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In spite of the outstanding properties of single-walled carbon nanotubes (SWNTs), the coexistence of

metallic and semiconducting SWNTs as a result of synthesis has hindered their electronic and photonic

applications. We demonstrate a pump-probe microscopy method for fast, contact-free mapping of

metallicity in individual SWNTs. We employ the phase of transient absorption as a contrast to

discriminate metallic and semiconducting SWNTs. Furthermore, we have clarified the phase dependence

on the pump or probe wavelengths and the energy structure of SWNTs. Our imaging method holds the

potential of serving as a high-speed metallicity-mapping tool to assist the development of SWNT-based

nanoelectronics.
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Transient-absorption spectroscopy is an established
method widely used to study the electronic energy struc-
ture and energy relaxation process of materials such
as bulk solutions of single-walled carbon nanotubes
(SWNTs) [1–3] using a pump and a probe field. In this
method, the pump light perturbs the electronic states of the
material and the probe light responds to the changed
electronic states, resulting in a transiently enhanced or
reduced absorption of the probe field compared to the
case of no perturbation by the pump field [4]. The pump-
probe signal has recently been used as a contrast in
nonlinear optical imaging of hemoglobin and melanin in
biological tissues [5–7], and the potential for characteriza-
tion of nanomaterials such as graphene is emerging [8].
Despite these advances, no one has exploited the phase of
the pump-probe signal as an imaging contrast. Here, we
employ the phase of the transient-absorption signal to
discriminate metallic and semiconducting SWNTs. In our
setup shown in Fig. 1, the transient-absorption signal is
obtained by intensity modulation of the pump field and
phase-sensitive detection of the probe field. We define the
phase of transient absorption as � ¼ tan�1ðY=XÞ where X
and Y are signals from the in-phase and quadrature chan-
nels of the lock-in amplifier (cf. supplementary material
[9]). Our method provides the sensitivity of imaging
individual SWNTs by tightly focusing two collinearly
overlapped picosecond (ps) lasers on a laser-scanning mi-
croscope platform, and by modulating the pump field at
MHz frequency to avoid the laser intensity noise at low
frequency. We have minimized the thermal lens effect [10]
by using a high numerical aperture objective for signal
collection and by placing the sample at the focal center. We
found that the stimulated Raman scattering signal [11],

which can arise from theG band of SWNTs, was negligible
compared to the transient-absorption signal. Our time-
resolved measurements further showed that the transient-
absorption signals were maximized at zero time delay
between the pump and probe fields (cf. supplementary
material [9]).
To determine whether the transient-absorption signal

can be used to map metallicity, we studied pure metallic
(m-SWNTs) and semiconducting (s-SWNTs) nanotubes

FIG. 1 (color online). Schematic drawing of a transient-
absorption microscope. A pump laser and a probe laser are
collinearly combined. The pump laser intensity is modulated
by an acousto-optic modulator at 1.13 MHz. The forward probe
beam is detected by a photodiode detector. A lock-in amplifier is
used to extract the amplitude and phase of the transient-
absorption signal. The rectangular box shows that the in-phase
and antiphase modulations of the probe field, relative to the
modulation of the pump field, corresponds to a negative and a
positive transient absorption, respectively.
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separated by density gradient ultracentrifugation [12] and
dispersed on coverslips. A pump field at 707 nm and a
probe field at 885 nm were used for imaging. Figures 2(a)
and 2(b) show the images of s-SWNTs by the lock-in in-
phase- and quadrature-channel signals, respectively. We
observed a positive contrast in the in-phase-channel image
[Fig. 2(a)] and little contrast in the quadrature-channel
image. Therefore, the signals from the s-SWNTs have
the phase of 0�, which corresponds to an in-phase modu-
lation of the probe (or reduced transient absorption).
Quantitative phase information is shown in Fig. 2(c), where
the in-phase signal with � ¼ 0� is indicated by light grey
(aqua) color. The in-phase channel, quadrature channel,
and phase images of m-SWNTs are obtained in the same
way and shown in Figs. 2(d)–2(f), respectively. Different
from the s-SWNTs, the m-SWNTs show a negative con-
trast in the in-phase-channel image [Fig. 2(d)] and little
contrast in the quadrature-channel image [Fig. 2(e)]. These
signals correspond to the phase of 180�, which indicates
an antiphase modulation of the probe field (or enhanced
transient absorption). Accordingly, all the m-SWNTs
are indicated with grey (red) color in the phase image
[Fig. 2(f)]. Collectively, we observed opposite contrast in
the in-phase-channel and phase images between s- and

m-SWNTs. To confirm the assignments, we recorded the
spontaneous Raman spectra of the s- and m-SWNTs in-
dicated with a cross mark in Figs. 2(c) and 2(f). The
Raman spectrum of s-SWNTs shows a sharp Gþ mode
peaked at 1587:6 cm�1 [Fig. 2(g)]. The Raman spectrum
of m-SWNTs shows a broad G� mode peaked at
1559:4 cm�1 and a Gþ mode peaked at 1585:1 cm�1

