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ABSTRACT: Recent advancement in high-power mid-infrared
lasers has facilitated the investigation of extreme nonlinear optical
phenomena in solids, which exhibit unconventional behaviors
owing to strong light−matter interactions. High-harmonic
generation (HHG) is a typical phenomenon that generates
harmonics through nonperturbative processes. Herein, the strong
laser field tunnels the charged particles from the valence to the
conduction band and induces their carrier motion along the band,
and then their motion generates high harmonics. In this study, we
demonstrate that both the location of the Fermi level and the
intensity of the laser field significantly affect the tunneling process
in semiconducting carbon nanotubes through experimental
measurements and theoretical calculations. Additionally, on- or off-tunneling can determine the nonperturbative or perturbative
harmonic generation processes, respectively, and this crossover can be observed owing to the shift in the gate voltage. Tuning the
Fermi level and laser intensity is crucial for manipulating the tunneling process, carrier oscillations, and harmonic generation
mechanisms. The results provide further insights into the nonlinear optical processes of semiconductors and pave the way for
precisely controlling HHG in solids by using a static electric field.
KEYWORDS: high-harmonic generation, single-walled carbon nanotubes, electrolyte gating, extreme nonlinear optics,
nonperturbative regime

■ INTRODUCTION
High-harmonic generation (HHG), which generates multiple
harmonics through strong light−matter interactions, is an
extreme nonlinear optical phenomenon.1−6 Owing to its
nonperturbative characteristics, the relationships between the
nth-harmonic and laser intensities IL disobey the conventional
nonlinear optical process ∝ILn. HHG was first observed in
gaseous media7 and attracted attention because of its various
remarkable applications, such as X-ray generation, attosecond
pulse generation,8−10 and tomography.11 To this end,
techniques required to control HHG features, such as the
maximum harmonic order and high-harmonic intensity, have
been developed. For instance, these HHG characteristics have
been modulated by varying the laser intensity,12 excitation
wavelength,13 polarization,14 duration,15 and chirp.16 HHG in
gaseous media has been influenced by the excitation laser
parameters. Recently, HHG has been observed in various
crystalline solids owing to recent advancement in intense mid-
infrared lasers.17 HHG in solids functions as a probe for
various essential physical parameters, such as the distribution
of valence electrons,18 band dispersion,19,20 and topology,21

and has been investigated in one- or two-dimensional materials
in both experimental and theoretical aspects.22−32 In addition,
it can be used for extreme UV sources33 and ultrafast
optoelectronics,29−31,34 and thus, HHG has great potential
for next-generation optoelectronic science and technologies.
Numerous approaches have been proposed to control HHG in
solids by varying the excitation laser parameters17,24,35 and
characteristics of the solid, such as the nanostructure,27 crystal
orientation,17,36 electronic phase,37−39 and electronic struc-
ture.25,29,40 Using semiconductor device techniques, research-
ers have recently controlled HHG by applying a static electric
field, such as by tuning the location of Fermi level EF

29−31 and
inversion symmetry.34 These techniques have paved the way
for control of the intensities and modes of HHG through the

Received: September 1, 2023
Revised: November 9, 2023
Accepted: November 9, 2023
Published: November 27, 2023

Articlepubs.acs.org/journal/apchd5

© 2023 American Chemical Society
171

https://doi.org/10.1021/acsphotonics.3c01244
ACS Photonics 2024, 11, 171−179

D
ow

nl
oa

de
d 

vi
a 

R
IC

E 
U

N
IV

 o
n 

A
ug

us
t 5

, 2
02

4 
at

 1
8:

44
:1

0 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroyuki+Nishidome"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikito+Omoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kohei+Nagai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kento+Uchida"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuta+Murakami"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junko+Eda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hitomi+Okubo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hitomi+Okubo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kan+Ueji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yohei+Yomogida"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junichiro+Kono"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Koichiro+Tanaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kazuhiro+Yanagi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.3c01244&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01244?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01244?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01244?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01244?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01244?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/apchd5/11/1?ref=pdf
https://pubs.acs.org/toc/apchd5/11/1?ref=pdf
https://pubs.acs.org/toc/apchd5/11/1?ref=pdf
https://pubs.acs.org/toc/apchd5/11/1?ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsphotonics.3c01244?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org/journal/apchd5?ref=pdf


electric field effect. However, in the previous studies on the
relationships between HHG and EF,

