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For terahertz wave applications, tunable and rapid modulation is highly required. When studied by means
of optical pump-terahertz probe spectroscopy, single-walled carbon nanotube (SWCNT) thin films
demonstrated ultrafast carrier recombination lifetimes with a high relative change in the signal under
optical excitation, making them promising candidates for high-speed modulators. Here, combination of
SWCNT thin films and stretchable substrates facilitated studies of the SWCNT mechanical properties
under strain and enabled the development of a new type of an optomechanical modulator. By applying a
certain strain to the SWCNT films, the effective sheet conductance and therefore modulation depth can
be fine-tuned to optimize the designed modulator. Modulators exhibited a photoconductivity change
of approximately 2 times of magnitude under the strain because of the structural modification in the
SWCNT network. Stretching was used to control the terahertz signal with a modulation depth of around
100% without strain and 65% at a high strain operation of 40%. The sensitivity of modulators to beam
polarization is also shown, which might also come in handy for the design of a stretchable polarizer. Our
results give a fundamental grounding for the design of high-sensitivity stretchable devices based on
SWCNT films.
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Introduction

The application of terahertz radiation has been found in many
spheres including explosive and concealed weapon detection
[1], medicine [2], pharmacy [3], etc. Since the beginning of the
century, terahertz waves have also been considered as a means
of wireless data transfer, which possess much better operation
properties than current gigahertz and microwave technologies
[4]. Several substantial advantages of terahertz communication
are mentioned in [5]: increased bandwidth capacity, small dif-
fraction of waves in free space, ability to provide secure com-
munication, a small atmospheric scintillation effect, and low
attenuation of terahertz radiation under weather conditions
[6]. Terahertz modulation is a critical factor, which also has to
be considered in developing ultrafast terahertz 6G technologies,
in addition to generation, propagation, and detection [5].
The amplitude of terahertz waves passed through a medium
is determined by its conductivity. Therefore, the electrical, opti-
cal, or thermal [7] manipulation of the conductivity provides
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a way to control the amplitude of terahertz radiation. The qual-
ity of typical modulators is characterized by several parameters,
among which are modulation depth (MD) and modulation
speed (MS). It has been reported that traditional bulk semi-
conductors, such as GaAs, Ge, and Si, can have either high MD
and low MS (in order of several nanoseconds) [7] or fast MS
(in order of several picoseconds) and insufficient MD (<40%)
under the optical excitation [8]. Compared to 3-dimensional
(3D) counterparts, optically controlled low-dimensional mate-
rials, such as graphene, transition metal dichalcogenides, carbon
nanotubes (CNT), and nanowires, have demonstrated superior
MD of up to 99% and MS of up to 600 GHz [9]. Electrically
tuned modulators, based on low-dimensional materials, such
as GaAs/AlGaAs and GaN/AlGaN nanoheterostructures [10,11],
and monolayer graphene [9], also possess a giant MD factor of
93% to 99%.

Meanwhile, stretchable terahertz modulators with high ef-
ficiency are rarely observed. The MD of modulators based on
2D materials was rather small because of limited change in
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conductivity under applied mechanical deformation [12,13].
This problem can be overcome using single-walled CNT
(SWCNT) films, which have shown a great potential in opto-
electronics [14,15], especially in stretchable devices [16].
SWCNTs are an easily manufactured nanomaterial with unique
optical and electronic properties [17]. First, it has control-
lable strong excitonic absorption in visible and near-infrared
ranges arising from the quasi-1D structure. Second, efficient
charge carrier transport results in high terahertz conductivity
[17]. This combination of efficient optical absorption and high
charge mobilities makes SWCNT an ideal candidate for opti-
cally controlled terahertz modulation. In addition, SWCNTs
have been already proved to have simultaneously high MD
(up to 80%) and MS (up to 450 GHz) [18]. In addition, CNTs
have also been proposed as one of the ideal candidates for
terahertz modulation combining both high MS and MD. In
[18], we showed that these fruitful results are due to the
negative terahertz photoconductivity effect under optical
excitation, which is widely studied nowadays [19]. Finally,
some practical results involving stretchable CNT modula-
tors have been reported [20]. It is worth mentioning that
mechanical modulation in such devices may become one
more degree of freedom to set the required MD and MS. On
the whole, these arguments make stretchable SWCNT films
more preferable and beneficial for terahertz applications
than its counterparts.

