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Surface second-harmonic generation (SHG) is shown to be observable for carbon nanotube (CNT) films grown by CVD on fused silica. The SHG
intensity ratio for incident radiation polarized perpendicular and parallel to the plane of incidence at the fundamental radiation (1064 nm) is
observed to have typical values for the two kinds of grown film: a film with aligned CNTs and a film with randomly oriented CNTs lying on a
substrate sheet. SHG is discussed to originate not from the CNT bulk but from the film surface. The polarization ratio obtained for the two kinds of
film was consistent with that calculated for a composite film of spheroidal particles with varying diameters employed to approximate the actual CNT
films. The present findings may be applied to in situ evaluation of the initial stage in the CVD growth process of CNTs.

© 2019 The Japan Society of Applied Physics

1. Introduction

The nonlinear optics of carbon nanotubes (CNTs) have
attracted considerable attention because of their quasi-one-
dimensional structures and unique electronic properties
applicable to field effect transistors, diodes, gas sensors,
transparent conductive materials and so on, which also
suggests the possibility of their application in optical
harmonic generation and ultrafast optics and photonics.1–5)

Single-walled carbon nanotubes (SWNTs) can be regarded as
a rolled-up graphene sheet shaped as rather long cylindrical
tubes with a diameter up to 2 nm, and characterized by the
tube diameter and chiral angle. The resulting low dimension-
ality (quasi-one-dimensional structure) determines most of
the electronic properties relevant for the nonlinear optical
response of SWNTs. From the structural point of view,
SWNTs are classified into two types in accordance with their
symmetry properties determined by the chiral indices (n, m).
Indices with combinations (n, n), called armchair, and (n, 0),
called zigzag, determine invariant achiral SWNTs, whereas
all other values of the indices (n, m) give rise to chiral
SWNTs which lack invariance under the inversion operation.
Because the electronic structure of CNTs is either metallic or
semiconducting depending on their chiral indices (metallic
for 2n+m= 3N and semiconducting for all other combina-
tions), naturally formed CNTs may be a mixture of 1/3 metal
and 2/3 semiconducting CNTs. Here, N and n are positive
integers, and m is zero or a positive integer.
Currently, relatively few research works have addressed

the second-harmonic generation (SHG) abilities of CNTs
because the second-order nonlinear susceptibility χ(2)
vanishes for centrosymmetric materials and racemic mix-
tures. This is in contrast to third-harmonic generation where
there are no such restrictions. In CNT materials, it has been
discussed that the optical second harmonics (SH) are
generated through surface interactions, local imperfections,
deformation or the macroscopic chirality resulting from the
nonracemic assembly of the CNT structure.6–9) From the
observation that there was no SHG from commercially
available CNTs, in contrast to the SHG observed for a
sample grown with a catalyst-free method, together with

other polarization measurements, the authors proposed that
chiral SWNTs with strong structural defects are responsible
for SHG.10,11) All the SHG experiments to have studied
SWNTs so far have attributed the origins of SHG to chirality
or surface anisotropies or local deformations in the
structure.8–11)

Reference 6 reported SHG from well-aligned 0.4 nm
single-walled chiral CNTs in the channels of AlPO4-5 zeolite.
Since the dependence of SH polarization on excitation
polarizations and the spectral feature with a resonance at
2 eV were consistent with theoretical calculations of χ(2) for
chiral (4, 2) CNT species,12) the researchers were able to
identify that the SHG originated from chirality. SHG from
individual SWNTs has also been demonstrated by imaging
individual tubes, and it was suggested that the structural
noncentrosymmetry required for SHG arose from the nonzero
chiral angle of the SWNTs.13)

CVD is currently the most popular method of producing
CNTs. In CVD, thermal decomposition of a hydrocarbon
vapor is achieved in the presence of a metal catalyst.2–5) CVD
is a simple and economical technique for synthesizing CNTs
at low temperature and ambient pressure. CVD is known to
provide superior structural control of CNT architecture, and
the obtained yield and purity are better than for the arc and
laser methods. CVD is the only method that provides
structural control.14,15) The water-assisted synthesis method
(super-growth CNT synthesis) has been demonstrated to
produce super dense and vertically aligned nanotube forests
with heights up to 2.5 mm.16)

