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Large Optical Nonlinearity of Semiconducting Single-Walled Carbon Nanotubes
under Resonant Excitations
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We measured third-order nonlinear susceptibility (y®)) spectra in semiconducting single-walled carbon
nanotubes (SWNTs) by the Z-scan method. [Im y®| is remarkably enhanced under resonant excitation to
the lowest interband transition, reaching 4.2 X 1076 esuand 1.5 X 1077 esu in SWNTs grown by the laser
ablation and HiPco methods, respectively. A comparison of the transient absorption changes evaluated by
degenerate and nondegenerate pump-probe measurements suggests that the resonant enhancement of
[Imy®| is dominated by a coherent process rather than by saturation of absorption.
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The rapid progress of the optical communication net-
work demands all optical switching devices which enable
terahertz control of phase, amplitude, and route of lights.
For the realization of such ultrafast control of lights, non-
linear optical (NLO) materials with large third-order non-
linear susceptibility y'¥ and small relaxation time of
photocarriers are indispensable. One-dimensional (1D)
materials are good candidates of NLO materials, since
quantum confinement of electron-hole motion on 1D space
can enhance y®. Recently, the high potential of single-
walled carbon nanotubes (SWNTs) as NLO materials
has been suggested from both the experimental and the
theoretical point of view [1-8]. Semiconducting SWNTs
(SC-SWNTs) have the lowest absorption peak around the
optical fiber communication wavelength (1.55 pwm). Its
optical nonlinearity is therefore attracting interest concern-
ing possible applications to optical switching devices as
well as academic interest in the field of physics and
chemistry.

Quantitative evaluation of y®(—w; w, —w, w) around
the absorption peak of SC-SWNTs has been reported by
two groups on SWNTs synthesized by the high pressure
decomposition of carbon monoxide (the HiPco method).
One was given by a pump-probe (PP) measurement with a
150 fs laser pulse [5], in which Imy® near the absorption
peak (1.55 um) was roughly estimated as —107 !9 esu.
Another was given by using a Z-scan method with a
200 fs laser pulse [6]. The study showed that Imy'® at
the absorption peak (1.3 wm) is fairly large, reaching
—8.5X 1078 esu. In both studies as well as in other
NLO studies on SWNTs, observed third-order optical non-
linearity around the gap transition has been attributed to
saturation of absorption. There has, however, been no
spectroscopic study of ¥, and therefore the mechanism
for the enhancement of y® has not been fully understood
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yet. The time characteristic of the optical response has also
been investigated by several groups using PP methods
[5,6,9-11]. Those studies revealed that the relaxation
time of photoexcited states in SC-SWNTs is very fast,
being less than 1 ps. The origin for such an ultrafast optical
response has, however, not been clarified yet.

In this Letter, we report quantitative
Imy®(—w; w, —w, w) spectra of the two kinds of
SWNTs synthesized by the laser ablation and the HiPco
method, which are abbreviated in the following as L-
SWNT and H-SWNT, respectively. By using the Z-scan
method [12], Imy® was evaluated in the whole energy
region of the gap transition in the SC-SWNTs. |Imy®| was
found to be remarkably enhanced under resonant excitation
to the gap transition, reaching 4.2 X 107® esu in L-SWNTs
and 1.5 X 1077 esu in H-SWNTs. We also studied time
characteristics of the optical response in the two SWNTs
by PP measurements under the resonant excitation condi-
tion and evaluated the relaxation time 7. The results
revealed that the figure of merit (FOM) for third-order
optical nonlinearity in SWNTSs is very large as compared
with that of conventional semiconductors. In addition, by
comparing the responses for the resonant excitation and
off-resonant one, we demonstrate that the enhancement of
optical nonlinearity under the resonant excitation condition
is dominated mainly by a coherent process rather than by
an incoherent one, such as saturation of absorption.

