lower MS [35].

To further explore this new class of ultrafast THz modulators we
measured the MD as a function of film thickness, which varied the
optical density in the visible and THz ranges simultaneously
(Fig. 1a). With an increase in thickness the MD increased mono-
tonically from about 10 % to 80 % (Fig. 2b). The thicker films
absorbed a greater fraction of the incident pump beam, yielding a
larger MD. Simultaneously, the insertion loss in equilibrium
increased for thicker films, lowering the transmission in the “off”
state, before photoexcitation. While a higher insertion loss can be
detrimental for the performance of normal modulators (MD < 0), it
has less consequences for the present inverted modulators (MD >
0): as long as the photoinduced transparency is strong, the “on”
state transmission is high, which results in a high MD.
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Precise control of the MD can be achieved by tuning the mod-
ulation beam’s fluence. Below 40 pjem™ a linear change of the MD
with fluence was observed, while at higher fluence the MD was
saturated (Fig. 2¢). Increasing the fluence over 210 pjcm™? damaged
the samples. Even at 7 pjem™ the MD was 12 %, which is compa-
rable to literature results based on graphene and MoS; at signifi-
cantly higher fluence (see Discussion).

For optically pumped THz modulators, the fraction of the pump
beam absorbed is a relevant figure of merit, and it is informative to
compare the performance of the SWCNTs to that of GaAs. For the
GaAs single crystal at normal incidence, around 34 % of the pump
beam was reflected, while the remaining 66 % was absorbed in a
penetration depth of 200 nm [36]. For the thickest SWCNT film
(~90 nm) around 40 % of the pump was absorbed in a shorter
distance (90 nm) than the penetration depth of GaAs (200 nm). This
highlights the excellent optical absorption of the CNT films.

Fig. 2d shows the operation of the same modulator but
measured in reflection. A reduction in the amplitude of reflected
THz beam was observed under the optical excitation, similar to the
report by Tasolamprou et al. for graphene [37]. In equilibrium, the
reflected THz signal is high (the high sheet conductivity of the film
creates a high reflectivity - higher then 85% at near normal inci-
dence), then after photoexcitation more THz is transmitted through
the film (less is reflected). Hence in the reflection geometry the
SWCNTs act as a modulator with a negative MD (normal operation,
like positive photoconductors in transmission). A 27 % MD with a
MS of 400 GHz were achieved at a fluence of 210 pjcm™ which are
significantly higher than previously reported values [18]. The MD
was smaller than the MD in transmission at the same incident laser
power, partially because the pump beam was at an oblique angle
rather than at normal incidence as was used for the transmission
experiments.

The MD discussed above, was the modulation of the electric
field at the peak of the THz pulse in the time-domain, which
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corresponds to a frequency-averaged response. However the
frequency-dependent performance of the SWCNT modulator is also
important. In Fig. 3 the frequency-dependent MD is reported at a
time delay of 3 ps after laser irradiation, for the thickest SWCNT
film, and for different fluences. As the MD is a complex number in
the frequency domain, both [MD| and arg(MD) are reported. A
substantial amplitude modulation can be observed for all fluences
and is most pronounced at lower frequencies (as the equilibrium
conductivity increases at lower frequency, and is suppressed on
photoexcitation [24]). Given the finite THz pulse duration (~ 0.5 ps)
and the rapid dynamic change in THz conductivity, 3 ps was chosen
rather than closer to zero delay, and hence the average [MD(w)| is
lower than the peak MD in the time-domain at zero delay (Fig. 2b).
The phase of the modulation depth, arg(MD), was relatively flat at
each fluence, and increased from 0.017 to 0.117 over the range of
fluences (Fig. 3b). As the SWCNTs act as a relatively broadband
modulator, their phase change at a particular frequency is lower
than reported in some metamaterial-based phase modulators. For
example, phase shifters based on vanadium dioxide nanostructures
and metasurfaces obtained a phase shift of +0.4m [38,39]. Future
studies may combine SWCNTs with metasurfaces in order to obtain
modulators with narrower resonances, and larger phase changes,
which are desired for some applications.