Although various techniques for producing CNTs have
been proposed to improve the yield and the diameter
distribution, the samples produced are still mixtures.17) It is
clearly very important to characterize the interfacial structure
between SWNTs and the ambient air in order to control CNT
growth for particular practical applications. Nonlinear optical
spectroscopy is a powerful techniques for this structural
characterization due to its high sensitivity to the interface.18)

Then, surface SHG or interface SHG may demonstrate the
SHG capabilities that reflect the topologies and orientations
of the CNTs.19) Metallic or semiconducting CNT films, or
chiral or racemic films, may also be expected to demonstrate
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different SHG capabilities.20,21) Moreover, an enhancing
electric field (lightening rod) may also be expected in the
needle-like structure of CNTs.19)

In the present study, we examined the surface SHG
capability of CNT films on a supported sample prepared in-
house by CVD on a SiO2 substrate. The SHG intensity for
incident radiation polarized perpendicular and parallel to the
plane of incidence for the fundamental radiation (1064 nm)
and the intensity ratio were observed to have typical values
for the two kinds of grown film—aligned carbon nanotube
(A-CNT) film and a film of randomly oriented CNTs lying on
a substrate sheet (R-CNT) film—as evaluated by Raman and
scanning electron microscopy. These values are also different
from that of a smooth metal surface. By approximating the
CNT–air interface of CNT films by a composite film of
spheroidal particles with varying diameters, we were able to
calculate and qualitatively reproduce the observed polariza-
tion ratios.22,23) The SHG is thus discussed to originate not
from the CNT bulk but from the film surface; moreover, we
discuss that the surface morphology of the CNT film is
reflected in the polarization ratio. The present finding may
certainly be applied to in situ evaluation of the initial stage of
CVD growth of CNTs.

2. Experimental details

2.1. Sample preparation
CNTs were grown on catalyst-coated substrates by ethanol-
CVD. The performance of metal catalysts is known to depend
largely on the support material24) and an alumina (Al2O3)
substrate is commonly used for high-yield growth of long
SWNTs. Accordingly, we prepared the alumina layer by
oxidizing a 15-nm-thick Al layer on a silica substrate in air at
773 K for 15 min, following the procedure of Ref. 24.
It is known that SWNTs tend to lie on the substrate surface

when the density of metal catalysts is low, while SWNTs
tend to grow vertically when the catalyst density is high.16) In
order to synthesize A-CNT and R-CNT films, Co catalysts
were supported on the alumina layer by vacuum evaporation
and dip-coating, respectively, because the density of the
catalysts supported by the former method is much higher than
that by the latter method. In the former case, Co films of
thickness 0.5 nm were deposited in a vacuum chamber and
oxidized fine particles were formed by heating in air at 773 K
for 15 min. In the latter case, Co-containing compounds were
coated by the dip-coating procedure17) and oxidized fine
particles were formed by heating in air at 673 K for 5 min. In
the CVD process, Ar/H2 gas (3% H2 by volume) flowed
inside a quartz tube during heating to the reaction tempera-
ture in order to activate the oxidized Co particles. After the
furnace temperature reached 973–1073 K, Ar/H2 gas was
replaced with ethanol vapor and CVD was performed at 4
kPa for 10 min. CNT samples were then characterized with a
scanning electron microscope (SEM; JSM-7001F, JEOL), or
a Raman spectrometer (inVia Reflex, Renishaw) with 532 nm
laser excitation.
Figure 1 shows typical SEM images of an A-CNT film.