29−31 the influence of the
laser intensity, i.e., laser-field amplitude FL, on the HHG has
been ignored, although FL significantly affects HHG processes.
In this study, we demonstrate that the location of both EF and
FL plays a key role in generating mechanisms, particularly the
tunneling process, for high harmonics in semiconducting
single-walled carbon nanotubes (SWCNTs). We found that
combining the two parameters affects the system’s tunneling
process, which is crucial for nonperturbative HHG, signifi-
cantly influences the HHG yield, and determines the
nonperturbative or perturbative generation mechanisms.
First, the influence of EF and FL on the tunneling processes

for HHG in semiconducting SWCNTs is briefly described
(Figure 1). The HHG process in semiconductors whose band
gap energy is larger than the photon energy of excitation laser
pulse is explained by the following three-step processes.3−5

Figure 1a shows the dynamics of electrons and holes in the
lowest conduction and highest valence band during HHG.
First, an intense laser field induces the tunneling of electrons
from the top of the valence band to the bottom of the
conduction band. Second, the laser field drives the tunneled
carriers and oscillates them along the band, thereby inducing a
nonlinear intraband current and radiating the high harmonics.
Finally, the driven carriers recombine and emit the high
harmonics. (We note that interband transitions can be also
described by multiphoton excitation, depending on the laser-
field strength and frequency.41 However, typically, HHG
experiments, including the present study, fall into the tunneling
regime; see the Discussion section for details.) Figure 1b,c
shows the influence of the location of EF and the amount of FL
on the tunneling processes. In semiconducting SWCNTs, the
tunneling of electrons (or holes) at the top of the valence band
(or the bottom of the conduction band) is dominant because
this position has the smallest gap and largest dipole moment
(see Figure S1 in the Supporting Information (SI)). Herein,
the wavenumber of the tunneling position is termed k � K.
When EF is located below the band edge, the electrons in the
valence band are initially driven to the K-point by the laser
electric field to be tunneled into the conduction band.
Therefore, the tunneling of electrons depends on the location
of EF and the amount of FL. Using the laser light field of
angular frequency ωL, the electrons at EF can oscillate in k-
space along the band with the center at the Fermi wavenumber

(kF) and width of ( )k eF
L

L

L
= based on the acceleration

theorem (see eq (S26) in the SI). Thus, for kF > kL (Figure
1b), a majority of the electrons cannot tunnel, and HHG is
significantly reduced (tunneling off). However, for kF ≤ kL
(Figure 1c), many of the electrons approach K, the carriers can
efficiently tunnel between the band gap, and the tunneling
electrons effectively emit high harmonics because of the
aforementioned three-step mechanisms (tunneling on). There-
fore, the tunneling on or off for HHG can be controlled not
only by EF or FL but also by tuning “both” the EF and FL.
To clarify these characteristics, HHG in semiconducting

SWCNTs was investigated by varying the gate voltages and
laser intensities. An aligned film was prepared using the
semiconducting SWCNTs with a diameter of 1.4 nm (the
thickness of the film was 18 nm, and band gap energy Eg was
0.7 eV)42−47 and fabricated a side-gate device with an ion gel
(shown in Figure 2a) to inject electrons or holes by varying the
gate voltage VG

29,48−51 (the details are given in the Methods
section, Figures S2−S5, and Tables S1 and S2 in the SI). For
the HHG measurements, intense mid-infrared (MIR) light was
generated at 4.8 μm (central energy: 0.26 eV; pulse duration:
60 fs), and its intensity and polarization were tuned by
combining a pair of wire-grid polarizers and a liquid crystal
retarder. The semiconducting SWCNTs showed maximum
high-harmonic intensity with an MIR polarization parallel to
the SWCNT axis, reflecting their one-dimensional features
(the polarization dependence is given in Figure S5 in the SI).
Thus, the MIR polarization was set parallel to the SWCNT
axis. The high-harmonic signals generated from the sample
were detected using an InGaAs line detector (for the third
harmonic), a Si charge-coupled device (for the fifth and higher
harmonics), and a spectrometer.