[Fig. 2(h)]. These results are consistent with previous
studies [13–15] and validate our transient-absorption data.
To elucidate the different phases in the transient-

absorption signals, we studied the electronic energy struc-
tures of the SWNTs used in our experiments and measured
the dependence of the in-phase-channel signal on the pump
or probe wavelengths. Figure 3(a) shows the extinction
spectra of the m- and s-SWNTs in an aqueous solution.
Them-SWNTs show a broad absorption peak near 700 nm,
which corresponds to the transition between the first va-
lence and the first conduction van Hove singularity, EM

11, in

m-SWNTs [12]. The s-SWNTs show a broad absorption
peak near 1000 nm, which corresponds to the transition
between the second valence and the second conduction
van Hove singularity, ES

22, in s-SWNTs [12]. Because

SWNTs with different chiralities contribute to the averaged
absorption, both s- and m-SWNTs show broad absorption
peaks. The dependence of the transient-absorption signal
on the probe wavelength is shown in Figs. 3(b) and 3(c). In
Fig. 3(b), the wavelength of the pump beam was fixed to
707 nm and the probe beam was scanned from 820 to
960 nm based on the tunability of the laser. Two important
results were obtained. First, the in-phase-channel signal
from s-SWNTs is positive through the scanned wavelength
range, while the signal from m-SWNTs is negative.
Second, the magnitude of the signal for the s-SWNTs
increases with increasing probe wavelength until 960 nm.
We further studied the signal dependence on the probe
energy with the pump field wavelength tuned to 885 nm,
which is off resonance with EM

11 and near resonance with

ES
22. The dependence of the signal on the probe wavelength

from 707 nm to 790 nm was shown in Fig. 3(c). The signal
from s-SWNTs became negligible when the probe energy
is above ES

22. On the contrary to the result shown in

Fig. 3(b), the m-SWNTs show a positive sign, correspond-
ing to an in-phase modulation (or reduced absorption)
through the scanned probe wavelength range. Moreover,
the signal shows a peak at 720 nm, which is close to EM

11.

The corresponding phase image and time-resolved mea-
surement indicate in-phase signals for all m-SWNTs
(cf. supplementary material [9]).
For s-SWNTs, the increase of the signal with the probe

energy approaching ES
22 [Fig. 3(b)] indicates a contribution

from stimulated emission [16], as depicted in Fig. 3(d). In
this process the excited electrons by the pump field which
has a higher energy than ES

22 relax to the band edge. The

probe field which has an energy close to ES
22 then produces

the stimulated emission. Such process enhances the

FIG. 2 (color online). (a),(b) In-phase and quadrature-channel
image of semiconducting SWNTs, respectively. (c) Phase image
of semiconducting SWNTs. (d),(e) In-phase and quadrature-
channel image of metallic SWNTs, respectively. (f) Phase image
of metallic SWNTs. (g),(h) Raman spectrum of the G band in
semiconducting and metallic SWNTs, respectively. The data
acquisition positions are indicated by cross in (c) and (f). The
images in (a),(b) and (d),(e) were acquired with a speed of 50 �s
per pixel, resulting in 13 s per frame. Scale bar ¼ 2 �m for all
images.
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intensity of the probe beam and results in a positive phase
of the signal. To elucidate other contributions to the in-
phase modulation, we further studied the dependence of
the in-phase-channel signal on the pump and probe laser
intensity. We found a linear relationship at the low power
regime and a saturation when the pump and probe power
exceeds 1.9 and 5.8 mW, respectively, (cf. supplementary
material [9]). Thus, for the pump power of 0.7 mWused for
imaging, it is possible the in-phase modulation of the probe
is partly due to ground state bleaching [17].

For m-SWNTs, the in-phase modulation of the probe
beam shown in Fig. 3(c) cannot be explained as a stimu-
lated emission because the pump field at 885 nm is below
EM
11. Instead, this in-phase modulation can be interpreted

by the photoinduced broadening of the transition width
[3,18]. In m-SWNTs, a laser field with energy lower than
EM
11 is still able to vary the oscillator strength due to the

absorption of light by the free electrons [1,19,20]. For our
case, the presence of the pump field at 885 nm decreases
the oscillator strength at the transition peak of EM

11 and

reduces the transient absorption of the probe around
720 nm accordingly [Fig. 3(e)]. The same mechanism
can be applied to interpret the negative phase for
m-SWNTs shown in Fig. 3(b). In this case, the transition
broadening induced by the pump field leads to an increase
of the oscillator strength at the off-resonance energy, which
results in an enhanced absorption of the probe field.