Figures 1(a)–1(e) are taken with the alumina substrate tilted
by 70° from the position for the top view so that the cross-
sectional view is highlighted. The flat area in Figs. 1(a) and
1(c) is the substrate surface of the alumina layer which is
exposed due to intentional peeling off of parts of the CNT

film. Since the CNTs grow sparsely because of the lack of
catalyst particles with smaller diameters favorable for CNT
growth,25) the substrate surface is partially exposed in
Fig. 1(e). As shown there, films with a thickness of about
10 and 0.5 μm for A-CNT and R-CNT, respectively, were
employed in the SHG measurements.
2.2. SHG experiments
Figure 2 shows an experimental setup for SHG measurements
and has been described elsewhere.26) The linearly polarized
laser radiation at 1064 nm (1.17 eV) from a Q-switched Nd:
YAG laser with a repetition rate of 10 Hz, a pulse duration of
10 ns and a bandwidth of 0.3 cm−1 was directed at an angle
of incidence of about 45° onto the sample surface and weakly
focused to a diameter of 1.5 mm. The SHG signal was
detected by a photomultiplier tube with gated electronics
averaging for typically 100 pulses. The input laser energy
was less than 1.5 mJ per pulse; this was low enough to
prevent any irreversible changes from being induced on the
surface. In the experiment, we measured the polarization-
selected SHG intensity Gpp and Gsp, where Gij indicates the j-
polarized SH intensity for an i-polarized pump field and the
polarization-selected SHG ratio (Gpp/Gsp) was used in the
data analysis. Note the incident beam with s or p polarization
is allowed to generate SH photons with p polarization even
on an isotropic surface through a different component of the
second-order susceptibility.18)

UV laser irradiation on CNT films is known to increase the
threshold for laser-induced damage, probably because the
irradiation removes carbon impurities from the films.27)

Accordingly, all the SWNT samples were irradiated with
the fourth harmonic wave of the Nd:YAG laser (266 nm) at a
power of 80 mW for 30 s in an Ar/H2 atmosphere, increasing
the threshold for laser-induced damage by two orders of
magnitude.

3. Results and discussion

A typical Raman spectrum of as-grown A-CNT film is shown
by the dotted curve in Fig. 3(a). Prominent peaks at 1575 cm−1

and 1335 cm−1 are usually assigned to the G-band character-
istic of the nanotube carbon and the D-band characteristic of
non-nanotube carbon impurities, respectively.4) As shown in
Fig. 3(b), we also observed some sharp lines between 150 and
350 cm−1. They are assigned as the radial breathing mode
(RBM), which is unique to SWNTs with a tube diameter d in
the range 0.7 nm< d< 2 nm.4)

The Raman spectrum of an A-CNT film cleaned by UV
laser irradiation27) is shown by the solid line in Fig. 3(a). The
SEM images are also shown in Fig. 3(c). It seems that
bundles of CNTs are covered by some dark layer before
irradiation, while they are more clearly seen after irradiation.
Correspondingly, after cleaning by UV laser irradiation, the
intensity of the D-band peak was decreased by 25% and the
intensity ratio G/D of the G-band peak intensity to the D-
band peak intensity became 3.38, indicating a high crystalline
quality.4) In addition, a shoulder of the G-band at 1550 cm−1

is known to represent evidence for the presence of electrically
metallic CNTs.4) Thus A-CNT films may naturally be a
mixture of metallic and semiconducting CNTs.
The diameter of CNTs can be estimated from RBM peaks.

Especially in the CNTs synthesized by CVD method, the
angular frequency of RBM, RBMw in units of cm−1, is

© 2019 The Japan Society of Applied Physics032006-2

Jpn. J. Appl. Phys. 58, 032006 (2019) S. Okawara et al.



described to be proportional to the reciprocal of the CNT
diameter d by the following equation:28)

d248 . 1RBMw = ( )/

Thus, the strongest RBM peak at 220 cm−1 in Fig. 3(b) is
attributed to CNTs with d= 1.13 nm. These CNTs are
identified to be metallic, because metallic CNTs with

d∼ 1.1 nm are expected from the Kataura plot29) to dominate
the resonance Raman spectra excited at 532 nm.
Meanwhile, a few relatively broad peaks were observed

between 1.10 and 1.75 eV in the photo-absorption spectra
(not shown). According to the Kataura plot, these peaks are
assigned to those CNTs having d 0.78 1.40= ~ nm, which
are typical values for CVD-grown CNT film.5,29) Among

