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Understanding the photoinduced ultrafast structural transitions and electronic dynamics in single-walled
carbon nanotubes (SWCNTSs) is important for the development of SWCNT-based optoelectronic devices.
In this study, we conducted femtosecond-resolved electron diffraction and electron energy-loss
spectroscopy (EELS) measurements on SWCNTs using ultrafast transmission electron microscopy. The
experimental results demonstrated that dominant time constants of the dynamic processes were ~1.4 ps
for electron-driven lattice expansion, ~17.4 ps for thermal phonon-driven lattice expansion associated
with electron—phonon coupling. The time-resolved EELS measurements clearly revealed a notable red

shift of plasmon peaks by ~100 meV upon femtosecond laser excitation. Different features of charge
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photoinduced absorption signals of SWCNTSs. Our results provide a comprehensive understanding of the
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Introduction

Single-walled carbon nanotubes (SWCNTs) have been studied
extensively as important low-dimensional materials. SWCNTSs
exhibit a rich variety of physical properties that are attractive for
many optoelectronic and photonics applications, such as light
harvesting, high-speed photodetection, and ultrafast all-optical
modulation.*” Certain optical properties of SWCNTs have been
explained by a combination of exciton effects and the red tail of
m-plasmon resonance.®® However, the physical mechanisms
behind the ultrafast optical responses of SWCNTs are still not
fully understood.

Transient absorption (TA) spectroscopy is a useful tool for
studying ultrafast optical processes.’® Numerous TA spec-
troscopy experiments on SWCNTs have provided information
about their electronic dynamic features; e.g., biexciton and
exciton annihilation.""*®* However, the plasmonic and lattice
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dynamics of SWCNTs cannot be directly revealed by TA
spectroscopy with probe wavelengths in the visible to
infrared range. Several independent investigations have
demonstrated that ultrafast behaviors of plasmons and the
lattice may strongly affect the wultrafast features of
SWCNTs.'"**1” Electron energy-loss spectroscopy (EELS) has
been used to study the plasmonic properties of SWCNTs and
revealed certain prominent features of tubular structures.®®
Unfortunately, few time-resolved EELS experiments on
photoinduced plasmonic dynamics in SWCNTs and dynamic
changes of lattice structures have been performed to date.
The structural dynamics of nanotubes is still an important
issue that is under investigation.'®'® For example, time-
resolved Raman spectroscopy of SWCNTs showed the
notable evolution of phonon population and the lattice
dynamics of multi-walled carbon nanotubes (MWCNTs) have
been extensively investigated using ultrafast X-ray diffraction
and ultrafast electron diffraction (UED)."®?°>* In particularly,
the correlation between the structure dynamics and elec-
tronic dynamics has been never directly revealed.

Herein, we using ultrafast transmission electron microscope
(UTEM) perform time-resolved EELS and UED measurements
on SWCNTs. Both electronic and lattice structures of the
SWCNTs show notable dynamic changes after femtosecond
laser excitation. The general signatures in TA spectra of
SWCNTs are also investigated. It is demonstrated that the
photoinduced absorption (PA) signals could be correlated with
the red shift of 7w plasmons and other contributions.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Lattice dynamics

Sample preparation and experimental measurement details are
presented in the Experimental section (ESIf). The SWCNT
samples were a mixture of metallic and semiconducting types
with diameters of 1.2-1.7 nm. For UTEM observation, the
SWCNTs were dispersed on 2000-mesh copper (Cu) grids by
solution processing. As shown in Fig. S1,7 the SWCNTs existed
as bunched structures with random tube orientation. A typical
EELS profile of a SWCNT sample is shown in Fig. S2, illus-
trating the characteristic peaks of the SWCNTs. The UED
measurements were performed using our custom-built UTEM
developed based on a JEOL-2000EX microscope. The dynamic
processes were initiated by a 520 nm pump laser with a fluence
of ~47 mJ em 2, repetition rate of ~100 kHz, and duration of
~300 fs.

As shown in Fig. 1, the microstructure of the SWCNT sample
was characterized. Fig. 1a shows a typical 2D diffraction pattern
of SWCNTs. The two Debye-Scherrer rings were attributed to
the (100) and (110) lattice planes. For comparison, we also show
an electron diffraction pattern of MWCNTs in Fig. 1b, which
contains a strong (002) reflection ring. To facilitate data anal-
ysis, the SWCNT diffraction pattern was transformed into a 1D
profile by azimuthal integration and subsequent background
subtraction (Fig. 1c). An atomic model of an armchair tube is
shown in Fig. 1d, in which the (100) and (110) crystal planes are
indicated.