■ RESULTS
The influences of EF and FL on the intensities of high
harmonics were discussed experimentally. Figure 2b,c indicates
HHG as a function of VG at FL = 1.1 MV/cm. The transport
characteristics indicate typical semiconducting-type behavior,
including clear ambipolar behavior and an on/off ratio of 103
(the bottom graph in Figure 2c). As shown in Figure 2b, the
HHG spectra are described as the shift of VG from the charge
neutral point (CNP) corresponding to the voltage at which the
sample current ISD is minimum. The spectra indicate the

Figure 1. Mechanism for high-harmonic generation in semiconductors. (a) Illustration of HHG in semiconductors through tunneling of electrons
from the valence to the conduction band (black arrow), carrier oscillation along the band (orange arrows), and their recombination (blue arrow).
(b, c) Electron dynamics for hole-doped samples with weak (b) and strong (c) laser intensities. kL = eFL/ℏωL is the width of electron oscillations by
the laser field (white arrows) in semiconducting carbon nanotubes, wherein the tunneling is only possible near the K-point. The dashed line shows
the position of the Fermi level (EF) and Fermi wavenumber (kF). The dotted line shows the top of the valence band (or bottom of the conduction
band) (k = K). When kF > kL (b), the electrons with |k| ≥ kF cannot approach the K-point and tunnel. Contrastingly, when kF ≤ kL (c), the
electrons with kF ≤ |k| ≤ kL approach K, tunnel efficiently, and their motion is similar to that in panel (a).
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appearance of the third and fifth harmonics, and the high-
harmonic intensities decreased with a negative shift of VG,
indicating hole doping. Similar spectral behaviors were
observed with the positive shift of VG, i.e., electron doping,
as shown in Figure S6 in the SI, in agreement with symmetrical
valence and conduction band structures at the K-point.
Notably, the photon energy of the third harmonic (0.78 eV)
is greater than Eg = 0.7 eV (the dashed line in Figure 2b,d).
Hence, the suppression of the intensities of higher-order
harmonics compared to the third harmonic is consistent with

the outcomes of our previous study.29 The high-harmonic
intensities decrease owing to the positive and negative shifts of
VG. Furthermore, the graph contains two characteristic regions.
In the first region, the high-harmonic intensity is approximately
constant with respect to the variation in VG (−1.0 V < VG < 0.6
V). The flat region coincides with the off-state region of the ISD
transfer curve; hence, EF is located within the gap (see Figure
S7 and the sample capacitance in Figure S8 in the SI). In the
second region, the intensity decreases significantly with respect
to the variation in VG (VG < − 1.0 V, VG > 0.6 V). Herein, EF

Figure 2. Variation in HHG by tuning the Fermi level and laser-field amplitude. (a) Experimental setup and device structure. WGP, wire-grid
polarizer and LCR, liquid crystal retarder. The Fermi level of the semiconducting SWCNT film was tuned by using the electrolyte gating method
through gate voltage VG. VB is the bias voltage. (b, d) High-harmonic spectra with a negative gate voltage shift corresponding to hole injection at FL
= 1.1 MV/cm (b) and 2.9 MV/cm (d). (c, e) High-harmonic intensity (top) and sample current ISD (bottom) as a function of the gate voltage at
1.1 MV/cm (c) and 2.9 MV/cm (e). The error bars represent the standard deviations, and the dashed lines indicate the locations of the band
edges.
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should be located below the valence or above the conduction
band. The Imax/Imin ratios of the third and fifth harmonic
intensities were ∼26 and ∼200, respectively, where Imax and
Imin are the maximum and minimum intensity of each
harmonic order within −2 V ≤ VG ≤ 2 V, respectively.
Furthermore, the same measurement was performed at FL =