(a) (b)

(c)

(e)

(d)

Fig. 1. SEM images of A-CNT and R-CNT: (a) cross-sectional view of A-CNT on alumina, (b) top view of A-CNT, (c) cross-sectional view of R-CNT on
alumina, (d) top view of R-CNT, (e) magnified cross-sectional view of R-CNT. Parts (a), (c) and (e) were taken with the alumina substrate tilted by 70° from
the position for the top view observation. The film thickness was about 10 and 0.5 μm for A-CNT and R-CNT, respectively. Flat areas in (a) and (c) are the
substrate alumina obtained by accidental removal of the CNTs. The flat area in (e) was formed depending on the density of the catalyst particles (see text).

Fig. 2. (Color online) Experimental setup for SHG measurement.
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them, semiconducting CNTs having the smallest diameter
(0.78 nm) are expected to make the biggest contribution to
SHG, because optical nonlinearity is larger for smaller-
diameter CNTs.30)

The chiral vector (n, m) of SWCNT was estimated by the
formula

d
a

n m nm , 22 2

p
= + + ( )

where a is the lattice constant of graphite (a= 0.246 nm). For
the later analysis of Gpp/Gsp according to Ref. 23, we use as
typical chiral vectors (15, 0) for metallic CNTs with
d= 1.13 nm and (10, 0) for semiconducting CNTs with
d= 0.78 nm, because the dielectric constants needed for the
analysis for these chiral indices are available in Ref. 12 . Note
that both indices show achiral CNTs. Dielectric constants
obtained from Ref. 12 are −4+ 7i for (10, 0) and −25 + i for
(15, 0) at a wavelength of 1064 nm, and 6+ 18i for (10, 0)
and −8+ 8i for (15, 0) at a wavelength of 532 nm,
respectively. These dielectric constants give absorption
coefficients larger than 3× 107 m−1 at 532 nm for both
indices in the case where the CNT film is entirely either (10,
0) or (15, 0). This shows that our samples, even though they
are a mixture, may be optically thick. These dielectric
constants will be used later in our order-of-magnitude
estimation of the SHG intensity data.
Figure 4 show the typical polarization-selected SHG

intensities as a function of laser fluence for R-CNTs. A
quadratic dependence on the laser fluence ascertains the SHG
signal. The SHG signal was almost p polarized, the intensity
of s polarization being less than the detection limit of our
experimental apparatus. The SHG intensity observed for
CNT films in the repeated measurements was quite similar
and homogeneous, which indicates that the CVD growth
conditions were stable enough. The Gpp/Gsp value obtained in
Fig. 4 is 2.3 for A-CNT and 1.1 for R-CNT. The ratios
depend only slightly on the CVD growth conditions, and
these ratios in Fig. 4 may be taken as typical values for the
two kinds of film. It may be noted that this ratio is also
different from that reported for a smooth metal surface,
obtained31) and calculated32) [Gpp/Gsp∼ 23 (=1/0.046)] for
afresh silver surface. We also reproduced such a high Gpp/Gsp

in another experiment by using a commercial gold mirror.
Four possible sources may be discussed within the electric-

dipole approximation for the SHG signal in reflection from

CNT films: chirality, lattice defects, tube deformations of
CNTs and surface interactions.5–11,17–21) We discard chirality
as the source of SHG, since the SHG signal was almost p
polarized for p excitation, leaving the intensity of the s
component of SHG contributed by chirality to be negligibly
small.18) The negligible intensity for PinSout SHG from the
aligned CNT film was also interpreted by the absence of
chirality due to a racemic mixture.11) Bulk defects of the
CNTs are also discarded as the SHG source for the same
reason, since the s component of SHG is negligibly small.
The quite similar and homogeneous signal intensity repeat-
edly obtained for various CNT films grown under similar
conditions also supports the discarding of lattice defects or

(a) (b) (c)

Fig. 3 (a) Raman signal for A-CNT as-grown on alumina (dotted line) and the Raman signal obtained after UV laser cleaning (solid line). Two typical peaks
are the G-band and D-band peaks at 1575 cm−1 and 1335 cm−1, respectively. (b) The radial breathing mode peaks at 150–300 cm−1 for A-CNT on alumina.
(c) SEM images for A-CNT before and after the UV laser irradiation.