In this work, we report the study on the influence of stretch-
ing on optically controlled modulators based on SWCNT. The
designed modulators exhibit a photoconductivity change of
approximately 2 times under 40% stretching, which can be
used to control the terahertz optical modulator with giant ini-
tial MD close to 100%. To evaluate the possible explanation
for the MD change under the applied strain, we discuss the
possible mechanisms of photoconductivity change such as
partial alignment, consequent formation of bundles [21], and
formation of microcracks. The proposed tunable modulator
paves a path for devices capable of switching the desirable
properties of the terahertz signal.

Materials and Methods

Sample preparation

SWCNTs were synthesized by aerosol chemical vapor depo-
sition method based on the carbon monoxide disproportion-
ation (the Boudouard reaction) on the surface of Fe-based
catalyst [22,23]. To prepare a thin film, The filtration of SWCNT
aerosol with a nitrocellulose membrane was followed by the
dry transfer on the transparent stretchable substrate: 0.2-mm-
thick elastomer (Silpuran, Wacker) [24]. Two types of SWCNT
films with thicknesses of approximately 11 and 106 nm (which
correspond to optical transmittance of 90% and 60% at 550-nm
wavelength, respectively) were obtained. All the thin films
consisted of nearly equilibrium compositions: one-third me-
tallic and two-thirds semiconducting SWCNTs [25].

Experimental design

The SWCNT film on the elastomer is placed between 2 jaws of
the homemade mechanical stretcher with the ability to control
elongation precisely. The film and its holder were placed hori-
zontally and vertically into the spectrometers so that the light
beam polarization was perpendicular and parallel according
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to the stretching direction. Raman spectra were obtained using
a confocal microspectrometer (Labram, Jobin-Yvon Horiba)
with a 532-nm laser at 0.58-mW power (spectral resolution of
2 cm™" and spatial resolution of 1.5 mm).

The pump beam for the optical pump, terahertz probe
(OPTP) spectroscopy was created using 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 wavelength. Here, a pump wavelength
of 600 nm was used. This wavelength corresponds to pump
energy above the SWCNT bandgap and therefore matches
their excitonic absorption lines [18]. As the used SWCNTs
have narrow bandgaps, any wavelength shorter than 2.5 pm
can be applied. The probe beam was generated using home-
made conventional terahertz time-domain spectroscopy setup
as described in [26], allowing us to measure both equilibrium
conductivity and photoconductivity. The extraction of con-
ductivity and photoconductivity was performed according to
our previous study [27].

Results

Concept

The morphology of the SWCNT network changes under strain
[16], which leads to the modification of optoelectronic prop-
erties (Fig. 1). Therefore, we would like to describe first the
possible changes in the film that occur over the stretching.
Stretching in one direction results in the alignment of SWCNT
[16]. This consequently alters carrier conduction pathways,
making it longer in the direction parallel to stretching because
of the movement of SWCNT junctions and shorter in the per-
pendicular direction. Here and further, we use a term “con-
duction pathways” to describe both the interaction between
free charges and the change of the percolation of the CNT
network. To evaluate the anisotropy toward terahertz radia-
tion, we have calculated the factor Re(c,)/ Re(o)), where
Re(c,) and Re(oy) are the values of photoconductivity, which
were obtained at the frequency of 1 THz for different relative
elongations. The results are presented in Fig. S1. The reduction
of the perpendicular component in comparison to the parallel
component of the real part of the photoconductivity is present
in the stretching direction, while the opposite behavior was
observed in the compression direction. This indicates the grad-
ual alignment and crack formation process that irreversibly
modify the effective conductivity of the CNT network.

The further increase of stretching results in bundling pri-
marily because of the reduced spacing between the SWCNTs.
It has been reported that the conductivity of the SWCNT
bundle is lower for bigger diameter bundles of SWCNTs [28].
The significant stretching results in the formation of micro-
cracks. A strong relationship between resistance and these
crack lengths has already been shown in dc measurements in
[29]. The significant resistance increase was observed there
because of the shortening of conductivity pathways in the
direction parallel to stretching. In the same direction, cracks
on individual SWCNT appeared due to the applied stresses.
These factors also limit conductivity pathways but on a nano-
meter scale. Finally, the partial alignment causes the difference
in the conductivity and photoconductivity in parallel and
perpendicular directions in reference to the terahertz polar-
ization beam because of the depolarization effect, according
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Fig. 1. lllustration of typical changes of single-walled carbon nanotube (SWCNT) film morphology formed by stretching. The stretching results in the following: I. Junction
movement and partial alignment of SWCNT under strain. Il. Formation of bundles due to the close location of aligning SWCNT. IIl. Formation of microcracks under applied
stresses. Two typical experiments were performed—perpendicular and parallel to stretching and following compression directions. The partial alignment results in anisotropic

properties coming from the depolarization effect.

to which optical absorption is suppressed when the polariza-
tion of the incident radiation is perpendicular to the SWCNT
axis [30].