A series of UED patterns at different time delays were ob-
tained to reveal the lattice dynamics of SWCNTs. In Fig. 2a, we

a «(110)

o

~— Experimentally measured
~—— Subtraction background
=== Background

o
=3

(100)

o
=3

Diffraction intensity (a.u.) o
°
8

o
°

[N

o}

b <«(110)

<«(004)
<(100)

(002) KIIXII

¢pd >4 p4p
1,008,

Fig. 1 Electron diffraction patterns and structural model of SWCNTs.
(a) Typical pulsed electron diffraction pattern of SWCNTSs investigated
by a 4D electron microscope. (b) Electron diffraction pattern of
MWCNTSs for comparison; the strong [002] diffraction ring is indicated.
(c) 1D electron diffraction profiles obtained by azimuthally averaging
the 2D SWCNT diffraction pattern. The red curve is the original data
and the background (dashed line) has been subtracted in the blue
curve. (d) Atomic model of an armchair-type SWCNT with (100) and
(110) lattice plane indexes.
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Fig. 2 Structural changes of SWCNTs exposed to a pump fluence of
47 mJ cm™2. (a) 1D profiles of ultrafast diffraction patterns taken before
and after femtosecond laser excitation. Dashed lines indicate a shift of
peak position. (b) Evolution of the (100) planar distance in the time
span from —10 to 60 ps. The red squares are experimental data, the red
solid curve shows the theoretical data with a biexponential function.
Ad/d is defined as Ad/d = [s(0) — s(t)]/s(0), where s(t) is the peak
position (scattering vector) and d is lattice spacing. The blue solid curve
represents the phonon contribution to the lattice expansion. Black
squares represent non-thermal electron-driven expansion, which is
extracted from the red squares by subtracting a fitted data with the
time constant 17.4 ps that obtained from diffraction intensity curve in
(c). The black solid curve is the theoretical fitting data with a biexpo-
nential function. (c) Diffraction intensity and peak shift as functions of
time delay at a long-time scale. The blue squares represent intensity
evolution and the red squares represent the peak position shift. Solid
curves (blue and red) show the theoretical data with a single expo-
nential function.

show two typical diffraction profiles obtained before (—10 ps)
and after time zero (200 ps). After femtosecond-laser excitation,
the lattice spacings of the (100) and (110) planes increase,
whereas diffraction intensity shows a visible decrease. The peak
position of the (100) plane as functions of short and long-time
delays is shown in Fig. 2b and c, respectively. The (100) lattice
spacing reaches a maximum value at a time delay of ~5 ps. In
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addition, we also observed a fast decay signal (<30 ps) and long-
lived signal (>500 ps) accompanied with clear lattice expansion.
The long-lived signal shows similar features to the thermal
phonon-driven process in MWCNTSs,'®?°?? which can be well
described by a single exponential process, as demonstrated by
the two-temperature mode.*® During this process, energy
transforms from the hot electrons to the lattice by strongly
coupled optical phonons,**** resulting in a quick increase of
lattice temperature and a decrease of the diffraction intensity
according to the Debye-Waller factor. Fig. 2c shows the
diffraction intensity as a function of time delay, illustrating the
intensity decrease with a time constant of ~17.4 ps after laser
excitation. We consider that the lattice plane expands by about
0.15%, so C-C bond length is estimated to increase by 0.21 pm
(C-C bond length is ~1.421 A). The lattice temperature rise was
estimated to be ~800 K using an axial thermal expansion
coefficient of 2 x 10 ® K '.2¢

The fast components on the picosecond time scale are
electron-driven lattice expansion processes, which are caused
by the depopulation of electrons in the m- and o-bonds upon
femtosecond laser excitation.'®> To isolate these non-thermal
components, we subtracted the phonon-driven process
(Fig. 2¢), as shown in Fig. 2b. Careful analysis on the electron-
driven transient state revealed that this fast process can be
well characterized by an exponential increase with a time
constant of ~1.4 ps and then the relaxation time was about ~9.0
ps. We also extracted information about the (110) plane
dynamics from the time-resolved electron diffraction data, as
displayed in Fig. S3.1 The fundamental changes of the (110)
plane showed similar features to those obtained for the (100)
plane, although the lattice expansion along the [110] direction
was slightly slower than that along the [100] direction. In
addition, the intensity of the (100) diffraction peak decreased
more than that of the (110) diffraction peak. This phenomenon
can be well explained by the Debye-Waller factor (W(t)):*”

