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ABSTRACT Femtosecond four-wave-mixing (FWM) experiments of individual suspended semiconducting

single-walled carbon nanotubes (SWCNTSs) are presented. The chiral indices of the tubes were determined by

electron diffraction as (28,14) and (24,14) having diameters of 2.90 and 2.61 nm, respectively. The diameter and

semiconducting character of the tubes were additionally confirmed by resonance Raman measurements. The FWM

signal showed electronic response from the SWCNTs. The results demonstrate that ultrafast dynamics of individual

SWCNTSs can be studied by FWM spectroscopies.
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ptical spectroscopy of nano-

objects poses challenges for ex-

perimentalists and theoreticians,
alike. One of the fundamental reasons for
interest in nanomaterials is the variation in
their properties as a function of size and
structure of the particle. The major differ-
ence from the more traditional materials is
thatin nanoworld it is important to consider
the properties of each individual particle. A
striking demonstration of this is provided by
the SERS (surface-enhanced Raman scatter-
ing) effect which is highly specific for certain
structures.' Experimental studies of nano-
objects are hampered by the fact that
usually it is difficult to obtain pure homodis-
perse samples of particles with a well-
defined structure. From the spectroscopic
point of view, this means that one has
either to measure average properties of en-
sembles or to perform measurements of in-
dividual particles. Optical spectroscopy of
individual nanoparticles is experimentally
very challenging, especially for time-
resolved measurements. However, for car-
bon nanotubes (CNT) single-tube Raman
spectroscopy is nowadays routinely per-
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formed.? In addition, emission spectros-
copy from ensembles of single-walled CNTs
(SWCNT) can be used to characterize the
distribution of various tube types in the
sample.® Spectroscopic analysis of SWCNTs
at the level of individual nanotubes is thus
important since the electronic properties of
SWCNTs vary strongly according to the
structure of the tube.* Rayleigh scattering
has been used to measure electronic ab-
sorption spectra of individual suspended
SWCNTs and combined with the structure
determination by electron diffraction.>®
While the above-mentioned techniques
can be used to study electronic and vibra-
tional properties of individual SWCNTs, they
give information on the dynamics indi-
rectly, via band widths. As far as we know,
all of the time-domain (femtosecond) spec-
troscopic studies of SWCNTs have been
conducted on ensembles that yield highly
averaged information.”~° More specific in-
vestigations include pump and probe stud-
ies of a sample of (6,5) SWCNTs and studies
of SWCNTSs by photon echo techniques that
eliminate inhomogeneous broadening.’®"’
While these techniques yield valuable in-
sight into the photophysical properties of
SWCNTs it would be highly desirable to per-
form femtosecond dynamics studies of indi-
vidual SWCNTSs. To this end, four-wave-
mixing (FWM) with its many variants is a
promising technique as it provides a strong
signal with a zero-background, and it can
be applied to study both vibrational and
electronic dynamics. Recently, picosecond
FWM imaging of metallic CNTs was demon-
strated.'? However, the time-resolution of
the used technique was not sufficient to
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yield dynamical information. In this work, we extend
the FWM technique to the femtosecond regime, which
opens the door to direct dynamics studies of individual
SWCNTs. To be sure that the measurements are per-
formed on individual SWCNTs, the nanotubes are sus-
pended over a slit and their structure is determined by
means of Raman spectroscopy and transmission elec-
tron microscopy techniques.

RESULTS AND DISCUSSION

The sample configuration is shown schematically in
Figure 1a. The sample geometry allows performing
electron diffraction measurements for the tubes and ad-
ditionally it offers an optimal platform for optical meas-
urements. The slit configuration makes it possible to
pinpoint the laser beams accurately to the nanotube lo-
cation and the scattering of the laser beams from the
substrate is eliminated, which is beneficial for measur-
ing very weak signals. Scanning electron micrographs of
the actual samples can be viewed in Figure 1b,c. Both
samples contain an individual suspended SWCNT, and
sample 2 contains additionally a carbon fiber, aligned
perpendicular to the nanotube.

Figure 2 presents TEM images (a and d) and corre-
sponding electron diffraction (ED) patterns (b and e) of
the two individual SWCNT samples 1 and 2, respec-
tively. The circles in the TEM images indicate the loca-
tion on each nanotube where the electron diffraction
patterns were taken. By using a method based on intrin-
sic layer line distance analysis,'* the diffraction pat-
terns (b and e) have been indexed and the chiral indi-
ces were determined to be (28, 14) for tube 1 and (24,
14) for tube 2 with the diameters 2.90 and 2.61 nm, re-
spectively. The determined indices identify both tubes
as semiconducting (n — m not evenly divisible by 3).