2.9 MV/cm (Figure 2d,e). At 2.9 MV/cm, as with the case of
1.1 MV/cm, all high-harmonic intensities decreased, but the
reductions were significantly suppressed compared with the
case at 1.1 MV/cm. The Imax/Imin ratio of the third harmonic
was 7, and that of the fifth harmonic was ∼30. Table 1

summarizes the Imax/Imin for the third and fifth harmonics at
four different FL’s, and the results at 1.7 and 2.2 MV/cm are
shown in Figure S9 in the SI. Evidently, large FL values reduced
the Imax/Imin ratios of all high harmonics. Similar measurements
were performed using another aligned SWCNT film, and
similar trends were observed (see Figures S10 and Table S3 in
the SI). As shown here, HHG strongly depends on the location
of EF (HHG-VG relation), and remarkably, the line shape of
the HHG-VG relation significantly depends on the laser
intensity, which is explained by using the following theoretical
calculation, along with the influence of the tunneling process
on the plots.

■ DISCUSSION
Calculation Model and Its Validity. Herein, the model

used for calculating the HHG spectra as a function of EF and
FL is discussed (the details are provided in the SI). An effective
two-band model has been assumed for the semiconducting
SWCNT with a diameter of 1.4 nm, including the lowest
conduction and highest valence bands with Eg = 0.6 eV and the
Dirac band structures.52 While irradiating the system with a 60
fs MIR laser pulse, the time evolutions of the two types of
currents, i.e., the interband polarization and intraband current,
were evaluated using the semiconductor Bloch equa-
tion.32,53−55 The Fermi−Dirac distribution was implemented
using EF as the initial state, which was systematically varied. If

EF was situated in the middle of the band gap, then its value
was set to zero. Thereafter, the high-harmonic spectra were
calculated by using the Fourier transform of the time evolution
of currents. To reproduce the behaviors of the experimentally
observed third and fifth harmonic intensities, the relaxation
time T1 of the population and dephasing time T2 were set to be
22 and 4.4 fs, respectively.
The calculated relationships among EF, FL, and HHG are

discussed. Figure 3a,b shows the calculated intensities of the
third and fifth harmonics as functions of EF at FL = 1 and 3
MV/cm, respectively. The details of the calculated HHG
spectra are shown in Figure S11 in the SI. Evidently, the
calculation results qualitatively reproduce the following two
characteristics: (1) the HHG vs EF plot and (2) the influence
of FL on the line shapes of HHG vs EF plots. For (1), the
calculation reproduces the presence of the two regions, the
constant and decreased high-harmonic intensities, with respect
to the variation in EF. The results are consistent with the
relationships between EF, band structures, and HHG in our
previous work.24 For (2), the calculated results indicate that
the Imax/Imin ratios decrease with increasing FL. Thereby, the
calculation confirms that the line shape of the HHG-VG
relation significantly depends on the laser intensity.
According to the definition suggested by ref 41, the

interband transitions can be categorized using the following
three concepts, multiphoton excitation, diabatic tunneling, and
adiabatic tunneling, depending on the value of Keldysh
parameters γ.56 When γ ≫ 1, the process is described as the
multiphoton excitation. When γ ∼ 1, it is described as diabatic
tunneling and when γ ≪ 1, as adiabatic tunneling. In this
study, the γ values are 2.4 and 0.8 for 1 and 3 MV/cm laser
field, respectively (the details are given in the SI). Thus,
according to this definition, the interband transitions in this
study can be described as the diabatic tunneling. Therefore, we
used the term of “tunneling” for the interband transition
processes in this study. Next, we will discuss the details of the
background of the influence of FL on the line shapes of HHG
vs EF plots.