I(t)] _ stou(n)
In [m} =2W () = 5

where I(¢) is the diffraction peak intensity at a given time ¢, s is
the scattering vector, and 6u*(¢) is the mean square of atomic
displacement. The (110) plane has a bigger s, which can yield
a greater intensity decrease associated with a temperature rise
after femtosecond laser excitation, than that of the (100) plane.
It is worth pointing out that the major time constants observed
for the SWCNTs were different from those observed for
MWCNTSs."®?* For example, the thermal phonon-driven lattice
expansion took a much longer time for the SWCNTs than for the
MWCNTSs, which suggests that alteration of the dimensionality
and interlayer coupling of nanosystems can have an evident
effect on their dynamic nature. In addition, no signature about
the radial breathing mode and G-mode of SWCNTs are found in
our UED measurements.?**

Electronic dynamics

Fig. 3 presents the time-resolved EELS results obtained under
similar experimental conditions to those used for the UED
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measurements. The low-loss EELS profile of the SWCNTs is
shown in Fig. 3a. The plasmonic peaks observed at ~5.0 and
22.4 eV can be attributed to the w and w + ¢ plasmons of
SWCNTs, respectively.®**** Fig. 3b and c show shifts of the =
and  + o plasmonic peaks as functions of time delay. The
maximum peak shifts were observed at a time delay of about 1
ps. Careful measurements showed that these electronic
dynamic transitions firstly recovered by a fast process with
a time constant of ~2.0 ps, and then followed by a long-lived
red-shifted signal. It is also known that photon-induced near-
field electron microscopy (PINEM) signals of SWCNTs appear
in the femtosecond time domain after femtosecond laser
pumping. Therefore, the rising time of the curves in Fig. 3 could
contain certain error. However, the PINEM signals disappeared
after ~0.6 ps, so they had no visible influence on the main
process of the plasmon peaks.

According to a theoretical study of 1D systems, the plasmon
resonance energy E, in SWCNTs is correlated with the reso-
nance frequency w, and density of valence electrons N as
follows,?*
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Fig.3 Time-resolved EELS of SWCNT that exposed to a pump fluence
of 44 mJ cm~2. (a) Static EELS profile of SWCNTs (black line). The red
region (band located at ~22.4 eV) represents © + o plasmons. The
green region (band located at ~5 eV) represents 7w plasmons. (b) Time
dependence of the ™ + ¢ plasmon peak energy shift after laser exci-
tation. The 7 + ¢ plasmon peak shows a rapid fall process (~100 meV),
then a small rise process, and finally reaches a quasi-steady state with
a red shift of about 75 meV. (c) Time dependence of the 7 plasmon
peak energy shift. The rapid fall process (~65 meV) and finally reaches
a quasi-steady state process (~35 meV) similar to the  + o plasmon
peak energy shift. (d) © + o plasmon peak intensity change, which
shows a 3.5% decrease in amplitude and a time constant of 2.4 ps.

This journal is © The Royal Society of Chemistry 2020
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where 7 is the Planck constant, e is the charge of an electron, m
is the effective mass of an electron, ¢, is the dielectric permit-
tivity of vacuum, r is the radius of SWCNTs, a is the lattice
constant in the graphitic sheet, and dp, is the distance between
two neighboring SWCNTs. It is intuitive to attribute the red shift
of plasmonic peaks to the decrease of N. The green pump laser
promoted electron transfer from the valence () band to the
conduction (7*) band and these photocarriers reduce electrons
participate in the formation of w and 7 + ¢ plasmons, reflecting
the fast red shift of the plasmons. Depopulation of the 7w and
+ o plasmons also weakened the chemical bonding of carbons,
as demonstrated by the electron-driven lattice expansion. Such
photocarriers relaxed from the 7w* to 7 bands with a typical time
constant of ~1-2 ps after femtosecond laser excitation.” 7 and
T + o plasmons partially recovered from the exited states, as
clearly shown in Fig. 3b and c. Moreover, the reconfiguration of
hot electron carriers resulted in further alteration of chemical
bonds and lattice expansion.