To obtain information on the resonant energy lev-
els of the tubes and thus to help design FWM experi-
ments, Raman measurements on the suspended tubes
were performed for both suspended tubes and addi-
tionally for an additional tube found on the SisN; mem-
brane. The spectra of the suspended tubes are shown
in Figure 2,¢.f. In both cases, the shape of the G band
suggests'® that the tube is semiconducting in agree-
ment with the structures determined by electron dif-
fraction. A single strong and narrow RBM peak also
points to a single tube. The small sidebands around
the RBM originate from rotational Raman signal of air.
Tube 2 has a relatively strong D-band and a shoulder on
the blue side of the G-band. It is worth noting that sig-
nal from amorphous carbon was detected on top of the
SisN; membrane. Since the slit is relatively narrow with
respect to the measurement spot, it is possible that the
higher intensity of the D-band and the G-band shoul-
der for tube 2 contain contribution from amorphous
carbon on the surface of the membrane or from the car-
bon nanofiber visible in the TEM image (2d).
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Figure 1. (a) Schematic of the sample layout; (b) scanning electron
micrograph of a CNT suspended freely across the slit (sample 1); (c)
scanning electron micrograph of a suspended CNT (sample 2),
which is supported at its midpoint by a carbon fiber.

Using the relation between the frequency of the
RBM mode (wggy) and the diameter (d) of the tube, d
= 227.0/wgpm, Obtained for a large number of long iso-
lated SWCNTs grown by the “supergrowth” method,'®
we get another evaluation of the tube diameters. The
frequency of the RBM mode for tube 1is 75.8 cm ™" and
the frequency for tube 2 is 90.1 cm ™! giving a diam-
eter of 2.99 and 2.52 nm, respectively. These values are
in good agreement with those obtained from the elec-
tron diffraction analysis. On the other hand, using the
relation d = 204/(wrem — 27), which was obtained for
suspended SWCNTs'®~ '8 leads to a severe overesti-
mate of the diameters (4.2 and 3.2 nm). This discrep-
ancy shows that still more work is needed to fully un-
derstand the different factors that affect the relation
between the diameter and the frequency of RBM. A
spectrum of one more tube lying on the membrane
was also measured (not shown) which indicated that
the tube is individual, semiconducting, 2.0 nm in diam-
eter, and it has a low intensity of the D-band.
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Figure 2. (a and d) TEM images of samples 1 and 2, respectively; (b and e) the corresponding ED patterns taken at the en-
circled locations; (c and f) Raman spectra measured from the suspended SWCNTs.

The femtosecond experiments were designed to
perform FWM on suspended SWCNTs. FWM is a gen-
eral name for a family of nonlinear electronic and vibra-
tional spectroscopies that employ three input electro-
magnetic fields that are mixed in the material of interest
yielding a fourth signal field that is detected. The sig-
nal field is emitted by the third order polarization which
is a result of a convolution of the excitation fields (E)
with the material response function.'®

PO = J; B ﬁ B fo " dtyde,dt, SPt, b, t) Bt — t)

X Eft—t— L EFt—t,—t,— 1) (1)

The response function S®(t;, t,, t;) carries all the in-
formation of the system, and the experimental chal-
lenge is to design the input fields in such a way that
useful information is obtained. Depending on the spe-
cific technique either electronic or vibrational dynamics
is probed. Well-known examples of FWM techniques in-
clude coherent anti-Stokes Raman scattering (CARS),
photon echo, and transient grating. Experimental con-
trol over what dynamics is probed depends on timing
of the pulses and the direction and wavelength of the
measured signal. For microscopic applications that re-
quire the use of tight focusing with objectives with high
numerical aperture (NA) collinear input beams must
be used which eliminates the possibility to choose the
direction of the signal. On the other hand, tight focus-
ing relaxes the phase-matching condition as demon-
strated in CARS microscopy.?°
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The experiment was performed by overlapping tem-
porally the pump and Stokes pulses and varying the
probe pulse time delay while simultaneously detecting
the signal at the anti-Stokes frequency (w = wpump —
Ostokes T Wprobe)- A fundamental problem in using two
colors and a collinear beam geometry is that the signal
originating from double interaction with the pump (@
= 20pump — Wstokes) CANNOt be distinguished from the
signal originating from the interaction of pump and
probe beams (w = wpump — Wstokes T Wprobe)- This intro-
duces a constant background signal which obviously
does not depend on the time delay between the Stokes
and probe pulses. To improve the situation, for sample
2, the probe beam was chopped at 500 Hz, and the sig-
nal was recorded using a lock-in-amplifier.