Dynamics in k-Space and Tunneling. Figure 4 shows
the oscillations of the laser electric field as a function of time at
FL = 1 MV/cm (Figure 4a) and 3 MV/cm (Figure 4b) and the
corresponding wave-packet motion of conduction electron
density ρcc(kx,t) at EF = 0 eV (Figure 4c,d) and EF = −0.5 eV
(Figure 4e,f). Herein, the K-point was set to the point at kx = 0.
The colors indicate the carrier density in ρcc(kx,t), and the time
evolution of the nondiagonal term ρcv(kx,t) is depicted in

Table 1. Maximum and Minimum HHG Intensity Ratios
(Imax/Imin) from Carrier Injection at Various Laser
Amplitudes (Thin Sample)

FL (MV/cm) 1.1 1.7 2.2 2.9
Imax/Imin for third harmonic 26 12 8 7
Imax/Imin for fifth harmonic 200 70 50 30

Figure 3. Behavior of the calculated high harmonics. Calculated intensities of the third and fifth harmonics as a function of the Fermi level EF at
laser amplitudes FL = 1 (a) and 3 MV/cm (b). Dashed lines indicate the locations of the top valence band and bottom conduction band.
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Figure S13 in the SI. First, the time evolution of ρcc(kx,t) at EF
= 0 eV with different FL values is discussed. The carriers
oscillate around the K-point and oscillating width of kL. The
dynamics of ρcc(kx,t) at FL = 1 MV/cm (Figure 4c) indicate
that electrons can tunnel from the valence to the conduction
band at the K-point and generate high harmonics. Compared
with ρcc(kx,t) at FL = 1 and 3 MV/cm (Figure 4c,d,
respectively), the increase in FL influences the range of the
tunneling electrons and their oscillating range in k-space.
At EF = −0.5 eV, valence electrons oscillate around the

Fermi wavenumber kF by the laser field (white dashed line).
Hence, at FL = 1 MV/cm (Figure 4e) (kF > kL), the majority of
electrons cannot approach the K-point, indicating a very low
tunneling probability (as shown in Figure 1b). However, at FL
= 3 MV/cm (Figure 4f) (kF < kL), the oscillation of the laser-
driven electrons approaches the K-point, indicating that
tunneling is possible for the electrons near ± kF (as shown
in Figure 1c). The number of tunneled carriers at EF = −0.5 eV
is small compared with the case at EF = 0 eV, and thus, the HH
intensity at EF = −0.5 eV becomes small compared with that at
EF = 0 eV. However, when FL is strong enough to satisfy kF <
kL, the electrons tunneled at EF = −0.5 eV can generate high
harmonics with an intensity comparable to the high harmonics
at EF = 0 eV; therefore, the reduction in the high-harmonic
intensity with respect to the variation in EF is sufficiently
suppressed. Hence, the increase in the laser intensity decreased
the Imax/Imin ratios. These results indicate that tuning both EF

and FL is crucial for controlling the tunneling process for
HHG.

Crossover from the Nonperturbative to Perturbative
Process by Shifting VG. The intraband dynamics of carriers
contribute to HHG. However, when the carriers cannot
traverse through the K-point in the 1D-Dirac band structure
(tunneling-off condition), their velocities change negligibly;
hence, the contribution of this mechanism to HHG is
small.32,57,58 Consequently, in the tunneling-off condition,
the carrier cannot generate high harmonics through the
recombination mechanism with tunneling and intraband
mechanisms (the details of the relationships among the
intensity of HHG, EF, and FL are shown in Figure S14 in the
SI). In the absence of the tunneling processes and negligible
interband mechanisms for HHG, the majority of high
harmonics should be generated through multiple photon
excitation processes described by using perturbative optical
processes. This indicates a shift from the nonperturbative
nonlinear process to perturbative process by tuning EF and FL.
Thus, we investigate how the location of EF affects the
relationships between the nth-harmonic intensity and laser
intensity IL. In Figure 5a, the calculated plot is depicted for the
third-harmonic intensity as a function of laser intensity
I FL

1
2 L

20

0
= at EF = 0 and 0.6 eV. At EF = 0, the value of

the exponent n in ∝ILn varied from 1.5 to 3 as IL decreased,
indicating a transition from a nonperturbative to perturbative
process. The transition intensity is denoted by a dashed line.

