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Abstract. We experimentally demonstrated the high-field THz response of Single-Walled
Carbon Nanotubes (SWCNT) in the broad frequency range from 0.2 to 2.0 THz. To investigate
the impact of nanomaterial geometry on the absorption of THz radiation, two kinds of SWCNT
films with different diameters and lengths were fabricated. The measured conductivity shows
the change that can be attributed to the change of the Drude term of conductivity. This in-
crease in conductivity at lower frequency was described either as the increase in the number or
decrease in effective masses of free charge carriers different for two samples. Our study suggests
that the conductivity of the SWNTs in strong THz fields is enhanced by inducing strong non-

linear electron dynamics as a result of several competing processes. Our findings can be used to
predict the behavior of CNT devices (modulators, polarizes, lenses, etc.) in the THz high-field.
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Annoranus. Mbl 3KCIlepUMeHTalbHO uccaenoBain Tl -mpomyckaHne OQHOCTCHHBIX yIJIe-
ponHbix HaHOTPYyOOK (OVHT) B mmpokoMm amamnaszoHe vyactoT ot 0,2 mo 2,5 TI'u mpu pas-
JUYHBIX MontHocTaX TI' mosst. it McciieqoBaHus BAMSHMS TeOMETPUM HaHOMaTepuaia Ha
MOMJIOLIEHUE TeparepioBOro M3Jay4eHMsI ObUIM M3TOTOBJICHBI IBa BUIA TUICHOK, COACPXKAIIMX
OVYHT pasHoro auametrpa u JiMHblL. MI3MepeHHas MpOBOAMMOCTb JJIs1 ABYX 00pa3loB MOXHO
O00BSICHUTH M3MeHeHueM Jlpyne-4acTu MPOBOAMMOCTU. DTO yBeJIMYEeHUWE Ha Ooyiee HU3BKOM
YACTOTE MOXHO OOBSICHUTH JMOO YBEIMYECHUEM YMCIIa, JIUOO yMeHblleHHeM 3(h(MEeKTUBHbIX
Macc CBOOOAHBLIX HOCHUTEJNIEH 3apsijia, pa3lIWuyHBbIX IS ABYX oOpasuoB. Haiie mnccnemoBaHue
IpeIoiaraeT, 4To B CWIbHBIX TeparepLoBbIX Iossax npoBoaumocts OCHT yBenununBaercs
3a CYET CO3MaHMS CHJIBHON HEJIMHEMHOW AMHAMMKM 3JCKTPOHOB B PE3yJIbTaTe HECKOJbKMX
KOHKYPUPYIOLIUX TPOLIecCOB. Pe3yabTaThl 3T0I pabOTHI MOTYT OBITH UCITOJb30BaHbI JJIsI IPO-
THO3MPOBAHUS TOBEAEHMST YCTPOICTB HAa ocHOBe YHT (MOIyisiTOpOB, MOJNSIpU3aTOPOB, JTMH3
MU T. I.) B BBICOKUX Te€parepLoBbIX MOJISIX.
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Introduction

It is well-established that carbon nanotubes (CNT) exhibit unique properties associated with
their quasi-one-dimensional structure, such as 1D ballistic conduction, large exciton binding
energies, and strong many-body interactions. A thin-film CNT network shows exceptionally high
effective macroscopic THz conductivity described by the Drude and plasmon models, where
some fraction of free charges undergoes plasmon resonance, representing the confined collective
motion of carriers along tubes, while other charges undergo a Drude-like free carrier response,
indicative of delocalized intertube transport [1]. Numerous THz devices have been proposed
based on these properties [1]. On the other hand, the influence of CNT response at internal
electric fields up to 130 kV/m, important for THz communications, has been rarely studied.

A particular experimental study has found that strong THz fields generate excitons in
semiconductor single-walled CNTs [2]. The free standing multi-walled CNT (MWCNTs) in
intense THz field showed anisotropy both in linear and in nonlinear effects [3]. Oppositely to
a previously reported article [2], theoretical analysis based on the Drude model suggests that
strong THz fields enhance the permittivity of the MWNTSs. In recent research [4], extraordinary
nonlinear terahertz responses upon optical excitation were observed. It was attributed to field-
effect mobility and field-induced carrier multiplications, which were considered to be competing
processes governing the rise and fall of the conductivity.