(a)

(b)

Fig. 4 (Color online) (a) Polarization-selected SHG intensity as a function
of laser fluence at an incidence angle of 45° for Gpp (solid circles) and Gsp

(red triangles) for A-CNT. (b) SHG as a function of laser fluence for Gpp

(solid circles) and Gsp (red triangles) for R-CNT. The full curve is a quadratic
fitting, and Gpp/Gsp is obtained to be about 2.3 for A-CNT and 1.1 for R-
CNT.
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CNT tube deformations as the source of SHG. Because the
CNT films with a thickness greater than 1 μm are optically
thick enough, we can neglect the contribution of the under-
lying substrate interface to our SHG signal. Thus, we
attribute the observed SHG to the surface: the CNT film–

air interface. Then, the surface conditions and the surface
morphology may be reflected in the signal, as will be
discussed further in the following.
The SEM images in Figs. 1(a) and 1(b) show that A-CNT

film may naturally be taken as a collection of differently sized
(and differently shaped) nanowires aligned vertically to the
surface with the space between the CNTs determined by the
catalyst scattering. Under this assumption, each CNT can be
described as forming a needle-like protrusion in the case of
the A-CNT sample. Thus, we will consider SHG from A-
CNT films with nanometer-sized protrusions which are either
metallic or semiconducting. It may be noted that a needle-like
protrusion has a diameter of about 1 nm and a length
corresponding to the penetration depth of the fundamental
laser light or the SH light.
For R-CNT, Figs. 1(c) and 1(d) show a corrugated surface,

where differently shaped CNTs appear to bundle together to
form composites of differently shaped nanometer-sized
protrusions distributed randomly on the substrate surface.
From the images the lateral size of the protrusions may be
roughly 1 μm with a typical separation of 1–2 μm, which is
of the same order as the laser wavelength employed. Thus,
the size of the detailed structures inside the protrusions is
clearly much smaller than the laser wavelength. Note that the
protrusions are a mixture of both metallic and semicon-
ducting CNTs, where protrusions of nanowires with random
orientations may not contribute to SHG since the film is
macroscopically isotropic and achiral.
There is a long history of attempts to calculate SHG from a

film surface with nanometer-sized structures. An ideal case is
usually assumed in the calculation, since an exact calculation
needing all the structural parameters of the film is unrealistic. A
number of works have been devoted to SHG involving clean
and flat metal surfaces,32) Ag particles on a lithographically
produced microstructure,33) spherical clusters,34) colloidal films
composed of spheroidal particles23) and metal island films.20,35)

In the SHG study with island films the polarization
intensity ratios, together with enhancement relative to a
smooth silver surface,32) were used to obtain information
regarding the surface conditions or the structural parameters
of islands. As has been described,22) this may be understood
by a simple model assuming a collection of rotational
ellipsoids resting on the substrate with their long axis parallel
to it. Nonuniform distribution of the electron density across
the particle surface, for example by adsorbates or by
attachment of the particle to the substrate, may be expected
as follows. When a light is shone on this particle/substrate
system, different degrees of nonlinear polarization compen-
sation can be assumed, depending on the polarization
direction of the incident light. For irradiation with a
polarization parallel to the substrate plane (s polarization),
the nonlinear dipolar surface polarizations at opposite par-
ticle-surface elements are practically completely compen-
sated due to geometric mirror symmetry. In contrast, irra-
diated p polarized light has a component normal to the
substrate plane. The nonlinear polarizations driven by this

component can be different at the top and bottom of the
particle as there are different interfaces: metal/outside and
metal/substrate, respectively. The works discussed were
executed in a system in the colloid23) and in the island
film.32)