Figure 4. Wave-packet motions of electrons in the conduction band. (a, b) Electric laser-field profile used for calculating the laser amplitudes at FL
= 1 MV/cm (a) and 3 MV/cm (b). (c−f) Mapping the temporal evolution of electron density in the conduction band, ρcc, for FL = 1 (c, e) and 3
MV/cm (d, f) with Fermi levels EF = 0 (c, d) and −0.5 eV (e, f). The mapping color indicates the tunneled electrons in the band. The dashed lines
depict the maximum amplitude of the oscillating electron wave packet in k-space, kL = eFL/ℏωL. The bottom of the conduction band is set at the
origin kx = 0 and depicted as a white line in panels (c−f). The white curves are kx = −eAL(t)/ℏ ± kF, where AL(t) is the vector potential of the laser
field.
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Based on the Keldysh parameter,56 the electric field that
induces tunneling is estimated to be 2.4 MV/cm (see the SI),
which is within the calculation and measurement range,
thereby validating the observed transition from nonperturba-
tive to perturbative. Remarkably, at EF = 0.6 eV, the transition
intensity increased. To understand the background in more
detail, the calculated mapping of n as a function of IL and EF
was plotted (Figure 5b) to indicate the two transitional
features from nonperturbative to perturbative processes more
clearly. The details of the calculations are depicted in the SI.
The first is the conventional transition from nonperturbative to
perturbative processes by decreasing the laser intensity, and the
second is the transition owing to the shifting of EF. In the
conventional transition, when the laser intensity decreases, n
changes from 1 to 3, indicating that the generation process
shifts from nonperturbative to perturbative. Additionally, the
calculation suggests that the location of EF significantly
influences the value of the exponentiation factor. The black
dashed line indicates the tunneling threshold (kF = kL) (see the
SI). When kF ≤ kL, the tunneling is possible wherein n
becomes less than 3 (the nonperturbative characteristics). In
contrast, when kF > kL, tunneling is impossible wherein n
becomes 3. Hence, the high harmonics are majorly generated
through the perturbative process. The simulation results clearly
predicted that a transition from the nonperturbative to the
perturbative process would be observed by shifting FL and EF.

To verify the aforementioned calculation results, the third-
harmonic intensity was plotted as a function of IL at VG = 0 and
2.0 V, as shown in Figure 5c. According to the capacitance
measurements, here, we assume that EF was located at around
0.6 eV at VG = 2.0 V (see the SI). Although the value of the
exponential factor does not precisely correspond to the values
expected in the calculations, which might be caused by the
inhomogeneity of semiconducting SWCNTs with different
chiralities and the nonuniformity of laser intensity in the laser
spot, a similar tendency can be observed as follows. The n
values transitioned with respect to the variation in IL, and the
transition point shifted to the larger laser intensity owing to the
shift in VG. Figure 5d indicates the mapping of n values as a
function of IL and VG, wherein n transitions from a small value
to a large value as the laser intensity decreases at each gate
voltage. Additionally, this transition was observed owing to the
shift in VG for the same laser intensity, implying the crossover
from nonperturbative to perturbative processes. The plot
suggests that IL and the shift in EF influence the HHG
mechanisms. Regarding the behaviors in other harmonics, like
the fifth harmonic, we also observed similar features (Figure
S16 in the SI).

■ CONCLUSIONS
In this study, the importance of tuning both the location of the
Femi level and laser intensity was established for controlling

Figure 5. Crossover from the nonperturbative to the perturbative regime. (a) Calculated results for the relationships among the laser intensity IL
and third-harmonic intensity at EF = 0 and 0.6 eV. The red and blue dashed lines are the transition intensities distinguishing the small and large
exponent n regions in ∝ILn. (b) Calculated mapping describing the relationships among IL, EF, and the value of exponent n in ∝ILn for the third
harmonics. Black dashed lines indicate the boundaries of kF = kL (see the SI). (c) Experimental relationships among IL and third-harmonic intensity
at VG = 0 and 2.0 V. (d) Mapping the relationships among IL, VG, and the value of n for the third harmonics.
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the generation processes of high harmonics. In the semi-
conducting SWCNTs, these two parameters influence the
possibility of tunneling processes for HHG. Additionally, the
combination of the two factors influences whether the high
harmonics are primarily generated from the nonperturbative or
perturbative nonlinear optical process. The results provide
further insights into the nonlinear optical processes of
semiconductors and open a way to control HHG in solids
precisely with an electric field.