Photoconductivity change on stretching

In our previous studies [18,27], we showed that SWCNT thin
films exhibit giant negative terahertz photoconductivity asso-
ciated with the trion formation under optical excitation, which
results in the uniquely high MD and MS. In the study, presented
in this paper, we carried out stretching and following compress-
ing experiments on the same samples, with stretching of up to
40%. Rather than reporting the local, microscopic response
functions of each SWCNT, we presented the effective conduc-
tivity that averages the response over the percolated CNT net-
work. Before being stretched, films showed typical for SWCNT
photoconductivity as reported in [18]. The photoconductivity
spectra were obtained at t = 3 ps pump-probe delay time using
the relation described in [17]. As shown in Fig. 2A, the absolute
value of the real part of terahertz photoconductivity decreases
monotonically with the increasing of the strain in both per-
pendicular and parallel direction to the probe beam polariza-
tion. Photoconductivity changes over stretching and, moreover,
is an irreversible feature, which will be indicated further in
other characteristics. Full data for all stretching parameters are
available in Figs. S3 and S4.

To reveal the nature of change in photoconductivity in the
case of the experiments with stretching, we fitted the conduc-
tivity of the samples under optical excitation o,,(w) and without
optical excitation o,,(w) with the Drude-Lorentz model for
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each value of stretching. This model accounts 2 key physical
processes, which affect terahertz conductivity: the confined
collective motion of carriers along nanotubes (plasmon con-
tribution) and free carrier response, indicative of delocalized
intertube transport along percolating channels on a larger scale
(Drude contribution) [31,32]. The conductivity in the case of
the Drude-Lorentz model reads as follows:

¥p 1OYp
; %p 2L
o+ iyp @? — Wy + iwy,

o(w)=o0p

(1)

where oy, is the DC conductivity of the Drude part, o, is the
plasmon conductivity at the resonance frequency @, (Lorentz
part), and yj, and v, are scattering rates for free-electron and
plasmon response, respectively. To understand the spectral de-
pendence, we fitted photoconductivity o,,(@,t) = o (@) —
q(®). We assumed that the plasmonic contribution to the
conductivity was unchanged by photoexcitation following our
trion interpretation [27]. In detail, this behavior was attributed
to the formation of excitons under the photoexcitation prom-
inent in the SWCNT even at room temperature. Therefore, the
formation of trions, charged excitons, results in either the
removal the charges from the system or the enhancement of
the effective masses of such quasiparticles. Hence, to reproduce
the negative photoconductivity in our experiments, it needs to
be modeled as a drop-in momentum scattering rate accompa-
nied by lower DC conductivity for the Drude model, similar
to what has presented in our previous paper.
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Fig.2.(A) The film sheet photoconductivity spectra at 3 ps after photoexcitation of the unstretched SWCNT film of 60% transparency (e = 0%, red color), stretched film
(€=40%, blue color), and film after compression (e = 0%, green color), when it is parallel to the polarization of the terahertz radiation. “Fwd" and “bwd" denote the elongation
and shrinkage directions of the film, respectively. The change of the DC conductivity (B) and scattering rate (C) obtained from fitting with the change of the Drude model. Red
dots in (B) and (C) describe the data in the direction of the film elongation, and the green ones describe the data in the backward compression direction.