The lattice expansion may bring in another factor that affects
the plasmon resonance. The maximum lattice expansion, as
shown in Fig. 2b, was only ~1.5%, and a plasmon red shift of
~37 meV was calculated from eqn (1) and (2) using the
parameters of 7 = 0.7 nm, @ = 0.246 nm, and dp, = 0.34 nm (both
r and a increase 1.59%,). This suggests that lattice expansion
partially responsible for the long-lived red shift of plasmons
with a typical value of several tens of millielectronvolts. Our
UTEM sample contained bundles of nanotubes, so dp, may also
play the other role in the plasmonic dynamics after femto-
second laser excitation, as reported in studies of MWCNTS, in
which the interlayer space of carbon sheets is noticeably
enlarged following laser excitation because of the weak van der
Waals bonding.'®**?> We estimated the red shift of the plasmon
peak using eqn (1) and (2) and obtained a change of the reso-
nance frequency of ~73 meV upon increasing dp by 1%, r and
a by 1.59,, (the radial expansion observed in MWCNTS is ~2.5%
at fluence of 44 mJ cm™?).'®2%22 This result is in agreement with
the experimental data discussed above. It should be pointed out
that the long-lived trapped photocarriers, which are often
located at defect sites and interfaces, could also contribute to
the electronic process in the present system, as discussed
elsewhere.' Moreover, our careful analysis also revealed that
the intensity of 7 + o plasmons decreased (~3.5%) with a time
constant of ~2.4 ps, as illustrated in Fig. 3d. This alteration is
likely correlated with the increase of lattice temperature
induced via electron-phonon coupling, which occurs on the
time scale of a few picoseconds.

The red shift of © plasmons can impact the ultrafast pho-
toresponse of SWCNTs.**** To illustrate this point, we repro-
duced the absorbance of SWCNTs by four Gaussian using the
data in literature.** As shown in Fig. S4,1 a 10 meV shift of -
plasmon resonance can already rise a few percent absorbance
change for SWCNTs in visible to IR wavelength. In particularly,
it is found that the enhance of absorbance in nonresonant
range is much larger than that in resonant range. We performed
broadband TA spectroscopy measurements on SWCNT samples
with 1.55 eV pumping and 0.5-1.3 eV probing. The sample was
dispersed on a quartz substrate and the pump fluence was fixed

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Optical experimental results showing the general signatures of
TA spectra of SWCNTSs. (a) Broadband signals at time zero and (b) time-
resolved traces at three selected probe energies. The dotted line in (a)
exhibits a profile of linear absorbance of SWCNTs and the dashed
horizontal line is a visual guide.

at ~3 mJ cm™? (Fig. 4) and 0.1 mJ em > (Fig. S51). Similar to
previous reported results,">*****¢3 two PA bands in the
nonresonant range and two PB (photon bleaching) in the
resonant range are observed in the TA spectroscopy (Fig. 4a). As
demonstrated in the previous works, we attribute the PB signal
to the state filling effects.'®** The optical transition with ~1.6 eV
excitation occurs at energy level higher than the second exci-
tonic transitions (S,,). In this case, photocarrier would transfer
to the S,, and first excitonic transition (S;4) very fast by intra-
tube relaxation, which fill the states of S;; and S,,, thus leading
to two PB bands. In addition, intertube energy transfer usually
occurs in SWCNT bundles,*® and this process also contributes to
the exciton population redistribution. Although the redshift of
the m-plasmon resonance can be attribute to the PA signals, we
believe that there are multiple physical mechanisms behind
these PA signals. This can be confirmed by a clear delay time-
dependent PA-PB-PA transition observed at a probing energy
of ~0.59 eV in Fig. 4b. Besides the redshift of the m-plasmon
resonance, PA signals have been described by different mech-
anisms including, intersubband transitions,* multiple-exciton
formation,'**”*%*" dark-bright exciton transitions,*” charge
induced Stark effect®® and carrier-hot phonon coupling®” etc.
Based on the results in Fig. 4, it hard to completely certain
which one is responsible to the two PA bands. However,
considering the pump fluence is very high, multiple-exciton
coupling (biexciton, triexciton, and exciton annihilation) may
be occurred.*®?”**** No blue-shifted PA signal may exclude the
dark-bright exciton transitions,** but we cannot rule out any
charge induced Stark effect and carrier-hot phonon coupling
effects.””** Furthermore, the intertube energy relaxation can
result a large exciton population in the SWCNTs with low energy
exciton resonant states, thus leading to a more significant PA
signal at red side of S;;. Notably, the ultrafast dynamics in
SWCNTs is strong pump fluence dependent,**** resulting in
that TR-EELS results and TA spectroscopy cannot directly
compare. Nonetheless, a solid experimental evidence for the
redshift of 7w plasmons still helpful to understand the ultrafast
optical response in SWCNTSs.