■ METHODS
Device Preparation. The semiconducting SWCNTs were

prepared using the density-gradient sorting method from
SWCNTs produced by the arc discharge method (Arc SO,
Meijyo Nanocarbon Co.).42−44 The optical absorption
spectrum of the semiconducting SWCNTs is shown in Figure
S2 in the SI, and the semiconducting purity is estimated to be
more than 95%.44 The aligned films were fabricated using the
controlled vacuum filtration method.45−47 The film thickness
was 18 nm, and the Eg was 0.7 eV, as estimated from the
optical transition energy between the first valence and
conduction bands. Details for evaluating the alignment film
are provided in Figures S3−S5 and Tables S1 and S2 in the SI.
The film was transferred onto a sapphire substrate (thickness:
430 ± 25 μm) with Au (100 nm)/Ti (3 nm) electrodes. EF of
the semiconductor SWCNT films was tuned using the
electrolyte gating method.29,48−51 As shown in Figure 2a, a
side-gate device was fabricated and an ion gel was used as the
electrolyte to inject electrons or holes by shifting the gate
voltage VG. The ion gel was a mixture of EMIM-TFSI (Kanto
Chemical Co.) and PS(5000)-PMMA(75,000)-PS(5000) in
dichloromethane (the weight ratio was 7:1:270).
HHG Measurements. For the HHG measurements, a Ti-

sapphire regenerative amplifier system (repetition rate: 1 kHz,
center wavelength: 800 nm, pulse duration: 35 fs, pulse energy:
7 mJ) was used as the laser source. Intense mid-infrared (MIR)
light with a 4.8 μm wavelength (central energy: 0.26 eV, pulse
duration: 60 fs) was generated using difference frequency
mixing of signal and idler outputs from an optical parametric
amplifier (TOPAS-C, Light Conversion). The chirp compen-
sation windows are inserted to reduce the chirp, which is
caused by the sapphire substrate of the device, the vacuum
chamber window, and so on. The spot size of the MIR pulses
was estimated to be 60 μm (full width at half-maximum of
intensity). The intensity and polarization of the MIR light were
tuned by combining a pair of wire-grid polarizers and a liquid
crystal retarder. MIR polarization was set parallel to the
SWCNT axis based on the crystal orientation dependence of
the HHG yield. To avoid degradation of the sample during
measurement, the MIR light was focused on the side-gating
device in the vacuum chamber (<10−3 Pa). The high-harmonic
signals from the sample were detected using an InGaAs line
detector (for third harmonics) and a Si charge-coupled device
(for fifth and higher harmonics) equipped with a spectrometer.
When HHG was measured as a function of VG, the source-

drain current ISD at a given VG was first checked at a bias
voltage VB = 50 mV without laser irradiation, and then HHG
was measured at the same VG and VB = 0 mV. We adjusted the
laser intensities where we could confirm the returnability of
HHG by the shift of VG, indicating no degradation during the
measurements. Strong infrared driving of electrons sometimes
causes the rise of the electronic temperature, resulting in
thermal emission from the sample. We have observed such

broad luminescence in metals and semimetals.24,29 However, in
the case of semiconducting SWCNTs, such luminescence is
negligibly small compared to the HH intensities.
Figure S17 in the SI shows the HH spectra from the

sapphire substrate. The substrate generates the third harmonic,
but its intensity is negligible compared to the signal from the
sample, which is one-tenth smaller than that of SWCNTs.
There are no fifth- or higher-order harmonics, even at FL = 7.5
MV/cm. In addition, we have not observed any change in
HHG from the substrate and gel by the shift of VG.
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