L-SWNTs were made by the method previously reported
[13]. From the energy dispersive x-ray spectroscopy, the
catalyst impurities (Ni) were found to be very small, being
just 1 at.%. H-SWNTs were purchased from Carbon
Nanotechnologies, Inc. and used without further purifica-
tion. Thin film samples were prepared by spraying SWNTs
suspended in ethanol under sonication on CaF, substrates.
The absorption spectrum of the L- (H-)SWNT film with the
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thickness L, of ~160 nm (130 nm) is presented in Fig. 1.
The absorption band at 0.6—1.1 eV corresponds to the
lowest interband transition of SC-SWNTs, on which we
focus in this study. The broadening of this band is due to
distributions of tube diameter d. It is known that the
average d value of H-SWNTs (~0.9 nm) is smaller than
that of L-SWNTs (~1.4 nm), and the interband transition
energy is approximately proportional to d~' [14]. As a
result, in H-SWNTs, the peak energy of the absorption
band is relatively large.

In both the Z-scan and PP measurements, we used laser
pulses with 110 fs duration obtained from optical para-
metric amplifiers pumped by a Ti:Al,O5 regenerative am-
plifier system operating at 1 kHz. To evaluate Imy'® of the
films by the Z-scan method, we used a SiO, plate as a
reference, in which the absolute value of the nonlinear
refractive index n, is known. The linear refractive index
ng and the extinction coefficient «,, which are also neces-
sary to evaluate Imy'®, were obtained by analyzing the
results of ellipsometry, absorption, and reflectance mea-
surements. The detailed procedure to determine Imy®
using SiO, as a reference has been reported in Ref. [15].
In the PP measurement, we detect time evolution of the
transmittance change AT(¢)/T and deduce the photoin-
duced change Aa(r) of absorption coefficient a from
AT(t)/T using the following relations:

Aa(f) = Aay(t) X exp(_apumpx)’ (1)

oy INLAT() /T + 1]

Aao(r) = — .
aO(t) 1 - exp(_apumpLs)
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Here, apymp is the linear absorption coefficient for the
pump light in the sample, A (7) is the absorption change
of the probe light at the sample surface, and x is the
distance from the sample surface.

A typical Z-scan profile from the L-SWNT film in the
open-aperture condition [12] is presented in Fig. 2(a).
Magnitudes of the signals are characterized by
f~NT(0)), which is proportional to the photoinduced
change of « at the sample surface for z = 0. Here, f(x) =

b
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FIG. 1. Absorption spectra of L-SWNTs and H-SWNTs.

[In(x + 1)]/x. For an accurate evaluation of Imy® by the
Z-scan method, we have to adjust the intensity of the
incident light P, so that f~!'(7(0)) is proportional to P,.
In Fig. 2(b), we show the P, dependence of —f~'(T(0)) at
around the absorption peak (0.704 eV in L-SWNTs and
0.970 eV in H-SWNTs). —f~!(T(0)) is proportional to P,
for P, <0.3 nJ (1.0 nJ) and is saturated for P, ~4 nJ
(30 nJ) in L- (H-)SWNTs. All the ImX(3) measurements
shown below are performed in the condition that
— f~1(T(0)) is proportional to P,. In the PP measurements,
we also adjusted the pump power, yymp, as Aay(0) is
proportional to .

The —Imy® spectra of L-SWNTs and H-SWNTs ob-
tained by the Z-scan method are presented in Fig. 3, to-
gether with ny and ky. Maximum values of |Imy®®|
(max|Imy'¥|) are very large, reaching 4.2 X 107 esu in
L-SWNTs and 1.5 X 1077 esu in H-SWNTs. To compare
the spectral shape of Imy® with that of the linear absorp-
tion for the interband transition, we subtracted the back-
ground from the €, spectrum around the band gap region.
The obtained €, spectra are shown in Fig. 3 by the gray
lines, the spectral shapes of which are quite similar to those
of Imy®. This similarity indicates that the observed NLO
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FIG. 2. (a) Typical Z-scan profile of the L-SWNT film in the
open-aperture configuration at 0.704 eV. (b) Incident-power
dependences of —f~'(T(0)) in L-SWNTs at 0.704 eV and in
H-SWNTs at 0.970 eV. The solid lines show a linear relation
between —f~!(T(0)) and the incident power.

047404-2



PRL 94, 047404 (2005)

PHYSICAL REVIEW LETTERS

week ending
4 FEBRUARY 2005

response is due to the photoinduced change of the absorp-
tion spectrum associated with SC-SWNTs.