Finally, we briefly discuss the dynamic processes and tran-
sient states in photoexcited SWCNTs based on the measured
lattice structural evolution and photophysical properties. For
ultrafast investigations, the nonequilibrium states are

Nanoscale Adv., 2020, 2, 2808-2813 | 2811
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initialized with an ultrashort laser pulse typically in the visible
to infrared region. Considering the large bandgap of the ¢ band
in SWCNTs, the laser pulse will promote electrons from the 7
band to the v* band. In other words, optical excitation leads to
electron depopulation of the valence band and an increase of
the electron population in the conduction band. Such an elec-
tron population change can directly result in Pauli blocking
effects, which account for PB signals in TA spectroscopy. Other
electronic effects, e.g., the red shift of plasmons and photoin-
duced multiple-exciton formation, also occur during or imme-
diately after laser excitation. Then, the photocarriers will relax
to the ground state with a lifetime of about 1-2 ps, which
contributes to the fast decay at short time delay in both ultrafast
optical spectroscopy and time-resolved EELS. It should be noted
that during these electronic processes, electron-driven lattice
expansion is also activated by electron depopulation of the =
band. Electron-driven expansion exhibits a build-up time of ~1-
2 ps and a decay time of several picoseconds (~9.0 ps in this
paper). Thermal phonon-driven lattice expansion is established
with a characteristic time ~17 ps, then leave a quasi-
equilibrium state lasts more than 500 ps.

Experiment

Sample preparation

High-purity SWCNTs (>99%) dissolved in aqueous surfactant
solution were purchased from Nanjing XFNANO Materials
Technology Corporation Limited, Nanjing, China. The SWCNTs
were a mixture of metallic and semiconducting types with
diameters of 1.2-1.7 nm and lengths of 300 nm to 4 pm. To
prepare UTEM samples, SWCNTs were diluted in distilled water
and then sonicated for 10 min. The solution was added drop-
wise onto a 2000-mesh Cu grid and then dried by annealing at
90 °C for 30 min. A 400-mesh Cu grid was placed on top of the
2000-mesh Cu grid to form a sandwich structure to enhance
mechanical stability and heat conduction for UTEM
experiments.

UED experiment

The UED experiments were performed in the UTEM devel-
oped based on a JEOL-2000EX (JEOL Inc.) microscope.>"?**
The original laser beam (A = 1040 nm, full width at half-
maximum = 300 fs) was split into two paths; one was
frequency-quadrupled and focused to the LaBg cathode to
obtained pulsed electrons and the other was frequency-
doubled and focused on the sample with a beam diameter
~50 um to excite dynamic processes. The pulsed electrons
were accelerated to 160 keV and then focused to a beam
diameter of ~20 pm on the sample. Considering the heat
dispersion of the UTEM sample and the signal-to-noise ratio,
a laser repetition frequency of 100 kHz was used in our
measurements. The diffraction patterns were recorded by
a charge coupled device with an exposure time of ~5 s. The
temporal resolution of the ultrafast UED experiments is ~800
fs. No distinct optical damage and heat accumulation effects
were observed in these experimental conditions.
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Time-resolved EELS experiment

The time-resolved EELS measurement was performed using
another UTEM that was developed based on a JEOL-2100F (JEOL
Inc.) microscope with a field-emission gun.*” In this setup, the
original laser beam had a pulse width of ~190 fs and a central
wavelength of ~1030 nm. The diameter of the laser beam on the
sample was ~38 um with a fluence of ~44 mJ cm™>. A laser
repetition frequency of 200 kHz was used in the time-resolved
EELS measurement. No object aperture was inserted into the
electron optical system; the collection angle was estimated to be
more than 100 mrad. A Gatan spectrometer (GIF 965) was used
to record the EELS and an exposure time of 50 s was used in the
time-resolved measurement. The zero-loss peak center and
plasmon peak center were determined by gravity arithmetic.
The temporal resolution of the ultrafast TR-EELS experiments is
~500 fs.

TA spectroscopy

An 800 nm (~1.55 eV) 1 kHz Ti:sapphire amplifier (Libra,
Coherent Inc.) was used as a laser source. Infrared (0.5-1.3 eV)
pulses were generated by a feeding 800 nm pulses into an
optical parametric amplifier system (OPA-SOLO, Coherent Inc.).
The pump-induced differential transmission changes were
recorded by a photodetector and lock-in amplifier referenced to
a 334 Hz chopped pump.

Conclusions

Ultrafast dynamics in SWCNTs were investigated by combining
measurements of time-resolved EELS, UED, and TA spectros-
copy. Importantly, a red shift of plasmons approaching 100 meV
and clear lattice expansion of the SWCNTs were observed upon
femtosecond laser excitation. The non-thermal transient and
thermal-phonon driving changes in the SWCNTs were
addressed based on measurements of electronic and lattice
temporal changes. Considering general signatures in TA spec-
troscopy, we carefully discussed the relevant transient states on
time scales of femtoseconds to hundreds of picoseconds. Our
study firstly discusses the correlation between the structural
transients and electronic dynamics. Emerging UTEM tech-
niques have the potential to markedly improve our under-
standing of the dynamics of low-dimensional materials.
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