In this study, we present an experimental investigation of the high-field THz time domain
spectroscopy of two SWCNTs samples with different geometries. The strong THz radiation results
in the non-linear absorption of SWCNTSs, which is opposite to the field-induced transparency
of SWCNTs typically observed for conducting medium. It was attributed to an increase in the
number of free charge carriers accompanied by the decrease in the effective masses, which
saturate at high field strengths.

© Bypnanosa M.TI'., Yurnuuues E.O., [Taykos M.U., Muipa I1., BpexoB K.A., Apcenun A.A., Boikos B., YUepHos A.U.,
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Materials and Methods

SWCNT films with diameters ranging from 1.2—1.7 nm and length from 300 nm to 1 um,
and 1.6-2 nm with the corresponding lengths from 1 to 5 pm were studied, similarly to those
published in [5]. The average thickness of all films was less than 100 nm. To investigate the impact
of geometry (diameter and length) on the THz conductivity of free carriers at high field strengths,
thin films of materials were produced by spray coating on z-cut quartz substrates.

Terahertz time-domain spectroscopy (THz-TDS) of SWCNTs was measured on the
experimental setup based on the femtosecond Yb-doped diode-pumped solid-state amplifier
system with a wavelength of 1030 nm and pulse duration of 30 fs and repetition rate of 1 kHz.
For THz radiation emission, the BNA organic crystal was used. The generated THz radiation
power was about 520 uW (measured by Ophir THz power meter RM9) and focused on CNT by
the off-axis parabolic mirror to the spot of about 900 um diameter. The duration of a THz pulse
was about 1.25 ps, and its spectrum was up to 2.5 THz wide. The THz electric field strength
was up to 130 kV/cm. The ZnTe crystal of Imm thickness was used as a detector. The absence
of nonlinear effects in the detection of a signal on a ZnTe crystal can be indirectly verified by
checking the monotonicity of the dependence of the transmission and related parameters on the
THz field. In addition, it is known from the literature that nonlinear effect appears at power
significantly exceed 1 MV/cm [6].

Results and Discussion

Fig. 1, a shows the change the sheet conductivity for shorter SWCNT. The equilibrium
conductivity of SWCNT films is well described by the Drude-plus-plasmon model [1]. With the
increase in field strength, the conductivity increased in the low frequency range, indicating the
change in the Drude component. We then used a model-independent approach, as described
in [7], to evaluate the ratio of the effective density of electrons to effective mass, N j/m
(Fig. 1, b). The magnitudes of the real part of the sheet conductivity at lower frequencies show
the general tendency, increasing as the field strength goes up (Fig. 1, ¢). There are two main
competing processes that are found to be influenced by the observed conductivity behavior
[3, 4]. Firstly, intense THz fields reduce the conductivity of metallic materials, as an example of
graphene, by increasing the electron temperature accompanied by the decrease of the scattering
time [8]. On the other hand, conductivity goes up if intense THz fields increase carrier density
by generating carriers by carrier multiplication by impact ionization and field induced interband
tunneling [2]. These competing processes might be reflected in Neﬁ/m as follows the increase of
the carrier density will result in the increase of N /m, while the subband scatterings give rise
to a higher effective mass for the carriers N, /m. Therefore, we calculated the ratio N _/m to
evaluate this observation. In our experiments, both samples showed the increase of N_/m with a
similar threshold field strength. This article guides a possible direction for feather investigation
of SWCNT film’s behavior in the high THz fields. The feather investigation of the samples with
different diameters is required.
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Fig. 1. Sheet conductivity of SWCNTs at different field strength (a);
ratio of effective density of electrons to effective mass, N _/m, versus field strength (b);
change in the conductivity ratio o/ as a function of field strength (c)
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Conclusion

In conclusion, strong THz pulses give rise to highly nonlinear conductivity in SWNTs. In
particular, intense THz fields induce a large nonlinear dependence of N /m obtained by using a
model-independent approach. This theoretical analysis suggests that strong THz fields enhance the
conductivity of the SWNTs, inducing strong nonlinear electron dynamics as the result of several
competing processes influencing N _/m. However, we can’t independently treat whether N or m

influenced such behavior. The results of this work can be used to predict the performance of CNT
devices (modulators, polarizes, lenses, and so on) in the THz high-field.
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