Another important result about the optical nonlinearity
is the time characteristics of the response. In Figs. 4(a) and
4(b), we present the time evolutions of —A«, obtained by
the PP measurement with degenerate configuration, in
which both the pump energy (E,,,p) and the probe energy
(Eprobe) are set at the absorption peak indicated by the solid
arrow in Fig. 3 (0.688 eV for L-SWNTs and 0.953 eV for
H-SWNTs). The observed time characteristics cannot be
explained by a single exponential decay but are composed
of the two components: the ultrafast component and the
slower one, the decay times of which are much shorter and
longer than the pulse duration of 110 fs, respectively. We
simulated — A «y with the following equation including the
convolution of the pump and probe pulses:

—Aay(t) = A, exp[_G)Z} T exp<_ Til)

% [“expld /Ty — (¢/7)*]dl’
[% o explt! /Ty — (¢'/7)*]dr’"”

Here, 7 is the parameter associated with the pulse duration.
A; and A, are the amounts of the ultrafast and slow
components at ¢ = 0, respectively. —Aay(7) is well repro-
duced by Eq. (3), as shown by the solid lines in Figs. 4(a)
and 4(b). 7 is set to 110 fs, and the other parameters are
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FIG. 3. —Imy® spectra (solid circles) of L-SWNTs (a) and H-
SWNTs (b). ny and k, are also shown by the solid and dashed
lines, respectively. The gray lines show the normalized e,
spectra, in which the background [the straight line from
0.50 eV (0.60 eV) to 0.83 eV (1.31 eV) for L- (H-)SWNTs] is
excluded. The solid and open arrows indicate the energy posi-
tions of the pump light used in the degenerate and nondegenerate
PP measurements shown in Fig. 4, respectively.

A} = 1.24 X 10* (1.57 X 10%), A, = 4.37 X 10° (5.06 X
10%), and T; = 0.90 ps (0.35 ps) for L- (H-)SWNTs. The
calculated ultrafast and slow components are represented
by the shaded area and the broken line, respectively.
A/(A; + A,) is about 0.75 in both SWNTs, indicating
that the ultrafast response dominates the large optical
nonlinearity.

The experimental configuration of the degenerate PP
measurement at ¢t =0 ps is the same as that of the
Z-scan method, so we can compare the Imy'® values
deduced in the two methods. Imy® can be calculated
from the magnitudes of Aqy(0) using the formula
Imy®) = €yc?n3/Bwlpymy)Aery(0). Here, € is the permit-
tivity of vacuum and c the light velocity. The obtained
—Imy® is 3.0X 10 %esu (1.8 X 1077 esu) for L-
(H-)SWNTs, which is fairly consistent with that evaluated
from the Z-scan method.

To clarify the origin of the two components in the time
characteristics, we performed nondegenerate (two-color)
PP measurements, in which only E,, is shifted to the
higher energy at 0.739 eV (1.022 eV) for L- (H-)SWNTs,
which is indicated by the open arrow in Fig. 3. The time
evolutions of —Aa(z) are shown in Figs. 4(c) and 4(d),
which can be reproduced by the single exponential com-
ponent as shown by the solid line. The obtained parameters
are A, = 153X 10° (1.22X10%>) and T, = 1.0 ps
(0.35 ps) for L- (H-)SWNTs. The values of T are almost
equal to those evaluated from the degenerate PP measure-
ments. Since the similar slower component is observed in
the degenerate and two-color PP measurements in com-
mon, it is attributable to saturation of absorption, that is,
incoherent NLO response. Namely, T reflects the decay

Delay Time [ps]

FIG. 4. Time characteristics of — A, (solid circles) in L- and
H-SWNTs with the degenerate [(a),(b)] and the nondegenerate
[(c),(d)] condition [(2) Epymp = Eprope = 0.688 €V; (b) Epyp =
Eprgpe = 0.953 €V; (0) Epymp = 0.739 €V, Epgp. = 0.688 €V
and (d) Eyymp = 1.022 €V, Epgp. = 0.953 eV]. Solid lines
show the fitting curves by Eq. (3). The shaded area and the
broken line in (a) and (b) show the ultrafast and slow compo-
nents, respectively.
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time of the photoexcited states. Very recently, it has been
reported that the relaxation process of the photoexcited
states in the micelle-suspended isolated SC-SWNTSs occurs
with the decay time of ~10 ps [16], which is much longer
than that reported previously in the SWNT films [5,6,9—
11] and that evaluated in our SWNT films. It has been
ascertained from the transmission electron microscope
measurement that our SWNT films are composed of the
bundles. It is, therefore, reasonable to consider that the
relaxations with 7| of 1 ps (0.35 ps) for L-SWNTs (H-
SWNTs) will be dominated by charge transfer and/or
energy transfer of the photoexcited electrons and holes to
neighboring metallic tubes, as suggested previously [10].