Based on the characterizations of m- and s-SWNTs, we
further demonstrated transient-absorption imaging of
aligned SWNTs (cf. supplementary material [9]) grown on

special-cut quartz substrate [21]. Because the SWNTs were
on a transparent plate, the forward signal from the SWNTs
can be collected using an objective lens as shown in
Fig. 4(a). To locate the individual SWNTs, atomic force
microscope (AFM) image of the sample was taken as shown
in Fig. 4(b). The vertical lines indicated with numbers (1),
(2), and (3) are SWNTs. The height profile [inset in
Fig. 4(b)] shows a height of approximately 1.0 nm for the
SWNTs, indicating their singularity. Figure 4(c) shows the
in-phase-channel transient-absorption image of the SWNTs
corresponding to the AFM image. The wavelength of the
pump and the probewere 707 and 885 nm, respectively. The
locations of the SWNTs exactly match those in the AFM
image. The transient-absorption image clearly shows the
sensitivity to recognize individual SWNTs. Furthermore,
the SWNT at location (1) shows a negative signal while
the SWNTat location (3) shows a positive signal. According
to discussion on Fig. 2, SWNTs at (1) and (3) are expected
to be a m-SWNT and a s-SWNT, respectively. After the
pump and the probe wavelengths were switched to 885 and
707 nm, the signal from them-SWNT at (1) changed its sign
to positive and the signal from the s-SWNT at (3) was too
weak to determine its sign [Fig. 4(d)]. This result is con-
sistent with our observation in Fig. 3(c), further confirming
our assignment for SWNTs (1) and (3). The transient-
absorption signals from the closely located two SWNTs at
(2) do not show the same wavelength dependence as (1) and
(3), possibly because the two SWNTs located within the
focus of excitation have different metallicity, leading to
a cancellation of the total transient-absorption signal. It

FIG. 3 (color online). (a) Extinction spectrum of the metallic and semiconducting SWNTs. (b),(c) Dependence of the transient-
absorption signal on the probe wavelength with the pump field at 707 nm and 885 nm, respectively. The probe wavelength of 885 nm
used to acquire the phase image in Fig. 2 is indicated with two dotted lines in (b). (d) Electronic energy density state of s-SWNTs and
diagram showing stimulated emission from s-SWNTs. c and v represent conduction and valence bands, respectively. (e) Broadening of
the EM

11 transition in m-SWNTs due to excitation of free electrons by the pump field. When the probe energy is resonant with EM
11, the

decrease of the oscillator strength leads to in-phase modulation of the probe. When the probe energy is off resonance with EM
11, the

increase of the oscillator strength leads to antiphase modulation of the probe.
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should be noted the band gap energy of SWNTs highly
depends on the tube diameter [22]. For SWNTs of different
diameters, different pump and probe energies are needed to
obtain the same phase contrast between the semiconducting
and metallic species. If a sample contains SWNTs of
various diameters, one could determine the metallicity by
scanning the pump and probe wavelengths.

In phase contrast microscopy with one excitation beam,
the optical image phase is described as nd=�, where n is
the refractive index, d is the thickness of an object, and � is
the light wavelength. The diameter of SWNTs ranges from
0.7 nm to 4 nm. Because the diameter is very small
compared to the optical wavelength of approximately
800 nm, the optical phase contrast due to variation of
nanotube diameter is negligible. For this reason, SWNTs
are not visible in traditional phase contrast microscopy.
In our method, the pump field perturbs the electronic state
of the SWNT and the probe field senses the changed

electronic state in the form of stimulated emission or
enhanced absorption, which gives in-phase and antiphase
signals, respectively. By selecting proper pump and probe
field energies, this pump-probe signal allows us to visual-
ize individual SWNTs and determine their metallicity as
well.
To summarize, our results demonstrate that the metallic-

ity of an individual SWNT can be determined by the phase
of the transient-absorption signal. Our mapping method
could potentially assist the screening of nanotubes when
coupled with laser ablation to remove unwanted nanotubes.
Further development of the transient-absorption imaging
platform with extended wavelength tunability and time-
resolved measurement will provide great potential to inves-
tigate metallicity, chirality, and carrier dynamics within
single nanotubes and other nanostructures.
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FIG. 4 (color online). (a) Schematic drawing of the aligned
SWNTs on the quartz substrate and excitation and collection of
the light. (b) AFM image of aligned individual SWNTs indicated
by (1), (2), and (3). At location (2) there are two individual
SWNTs separated by 200 nm. Embedded are the height profiles
for each SWNT. (c),(d) Transient-absorption images of the same
location where the AFM image is taken, with the pump and
probe wavelengths at 707 and 885 nm (c), and of 885 and 707 nm
(d), respectively. The transient-absorption signals have a lateral
resolution of 440 nm, defined as the full width at half maximum
of the intensity profile cross the SWNT. The SWNT at (3) shows
slightly wider intensity profile at the bottom than at the upper
part (c), possibly due to the presence of another short SWNT at
the bottom as shown in the AFM image.
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