The pump excitation wavelength was tuned to 532
nm based on the Raman measurements that indicated
resonance at this wavelength. The energy diagram of
the FWM measurement is shown in Figure 3. The meas-
ured spectra of the pump (as well as probe), Stokes,
and signal beams are shown in the lower panel. For
thick tubes, several electronic resonances, denoted E,,
(n=1,2,3,..) are expected to lie in the relevant spec-
tral region. As there is no experimental data available
for higher transitions of thick tubes, we estimated these
resonances using empirical relations.?'*? The accuracy
of this approach was checked against transition ener-
gies determined by Rayleigh scattering for several sus-
pended tubes.® For a set of eight semiconducting tubes
varying in diameter between 1.63 and 1.84 nm, the
model gives the energies of the Es3 and Ey transitions
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Figure 3. Lower panel: experimental spectra of pump and
probe (green), Stokes (red), and signal (blue) beams used in
the FWM experiment. The solid lines indicate estimated (fol-
lowing refs 21, 22) transition energies corresponding with
the Ess, E¢s, and E;; transitions (from right to left) of the 28,14
tube (sample 1) and the dashed lines indicate the corre-
sponding transition energies of the 24,14 tube (sample 2).
The double-headed arrows indicate the estimated half-
width of the transitions. Upper panel: a scheme indicating
the four interactions of the system with electromagnetic
fields. The colors correspond to those in the lower panel.

with an average deviation of 0.024 meV. Although in
this work higher transitions are probed (Ess, Egs), we be-
lieve that the predictions of the model are still useful.
In Figure 3, solid lines indicate the positions of esti-
mated transition energies for tube 1 and the corre-
sponding transitions for tube 2 are denoted with
dashed lines. The widths of the transitions are esti-
mated to be ~100 meV based on the measured widths
of 80—90 meV for suspended nanotubes for E3; and
E,, transitions.® This corresponds to ~20 nm width in
the spectral region of interest, and it is marked in Fig-
ure 3 with double-headed arrows. The upper panel of
Figure 3 indicates the interactions of the system with
electromagnetic fields in the FWM process. Several in-
teractions can be in electronic resonance with the nano-
tube which leads to enhancement of the signal. In par-
ticular, according to Figure 3, the Stokes transition is in
resonance with tube 1 and the FWM signal is in reso-
nance with tube 2. The pump is weakly in resonance
within the bandwidth for both tubes, tube 1 being
closer to the resonance. In addition, the Stokes shift
was adjusted to be in vibrational resonance with the Ra-
man transition of the G-band. The bandwidth of the
femtosecond pulses matches very well with the band-
width of the electronic transitions which is favorable for
maximizing the excitation efficiency.
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Figure 4. Femtosecond FWM signal of suspended SWCNTs
in (@) sample 1 and (b) sample 2. The signal is measured as
a function of the time delay between the Stokes and probe
pulses: (black line) SWCNT; (blue line) reference signal from
BBO; (red line) SWCNT on Si;N, membrane.

Before presenting the results of the current work
we briefly review the previous picosecond FWM results
by Kim et al.'? They observed signal only from metallic
nanotubes which was attributed to lower polarizability
of semiconducting tubes. They investigated the nature
of FWM response of multiwalled CNTs and found that it
is mainly electronic in nature while vibrational response
was additionally detected from graphitic clusters. The
diameter of their tubes lying on a quartz substrate was
determined by AFM measurements. It can be argued
that the accuracy is probably not enough to distinguish
reliably between SWCNTSs or small MWNTSs or small
bundles. Thus, some uncertainty remains in the actual
identity of the measured samples.