On the other hand, the ultrafast component is observed
only for the degenerate PP measurement. Therefore, it is
reasonably attributed to the coherent NLO response. This
coherent response is interpreted as an optical Stark effect
and a stimulated emission. As for the NLO response of SC-
SWNTs, Margulis et al. theoretically suggested the impor-
tance of the coherent response characteristic of the two-
level system [2,3]. The ultrafast response observed in our
study is essentially the same with what they proposed.
They also discussed the contribution of the combined
process of the intrerband-intraband transitions to the
NLO response, which gives the two-photon absorption
(TPA). In our study, however, Imy® is always negative
and the increase of the absorption is not observed. To
examine the TPA process, more detailed studies such as
the PP spectroscopy should be necessary.

The degenerate PP experiments under resonant excita-
tion have been previously reported on the bundled SWNTs
[6,10] and on the isolated SWNTs [16]. In these studies,
the increase of the transmittance was attributed to satura-
tion of absorption. In the former studies, the pulse width of
the used laser is not so small, being 200 fs [6] and 180 fs
[10]. Considering the convolution of pump and probe
pulses, the time resolution will be larger than 250 fs. In
the latter study [16], the time resolution also seems not to
be so high, probably because the sample is in a liquid state.
Such low time resolutions might be the reason why the
coherent process was not clearly seen in those studies.

As detailed above, the NLO response at t = 0 ps in the
degenerate PP measurement is dominated mainly by the
ultrafast response, that is, the coherent process. In fact,
max|Aag| at r = 0 ps in the two-color PP measurement is
about one-sixth (one-eleventh) of that observed in the
degenerate PP one for L- (H-)SWNTs. From these results,
large —Imy'® obtained by the Z-scan method is also
attributable mainly to the coherent process.

In addition to Imy®, we measured Rey® in L-SWNTs
at 0.756 eV (1.64 um) using the closed-aperture condition
[12] of the Z-scan method (not shown). The obtained
Rex'¥ reaches (1.3 = 0.2) X 107° esu, which is as large
as —Imy®. It demonstrates that the optical control of the
refractive index will also be possible in SWNTs.

When we consider the applications of NLO materials,
it is more practical to evaluate FOM defined as
[Imy®|/(aT,). In this sense, the bundled SWNTSs with
T, ~ 1 ps will be more advantageous than the isolated
SWNTs with T, ~ 10 ps. By using the values of [Imy®|,
a, and T, evaluated in this study, FOM is deduced to be
68 esucm/s at 1.8 um in L-SWNTs and 6.3 esucm/s at
1.4 um in H-SWNTs. The value in L-SWNTs is tremen-
dously larger than those of other semiconductors:
0.010 esucm/s at 0.90 um in GaAs [17,18] and
2.6 esucm/s at 0.94 um in polydiacetylene [19-22],
which is well known to show large optical nonlinearity.
In SWNTs, the optical gap is tunable by the control of tube
diameter and large FOM will be obtained at 1.55 pum.
Judging from these facts, it can be concluded that
SWNTs are strong candidates for future NLO materials.

In summary, we have measured Imy® spectra by the
Z-scan method in SWNTs. The max|Imy®| is fairly large,
reaching 4.2 X 1076 esu and 1.5 X 1077 esu in L-SWNTs
and H-SWNTs, respectively. A comparison of degenerate
and nondegenerate pump-probe measurements suggests
that the enhancement of |Im )((3)| under resonant excitation
is due to a coherent process rather than an incoherent one,
such as saturation of absorption. In addition, the value of
the figure of merit for SWNTs is much larger than that for
other semiconductors, demonstrating the high potential of
SWNTs as NLO materials.
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