We report then the influence of stretching on the change-
in-charge carrier transport. As it was mentioned earlier, we
considered only the difference between the Drude components
of the conductivity in the photoexcited state and equilibrium
one. The changes in the fitting parameters Ao = 67} — O';q
and Ayp =75 — Ygl in relation to the relative elongation are
presented in Fig. 2B and C. At 0 % of stretching, under the
optical excitation, the lower change in the DC conductivity
accompanied by the reduction of scattering rate was observed.
This is consistent with our trion interpretation [27]. The fur-
ther increase in stretching results in the monotonical decrease
of the change in DC conductivity and a higher scattering rate
in both parallel and perpendicular directions of the stretching.
In terms of free charge behavior, it can be regarded as the lower
charge carrier density of free charges under the photoexci-
tation with a simultaneous decrease in the time between the
free charge collisions. This might be interpreted as the decline
in the number of the photoinduced charge carriers at high
stretching and simultaneous reduction of carriers’ mean free
path. Moreover, less number of free charges were observed in
the perpendicular direction in comparison to the parallel. This
is consistent with the possible mechanisms presented in Fig.
1. The formation of microcracks limits the conductivity path-
ways, resulting in the increase of scattering probability. More-
over, exciton trapping and quenching at cracks result in fewer
trion formation and, therefore, less free charges in the system
and lower photoconductivity.

The stretching process promotes parallel partial alignment
of SWCNT. Because of the anisotropic properties, nanotubes
aligned in the same direction as the pump pulse’s polariza-
tion are preferentially photoexcited. The resulted exciton and,
hence, incident terahertz radiation with the same polarization
will be absorbed by these carriers. Stretching also might affect
the film in a way that parallel to the direction of elongation
conductive pathways become longer while perpendicular shorter
because of the movement of SWCNT on the contacts and par-
tial alignment.
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To evaluate this observation, we also carried out polarization-
dependent Raman measurements with a polarizer and par-
allel analyzer aligned with the direction of elongation and then
perpendicular to it, known as VV and HH configurations,
respectively. The data for all elongations are shown in Fig. S2.
It can be seen that, when the direction of polarization is per-
pendicular to the direction of stretching, the intensity of the G
peak is smaller than when the direction is parallel. This is the
signature of the partial alignment shown in [33]: The signal is
enhanced when a laser with the polarization parallel to the
nanotube’s axis was used. The ratio between G mode in per-
pendicular and parallel direction increased from 0.95 to 1.3
with the increase of the elongation. Moreover, no change of the
D to G mode ratio was observed, which suggests the independ-
ence of the film elongation to the quality of the sample, par-
ticularly to the appearance of defects [33].

Another possible explanation for the change of photocon-
ductivity is the movement of SWCNT on contacts. As the strain
increases, the SWCNT and film as a whole experience consid-
erable shrinkage in the parallel direction, and the SWCNT
tends to align through sliding. At a certain level of strain, the
overall distance between the SWCNTs becomes small enough
to form bundles [34,35]. CNTs have a tendency to form bundles
that results in lowering conductivity and fewer number of free
charges available in the system [28]. This also leads to a fewer
trions appearing in the system and, therefore, lower photocon-
ductivity. At large stretching, the bundles are separated into
several microblocks with relatively small deformations within
these blocks. Once this deformation takes place, the character-
istics are irreversible, and diffident trends of photoconductivity
are observed in 2 directions. In addition, the sliding of SWCNTs
results in a change of the photoconductivity at SWCNT inter-
tube junctions due to the change of the distance between CNTs.
Therefore, the change in intertube junctions also results in more
packed networks and a change in the photoconductivity.

A more complicated picture was observed in compression
experiments. While in the parallel direction, the relative recovery
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of the fitting parameters was observed; in the perpendicular
direction, the further decrease in photoconductivity and a de-
crease of the scattering rate were found. This significant differ-
ence in the parallel and perpendicular stretching directions
suggests that different processes are acquire during the recovery.
In particular, the photoconductivity difference along and per-
pendicular to the stretching direction should be caused by dif-
ferent scattering rates. Moreover, the change in the scattering
rate is higher in the perpendicular direction. This indicates the
change in the conductivity pathways, which might be explained
as the formation of microcracks along the SWCNT and film.
Microcracks therefore lead to the scattering from a boundary
layer energy barrier, which also modify the charge carrier trans-
port in parallel direction. In addition, in the compression ex-
periments, these microcracks still exist, working as a wire grid
polarizer, resulting in higher transparency in the parallel direc-
tion and lower in perpendicular. Moreover, the depolarization
effect generates lower absorption in a perpendicular direction,
which consequently provides lower photoconductivity.