Whereas in ref 12, the FWM experiment was carried
out with spectrally narrow and temporally long pulses,
we use temporally short femtosecond pulses to investi-
gate the dynamics of SWCNTSs. The main results of this
study are shown in Figure 4 where the homodyne-
detected FWM signal as a function of the delay be-
tween the Stokes and probe pulses is shown for both
suspended tubes. The signals for tubes 1 and 2 are
shown in panels a and b, respectively. In panel a the sig-
nal is relatively strong and it is localized around the
zero delay where all electronic, vibrational, and nonres-
onant effects contribute to P3(t). The offset in the sig-
nal is due to two-pulse contribution which does not de-
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pend on the delay between pulses. Importantly, the
ED and resonance Raman measurements confirm that
the measured tubes are semiconducting and that they
are individual. Thus, our results demonstrate the first ex-
ample of FWM of individual semiconducting tubes.
The FWM signal, measured in forward geometry from
a 100 pwm thick BBO crystal, carefully placed in focus as
in the SWCNT measurement, is shown in Figure 4 with a
blue line. The BBO-result gives essentially the convolu-
tion of the three pulses, whereas the signal measured
from the nanotube contains additionally the response
of the system which appears to be broadened com-
pared to the BBO-reference. The BBO-signal was meas-
ured before and after the SWCNT measurement with
consistent results. The system response includes elec-
tronic (excitonic) and vibrational coherence and the
electronic response may in principle contain several
processes corresponding to different time-ordering of
the interacting fields.'® The measured signal can be
safely assigned predominantly to the electronic re-
sponse since the vibrational coherence should be much
longer. On the basis of the Raman linewidths of indi-
vidual SWCNTSs and time-resolved CARS measurements
of the G-band from SWCNT ensembles, vibrational co-
herence should be visible as a decay with a time con-
stant of about 1 ps.2® There is slightly increased signal
level also at positive times but it cannot be reliably as-
signed to a real signal attributable to vibrational coher-
ence. Since the specific processes contributing to the
signal cannot be singled out we simply suffice to model
the situation with a convolution of three pulses with
an exponentially decaying average system response
(electronic dephasing). In the simulation, the pump and
Stokes pulses are temporally overlapped while the
probe pulse is swept in time. This analysis yields a
dephasing time of 45 fs. Taking into account the ap-
proximations and quality of the data this result should
be treated as a rough estimate. Nevertheless, it seems
reasonable when comparing it with values from litera-
ture. Rayleigh scattering measurements of suspended
SWCNTSs yielded linewidths between 10 and 90 meV de-
pending on the transition. For higher £33 and Eg44 transi-
tions, which are closer to our situation, the width of
80—90 meV was observed.® This corresponds to a
dephasing time of ~15 fs. Photon echo measurements
of SWCNT ensembles revealed a pure exciton dephas-
ing time of 78 fs for E;; transitions.'" In this respect our
value seems reasonable, but further experiments are
needed to make more quantitative analysis.

The data for tube 2 in panel b shows that the sig-
nal is much weaker but still reliably detectable. This
could be due to less favorable resonance conditions
for this tube. A much stronger signal was found out-
side the slit, on the membrane, and it is shown in
panel b with a red line. On the basis of the approxi-
mate position of the species producing the signal,
we measured the resonance Raman spectrum from
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Figure 5. (a) Spectrum of the FWM signal from BBO (blue
line) and from a SWCNT on top of the SisN, membrane (black
line). (b) Scan of the FWM signal over a SWCNT on the SizN,
membrane.

the area and indeed observed a signal from an ap-
parently individual semiconducting tube as de-
scribed earlier. Assuming that the FWM signal origi-
nates from this SWCNT it is interesting to note that
also in this case the signal is broadened with respect
to the BBO reference data shown with a blue line in
the figure. Similar analysis as for tube 1 yielded a
dephasing time of 40—45 fs which is in line with the
result obtained for tube 1. The strong signal from
this tube allowed making further tests. In Figure 5a
the spectrum of the FWM signal measured from the
SWCNT (black line) is presented together with the
corresponding spectrum measured from the BBO
(blue line). The similarity of the spectra indicates that
a correct FWM signal is detected. In addition, it was
verified that the signal originates from a localized
object by scanning the measurement beam over the
tube with a piezo-positioner with a step size of 100
nm. The result is shown in Figure 5b indicating a
cross section of ~800 nm which is approximately
the size of the measurement beam according to the
NA of the objective.

CONCLUSIONS

We have presented the first femtosecond FWM meas-
urements of individual suspended SWCNTSs. To verify
the nature of the measured tubes, they were character-
ized by electron diffraction and Raman spectroscopy.
This analysis confirmed that the tubes are individual
and semiconducting and, moreover, their absolute
structure was determined with the assignment of the
chiral indices to 28,14 and 24,14. An approximate aver-
age electronic dephasing time of 40—45 fs was deter-
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mined which is in a reasonable agreement with the ex-
isting literature values. The presented methodology

MATERIALS AND METHODS

The samples were made on a 500 um thick, double-side pol-
ished (100) Si wafer with a 200 nm thick dielectric layer of SisN,4
on both sides. Firsta 750 X 750 wm? opening in the bottom SisN,
layer was made, using optical lithography followed by reactive
ion etching at a pressure of 55 mTorr and 150 W power with a
gas flow of 50 sccm of CHF; and 5 sccm of O,. This was followed
by wet etching through the Si wafer in 35% KOH at 97 °C, with
an etch rate of ~180 wm/h. The etching process is anisotropic
with an etching angle of 54.7°, resulting in a ~50 X 50 wm Si3Ng
membrane window on the front side. A slit opening with the di-
mensions 2 X 40 pm was made in the SisN, membrane, using
electron beam lithography followed by a second reactive ion
etching. The bottom of the sample was then covered by a 25
nm thick layer of Pd preceded by a 5 nm thick sticking layer of
Ti. The metal layer supports the membrane and can be used for
gating purposes.