SHG behavior of spheroidal metal particles with respect to
the polarization ratio has been developed and applied to
model interfacial films of spheroidal particles with varying
diameters,23) where metal particles dispersed in a noncon-
ductive dielectric medium form not a pure metal (in this case
silver) film but a metal liquid-like film. This model considers
particles that are much smaller (<100 nm) than the wave-
length of light and are arranged as an array, for example at
the interface between two media. On the metal surface, the
second-order nonlinear electric susceptibility is dominated by
the χ//⊥// element.19) Here, subscripts // and ⊥ represent two
tangential components and the normal component on the
spheroid surface, respectively. The χ//⊥// of an individual
particle’s surface is calculated and averaged susceptibilities
χijk are derived by projecting χ//⊥// onto χijk and integrating
over the hemi-ellipsoid surface. The subscripts i, j, k are
either x or y or z. The eccentricity is accordingly described by
x2 + y2 + (z/η)2 = 1, where x, y and z are normalized to the
radius of the circular projection of the ellipsoid on the xy
plane and η is the eccentricity. The usual model of a
‘polarization sheet’ is employed in the SHG analysis.36)

Dispersed colloidal films at low concentrations are assumed
and the SHG results are analyzed without incorporating the
electromagnetic interaction between the particles. Using the
spheroidal model and the eccentricities, the polarization ratio
of SHG was derived for such a ‘composite’ interface, which
is macroscopically uniform but composed of nanometer-sized
silver particles suspended in a very different dielectric
medium. The shape of spheroidal particles is thus connected
to Gpp/Gsp, which is the reflected SHG intensity ratio.
According to the explicit calculation in Ref. 23, Gpp/Gsp is
given by the following equation:

G G k C k C

k C k C

1 2 2 1 2

1 4 1 4 , 3

pp sp 1 2

3
2 2

4
2

h h

h h

= - +

-

∣ [ ( )] ( )
( ) ∣ ∣ ( )∣ ( )

/ / /

/ / /

with

C 2 1 2 ln 1 . 42 2 2 2h h h h h= - - -( ) [ ] ( ) ( )/

Coefficients ki, the functions of the incidence angle of laser
light and the complex dielectric constants at both the
fundamental and harmonic frequencies, are calculated ac-
cording to published formulae.22,36) The above treatment may
be extended to the dielectric particles by simply replacing the
dielectric functions.
We notice that our corrugated sample may also be

approximated by this model, where the condition of dispersed
colloidal films (at low concentrations) may be automatically
fulfilled by the fact that SWNT or CNT protrusions (or
islands) are not pure metal but a mixture of metal and
dielectric. In order to interpret the dependence of SHG
polarization ratios obtained for the CNT samples, we model
each CNT sample by the spheroidal model with the eccen-
tricities, so that numerical estimation is possible within the
framework described above.
Figure 5 shows Gpp/Gsp as a function of eccentricity,

calculated for a model system of CNTs with chiral indices of
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(15, 0), which is metal, and (10, 0), which is semiconducting.
The singularity at an eccentricity of 0.2 in the case of a metal
is also reproduced, although not mentioned clearly in Ref. 23;
this singularity missing in the semiconducting CNT may be
related to localized or particle plasmon excitation.33) Note
that this singularity causes a very large scattering in Gpp/Gsp

in the adjacent eccentricity range, depending rather strongly
on both the eccentricity and the metallicity.
The A-CNT described here is a sparsely distributed needle-