We also would like to point out features at around 0.7 THz
for the sample with 90% transparency that were not accounted
for by the fitting model, but which has been previously reported
[27,36-39] and which may be linked to intraexcitonic transitions
(for more details, see Figs. S5 and S6). Importantly, the peak posi-
tion moves toward higher frequency as the result of stretching. This
behavior can be attributed to the influence of defects in electronic
band structures and, therefore, in intraexcitonic transitions.

In this section, we show that the stretching of the film leads
to the emergence of competing mechanisms of changes in pho-
toconductivity due to morphological modifications, which are
connected with the formation of the CNT texture and the
growth of the number of microdefects.

Ultrafast optical modulation
The transient phenomena, obtained by varying the time between
photoexcitations by OPTP beam, allow for designing a terahertz

signal modulator with certain parameters. These modulators
are typically characterized by several parameters, among which
are MD and MS. MD is defined as follows: MD = AE/E . =
(Eox — Eopp)/(Eqpr), where Ey and E g are the detected tera-
hertz signals after the sample with and without optical pump.
MD in our experiments depended on several parameters: time
delay, frequency, stretching, and pump fluence. To further ex-
plore the influence of stretching on ultrafast terahertz modula-
tors, we measured MD as a function of stretching, which varied
the optical density in the visible and terahertz ranges simulta-
neously. The MD of the SWCNT at the peak of the terahertz
pulse, which corresponds to a frequency-averaged response as
a function of time after photoexcitation in perpendicular and
parallel stretching directions toward the polarization of the ter-
ahertz beam, is shown in Fig. 3A. As it can be seen, SWCNT
film with the transparency of 60% exhibits high MD in the range
of nearly 50% to 100%. With an increase in stretching, the MD
decreases monotonically from approximately 88% to 55% in
parallel direction and from 100% to 70% in perpendicular di-
rection. The modulator reached its highest MD within a few
picoseconds before reverting back to its stationary level after
approximately 15 ps. It is worth mentioning that the discrepancy
between MD in orthogonal directions is connected with the

dependence of the extracted photoconductivity on the param-
eter AE / Eqpp in the approximation of a thin film with a high

photoinduced signal [27]. Because photoconductivity is different
in these directions, MD differs too.

Here, we defined the maximum operation frequency as
MS = 1/7 using exponential fits to AE/E with lifetime of the
photoinduced charge carriers 7. Modulators, based on the
SWCNT of 60% transparency, show a high MS of 205 to 250 GHz,
while the MS for a thinner film (with the transparency of 90%,
accordingly) varies approximately from 160 to 205 GHz. MS
is also irreversible, depending on the orientation, and tends
to go backward only halfway from nonstretching to 40%

A B C
1047 " 60% film LE,;] 100 60% LEry, 60% LEqpm,
] 0% fwd
S 8 ——10% fwd
= N S 20% fwd
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o L
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Fig.3.(A) Modulation depth (MD) in transmission as a function of pump—-probe delay time when the elongation is perpendicular (top) and parallel (bottom) to the terahertz
probe beam. In transmission mode, MD (B) and modulation speed (MS) (C) for 60% sample at stretching vary from 0% to 40% and at compression from 40% to 0%. The

arrows indicate the direction of stretching and the following compression.
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stretched. Moreover, it is interesting to note that the MS of the  is seen that the sharpest change in parameters occurs at the
films differs, which may be attributed to the different number of ~ very beginning of stretching in most cases. The derivative of
charges per unit area in the samples, as it was observed [27]. the MS increases monotonically with the stretching and slight-

To understand the dependence of MD and MS on stretch-  ly recovers in the compression in a perpendicular direction.
ing, we plotted the smoothed derivative of both parameters ~ The maximum value of —2.5 for the MS derivative at 0% means
(Fig. 4). Despite the absence of the tendency in the curves, it that the MS of the terahertz wave changes by —2.5% for per
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Fig.5. The frequency-averaged MD (at the peak of the time—domain terahertz pulse) at zero pump-probe delay versus MS for 60% (A) and 90% (B) films at perpendicular
and parallel orientation. The colors of the points correspond to the colors in Fig.3A.
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change of strain of 1%, while —1 after compression at 0% indi-
cates the —1% change per change of strain 1%. This indicates
the deterioration of MS strain sensitivity in the perpendicular
direction. Different behaviors were observed in the parallel
direction: MS almost recovered after stretching. The derivative
for MD shows a value of —2, which also indicates a good initial
sensitivity to strain that then switches to 0.5. However, in the
parallel direction, it increases from almost 0 to 2.