4. Discussion

The energy modulation factor (EMF), n, is a metric that allows
the performance of a modulator to be assessed, and is defined by

J

Eon(w)Pdw

Eorp (o) *dw — j

J

where the integration is over the frequency range of the THz pulse
(0.37—2.6 THz). This approach has been widely used to characterise
modulators based on graphene [40], metamaterials [41], organo-
metal halide perovskites [42], polymer-based organic films [43] and
organic-inorganic hybrid structures [44]. For normal modulators
(based on photoinduced absorption) 7 is positive, as the energy of
the transmitted beam is lower under photoexcitation. In contrast, n
is negative for the SWCNT films: for the thickest SWCNT film the
EMF varied from 7 = —0.1 to n = —0.99 with an increase in fluence
from 7 to 210 pjem 2. The negative value indicates an increase of the
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transmission under optical photoexcitation. The obtained absolute
value, |n| = 0.99, is similar to values reported for optically-excited
polymer/silicon modulators for a similar frequency range [40],
which have MS ~ 1 kHz. The EMF obtained here for GaAs under the
same experimental conditions varied between 7 = +0.09 and
1n = +0.95 over the same fluence range, similar to reports in
Refs. [45].

To facilitate further comparison with other material systems, we
collated representative results for different semiconductor (nano)
materials, and present this summary in Fig. 4a and b for inverted
(AE/E>0) and traditional (AE/E < 0) operation modes respectively.
The results show that for all SWCNT film thicknesses the MD values
are higher than what has been reported for graphene [18—20,46]
and their MS values are similar to graphene’s being in the range
300—460 GHz. Graphene’s relatively weak optical absorption leads
to the lower MD in comparison to the SWCNT films. On reducing
the thickness of the SWCNT films the MD lowered to values similar
to graphene, while the MS increased (blue points in Fig. 4a). In
contrast to SWCNTs, the photoinduced change in transmission in
stacked graphene and graphite is relatively independent of the
thickness [47].

Modulators based on photoinduced THz transparency (MD > 0)
in atomically-thin TMDs such as MoS; have been reported, however
their MD is lower (~ 5 %) than in the present case even at a com-
parable fluence [21,23]. It was reported that the same materials can
also show normal photoconductivity (MD = AE/E<O0) after
annealing [18,23,48]. However, the MD and MS are still lower than
for the present CNTs (Fig. 4b). CdTe nanowires and GaAs-based
nanostructures can have reasonable MD or MS but not both
simultaneously [49—54]. Among all the materials surveyed, the
thin films of long SWCNTs reported here demonstrate uniquely
high MD combined with fast MS.

For applications in THz communications, the high MS obtained
would enable faster data transfer rates via amplitude modulation.
Such SWCNT thin films can therefore be used as a high speed
visible-to-THz optical interconnect that works at any wavelength
where the CNTs absorb (up to 2.5 um in the present case). Impor-
tantly, however, similar SWCNT films can be grown with excitonic
absorption resonances better matched to the telecommunications
band around 1.5 pm [55].

The high MD and large insertion loss (in equilibrium) may allow
these SWCNT films to be used as an ultrafast shutter that allows the
transmission of a very short signal. The speed of such an optical
shutter far exceeds that of mechanical or electrical shutters. This
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Fig. 3. Frequency dependence of modulation depth at 3 ps after photoexcitation. The frequency dependent modulation depth (a) and the change of phase (b) of the 60 %-sample at
650 nm under fluences varying between 7 and 210 pjem™. (A colour version of this figure can be viewed online.)
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may have applications, for instance, in pulse slicers or pulse pickers
that create short THz pulses from a bright CW (or relatively long
pulse) THz beam such as a free electron laser, using the photoin-
duced transparency of the SWCNT film to define a short pulse.
We now describe some design considerations that could further
improve this new class of THz modulators. To increase the MD,
higher fluences cannot be used as higher powers than reported
here damaged the free-standing SWCNT films. There is room,
however, to make more efficient use of the pump photons by using
a shorter excitation wavelength, where the absorbance of the
SWCNT films is higher. Free-standing SWCNT films are very fragile,
but can be transferred to a substrate with low THz absorption (e.g.
crystalline quartz), providing a more mechanically robust modu-
lator and without compromising the MS or MD. The high MS of the
modulator benefits from the short (1 ps) lifetime of carriers in
SWCNT thin films. Previous work has shown the lifetime can be
shortened by electrical gating or doping [24], although the lower
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mobility of such modified SWCNT films may be detrimental to the
MD.

5. Conclusions

A novel, ultrafast THz modulator based on photoinduced
transparency was presented. We showed experimentally that the
photoinduced THz transparency of as-grown, long SWCNTs can be
used for the optical modulation of THz waves at modulation speeds
of more than 300 GHz and with modulation depths up to +80 %. We
supplemented ultrafast THz spectroscopy measurements with
Raman, UV—vis-IR spectroscopy and TEM microscopy to evaluate
the quality of the SWCNT network in addition to the optoelec-
tronical properties.
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