like protrusion. It may be noted that the needle-like protru-
sions have a diameter of about 1 nm and a length equal to the
penetration depth of the fundamental laser light or its SH.
The absorption coefficient of 8× 107 m−1 at 532 nm will
give a typical penetration depth of about 13 nm. Thus, the top
part (about 13 nm long) of CNT needle will contribute to
SHG. A CNT about 13 nm long and with a radius of about
1 nm will give roughly η∼ 13. Gpp/Gsp is calculated to be 3.2
for (15, 0) and 2.4 for (10, 0), respectively. The experimental
data for Gpp/Gsp= 2.3 is thus roughly consistent with the
estimation. Note that metallic or semiconducting character
may not make a large difference in the region where the
eccentricity is large.
For R-CNT, shown in Fig. 1(d), CNTs bundle together to

form composites of differently shaped nanometer-sized
protrusions randomly distributed on the substrate surface
with a typical lateral size of roughly 1 μm and a separation of
1–2 μm. The film thickness of R-CNT shown in Fig. 1(e), a
projected image in the normal direction of the substrate with
a projection correction parameter of 1 sin 70 1.06 , ~( )/ may
be estimated to be 0.5 μm with a corrugation of about half the
thickness. Hence, the height of corrugation is ∼0.3 μm, i.e.
about half the film thickness of 0.5 μm. If we assume in our
order-of-magnitude estimation the same dielectric constant
for R-CNT as for A-CNT, a penetration depth of ∼13 nm
may also be expected for R-CNT; this is negligibly small
compared with the height of corrugation. Thus, SHG does not
probe the details inside the protrusions but instead probes the
contour of the protrusions from the R-CNT film, i.e. the
surface of nanometer-sized protrusions composed of a
mixture of metallic and semiconducting CNTs. A typical
eccentricity of η∼ 0.3, corresponding to a protrusion height
of 0.3 μm, may be assumed for R-CNT, which gives a
Gpp/Gsp in Fig. 5 of 0.8 for (15, 0) and 3.5 for (10, 0),

respectively. Note that the dielectric constants of the actual
film cannot clearly be described by those of the pure materials,
reflecting the fact that the naturally formed film is a mixture of
metal and semiconducting CNTs. Since the experimental data
for Gpp/Gsp = 1.1 exists within the above scattering range, one
could expect that the model calculation may reproduce the
data, given detailed information on the surface morphology
and the composition of metal and semiconducting nanotubes.
It is thus shown that the polarization ratio of SHG may
discriminate between A-CNT and R-CNT through the eccen-
tricity representing the surface morphology.
Since the topmost region monitored by SHG is as shallow

as ∼10 nm in the A-CNT and R-CNT films, the difference in
the surface morphology in the initial stage of CNT growth may
also be reflected in the polarization ratio. Note that the
installation of proper windows for laser light guides in the
CVD system for remote sensing may be accomplished with
ease. The present finding may thus be applied to in situ
evaluation of the CVD growth process by connecting Gpp/Gsp

to the surface morphology and surface conditions during the
initial stage of formation of CNTs under CVD. For this
purpose, it may also be crucial to increase the achievable
signal-to-noise ratio by employing a higher excitation power
and shorter pulses delivered by a mode-locked laser; this
would also be desirable from the point of view of sample
damage and better stability with a wider wavelength tuning
range. Another possibility would be to perform measurements
closer to resonant conditions, either by tuning the excitation
wavelength or by selecting different types of SWNTs.

4. Conclusions

In summary, we have studied the polarization dependence of
surface SHG from CNT films supported on a SiO2 substrate
prepared by in-house CVD. The SHG intensity for the
incident radiation polarized perpendicular or parallel to the
plane of incidence at the fundamental radiation (1064 nm)
and its intensity ratio is observed to have typical values for
the two kinds of grown films—one an aligned CNT film and
the other a film of randomly oriented CNTs lying on a
substrate sheet. By approximating the CNT–air interface of
CNT films by a composite film of spheroidal particles with
varying diameters, we were able to calculate and qualitatively
reproduce the observed polarization ratios. SHG is found to
originate not from the CNT bulk but from the film surface;
moreover, we show that the surface morphology of the CNT
film is reflected in the polarization ratio. The present finding
is also proposed to be applicable to in situ evaluation of the
initial stage in the CVD growth process of CNTs.
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