SWCNTSs were grown across the membrane in a vertical CVD
reactor. CO was used as the carbon source, Ni as the catalyst ma-
terial, and CNT growth temperature was 740 °C. The SWCNT syn-
thesis is described in more detail elsewhere.?*?* The morphol-
ogy and structure of the suspended carbon nanotubes were
characterized in a Philips CM200-FEG transmission electron micro-
scope (TEM), which is equipped with a Gatan 794 multiscan
charge-coupled device (CCD) camera for digital data recording.

Raman measurements on the suspended tubes were per-
formed with a home-built Raman spectrometer in a backscatter-
ing geometry. The setup is described in detail in ref 25. In short,
532 nm excitation wavelength with 2—4 mW power was used,
focusing was performed with a microscope objective (Nikon
100X, 0.70 N.A.) and the backscattered light was collected with
the same objective.

The FWM measurements were performed with an amplified
femtosecond laser system. A schematic of the measurement
setup is shown in Figure 6. Part of the 1 kHz output of the laser
(Quantronix, Integra-3.5) was used to pump two home-built non-
collinear optical amplifiers (NOPAs) to produce approximately
50 fs pump, Stokes and probe pulses for the experiment. The
pump wavelength was chosen as 532 nm based on the Raman
measurements that indicated resonance at this wavelength. Out-
put of NOPA1 at 532 nm was used to produce pump and probe
pulses. NOPA2 was tuned to 580 nm for Stokes pulse. This wave-
length was chosen to be resonant with the G-band Raman tran-
sition with respect to the pump pulse. Well-collimated laser

=z
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NOPA1 Output
BS
BS <+—F—»
Pump
PMT
Stokes
signal MC
B3\l M
BS

N
LPDB

Objective + Sample

Tube lens + Eyepiece
Figure 6. Optical arrangement for collinear FWM experi-
ment. (BS = 50/50 beamsplitter, LPDB = long-pass dichroic
beamsplitter, MC = monochromator, and PMT = photomul-
tiplier tube).
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opens the door to direct time-domain studies of exci-
tonic and vibrational dynamics of individual SWCNTs.

beams were focused to the sample using microscope objective
(Olympus 50X, NA = 0.45) giving a spot with a diameter below
1 wm. Generated FWM signal was then collected in a back scat-
tering geometry (epi-direction) using the same objective, and
the signal was further separated from possible scattered light of
the incoming beams by using long pass dichroic beamsplitter
(LPDB) (511 BrightLine Dichroic Beamsplitter, Semrock) and a
monochromator (Acton SP-150i equipped with 300 grooves/mm
grating). The collection of the signal in epi-direction is advanta-
geous for detection of weak signal in the presence of strong in-
put pulses. FWM signal propagates to forward and backward di-
rections when the measured object is much smaller than the
wavelength of used light.?° Signal was detected using a cooled
photomultiplier tube (PMT) to reduce thermal noise.

For some measurements, the probe beam was chopped at
500 Hz and the signal was recorded using a lock-in-amplifier.
Lock-in amplifier output was further averaged using Boxcar aver-
ager and digitized to the computer controlling optical delay lines
and piezo-positioners (AttoCube Systems) which were used for
sample movement. When aligning the beams to the sample, a tube
lens and an eyepiece (10X) was installed on the signal line (see Fig-
ure 6) in order to visually pinpoint the beams to the right position.

All pulses were well collimated and aligned to collinear ge-
ometry. Beam sizes were adjusted to match clear aperture of
the objective. Timing of the pulses was controlled using optical
delay lines; pump—stokes delay was adjusted to zero while
stokes—probe delay was scanned. Pulse energies of all three in-
coming pulses were adjusted to ca. T — 2 nJ/pulse (0.3—0.5
J/em?/pulse) at the sample position. Care was taken to ensure
that no photodamage was induced during the signal collection.
Using too high pulse energy could cause irreversible photodam-
age leading to decay and finally total loss of the signal. Typi-
cally 1000 pulses per data point were averaged to obtain reason-
able S/N-ratio for the detected signal. The samples were aligned
so that the polarization of the excitation beams was parallel to
the nanotube axis.
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