One more quality of a modulator that was calculated is the EMF
(energy modulation factor). It is given by the following formula:

:I |E0FF(CO)|2dCU—I |E0N(w)|2dw
[ |Eops(@)|*d

where the integration is performed over the range of terahertz
pulse frequencies. This metric is a way to evaluate the amount
of energy of transmitted terahertz beam when the sample is
optically excited compared to the equilibrium case. For normal
modulators (based on photoinduced absorption), 77 is positive,
as the energy of the transmitted beam is lower under photoex-
citation. SWCNT films with transparency of 60% demonstrate
again 5 varying from —84% to —59%. This indicates that such
modulators exhibit high modulation parameters even under
significant applied stresses.

As a stretching device, SWCNT thin films can be also char-
acterized by a stretching modulation factor (SMF) defined as
follows:

)

MD(0%) — MD(e = 0..40%)

MD(0%) ’ 3)
where MD(0%) is the modulation depth of a nonstretched film.
When the elongation reaches 40%, SMF is about 35% in the
perpendicular direction and 11% in the parallel direction. At
the end of the stretching cycle, it reaches values of 30% and
45% in perpendicular and parallel directions, respectively.

SMF =

Discussion

In this work, the influence of stretching on optically controlled
SWCNT modulators is experimentally demonstrated for the
first time. To compare the efficiency of modulation under the
applied stretching that was previously reported, we plotted MD
versus MS (Fig. 5). First of all, our modulator shows unprece-
dented, almost 100% MD that is accompanied by a relatively
high MS of almost 250 GHz. From one point of view, the tun-
ability can be achived not only optically but also by stretching.
Simultaneously, this information can be used to predict the
performance of stretchable modulators based on SWCNT.
Overall, the deterioration of the MD and MS was observed over
the whole stretching circle. The MD exhibit a broad range of
values, reaching its minimum of 50% in a parallel direction. A
similar situation happens with MS, which reached its minimum
value of 205 GHz. We also compared the performance of
thicker films with a thinner 90% SWCNT film. Full data are
available in Fig. S7. The obtained MD is significantly lower,
varying from around 3% to 7%. We also found out that the MD
of both films being divided on the thickness of a layer demon-
strates almost the same MD, which is a sign of the straight
dependence of MD on the film’s transparency (and, conse-
quently, thickness). It is seen that MD lessens significantly with
stretching in a forward direction up to 40% of its initial length.
The backward contraction reveals that MD before and after
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stretching is different, which reflects irreversible properties of
SWCNT photoconductivity.

We have demonstrated the influence of stretching on tera-
hertz photoconductivity and performance of optically con-
trolled terahertz modulators based on macroscale SWCNT
films. The high tunability of the modulator parameters over the
full stretching circle was presented for SWCNT films on a
stretchable substrate. The MD is continuously tuned from 100%
to 70% under stretching from 0% to 40%. The MS is changing
from 250 to 205 GHz. The physical mechanism of such behavior
is discussed in terms of the change of photoconductivity due
to morphology change. A flexible broadband terahertz modu-
lator based on a strain-sensitive SWCNT film is reported. As a
conclusion, we would like to point out that the optical control
of the proposed modulator allows to reach ultrafast operation
frequencies, while its mechanical control enables the possibility
to set MD and MS, which are required for the communication
system working at a particular speed.

Acknowledgments

We would like to thank the Warwick Centre for Ultrafast Spec-
troscopy (University of Warwick, UK) for access to the OPTP
spectrometer used. Funding: M.G.B. and M.LP. acknowledge
Russian Science Foundation (RSF) project no. 21-79-10097 (ex-
perimental OPTP measurements) and Ministry of Science and
Higher Education of the Russian Federation no. 0714-2020-0002
(anisotropy factor measurements for SWCNT films). Moreover,
M.G.B. acknowledges RSF project no. 22-72-10033 (investiga-
tion of the stretchable modulators efficiency). B.PG. and A.G.N.
acknowledge RSF project no. 21-72-20050 (sample preparation).
Competing interests: The authors declare that they have no known
competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Data Availability

The data that support the plots within this article and other
findings of this study are available from the corresponding
author upon reasonable request.

Supplementary Materials

Fig. S1. The anisotropy factor for SWCNT films with different
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