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Single—wall carbon nanotubes (SWCNTs)

mechanical,® and optical properties
due to their unique one-dimensional all-
carbon structure and have been demon-
strated as an important starting material for
many novel nanodevices. The superb ther-
mal conductivities and stability offer carbon
nanotubes great potential in applications ran-
ging from thermal interface materials and
electronics to sensors."'™'* Moreover, the
processes of optical irradiation of SWCNTs
can generate heat and be used in the fields
of cancer biology, nanomedicine, and pho-
non waveguides."> "’

Thermal management and optical charac-
terization at the nanoscale is important for
the applications where heat accumulation
within the nanodevice causes an increase in
temperature. The interfacial boundary resis-
tance is also an important consideration
when determining heat generation and dis-
sipation from composite materials made
from carbon nanotubes.'® 2" However, the
characterization of heat generation, local
temperature, interfacial thermal conduc-
tance, and optical absorption cross section
of individual SWCNTs remains a difficult
measurement.? 2* Recently, we developed
a novel optical thermal sensor to image the
temperature profile of optically excited
nanoparticles.?® In this paper, we use a thin
film thermometer based on Er** photolumi-
nescence to measure the nanoscale tem-
perature of the film when a metallic SWCNT
is excited with 532 nm light. Raman spectra
are collected simultaneously and used to
characterize the carbon nanotube structure
and temperature. From our temperature
measurement, we determine the absorption
cross section of an individual SWCNT and the
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ABSTRACT The heat generation and dissipation of an individual optically excited metallic

single-walled carbon nanotube is characterized using a thermal sensor thin film of Aly 94Gag o6N

embedded with Er* . The asorption cross section from an individual SWCNT excited at 532 nm is

revealed from the steady-state temperature of the thermal sensor film. A maximum temperature of

4.3 K is observed when the SWCNT is excited with parallel polarization and an average intensity of

7 % 10" W/m”. From this temperature measurement, we determine an absorption cross section for

the SWCNT of 9.4 x 107 m*um using parallel polarization and 2.4 x 10" m*um for

perpendicular polarization. We establish a temperature difference between the SWCNT and the
substrate of 315 K by converting the G band shift of the SWCNT into the local SWCNT temperature

and scaling the measured film temperature to the local non-resolution-limited temperature rise.

From the temperature difference and heat flux, we deduce a value of 6.6 MW/m? - K for the thermal

interfacial conductance of a SWCNT sitting on a thin film of amorphous Aly 94Gag ogN.

KEYWORDS: heat generation - single-walled carbon nanotubes - absorption cross

section - interfacial thermal conductance

interfacial thermal resistance between the
SWCNT and the thin film thermometer.

RESULTS

Optical Characterization of SWCNTs. The opti-
cal characterization of the SWCNT immobi-
lized on the AIN:Er*™ surface has been
described previously,*® with only the major
points of the characterization given here.
The Raman image of a SWCNT is shown in
Figure 1A. The SWCNT bands are located at
1320 cm ™" (D band), 1560 cm™" (G band),
and 2650 cm ™" (G’ band). The radial breath-
ing mode is obscured by the photolumines-
cence peaks from Er*" ions excited in the
underlying thin film. The inset in Figure 1A
shows one spectral component from SIM-
PLISMA?” of the low-energy region in the
SWCNT Raman spectrum.?®

The band shape of the G band is ana-
lyzed by peak fitting using a Breit—Wigner—
Fano peak shape for the low-energy peak
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Figure 1. (A) SIMPLISMA spectra showing the spectral region of the SWCNT. The D, G, and G’ SWCNT bands are labeled in the
figure. The inset zooms in on the spectral region where the Er** photoluminescence is observed. (B) Spectral region from the
SWCNT G band. The red and black dotted lines are the fit of a Breit—Wigner—Fano and Lorentzian peaks, respectively, to the G
band profile. The solid black line is the fit. The satisfactory fit shows that the SWCNT is metallic.

and a Lorentzian peak shape for the high-energy peak.
The G band is shown in more detail in Figure 1B. The
fitted peaks are shown as dotted lines, while the fit to
the experimental data (solid squares) is the solid line in
the figure. The Breit—Wigner—Fano peak shape is
given by eq 1, where wgwr is the BWF frequency at
maximum intensity /,, 1/q is a parameter that measures
the interaction of the phonon with the continuum, and
I'is the broadening parameter. From the fit, the Breit—
Wigner—Fano peak yielded wgwe as 1570 cm™ ', T as
30 cm ', and 1/g as —0.2. The Lorentzian peak has a
peak maximum and width (fwhm) of 1581 and
14 cm™ ', respectively. The Breit—Wigner—Fano peak
shape and the fwhm of the Lorentzian peak are con-
sistent with a metallic SWCNT. Metallic SWCNTSs that
have a diameter around 1 nm with a band gap around
2.33 eV are either 7,7 armchair metallic or 10,4 semi-
metal nanotubes.

N+Hw — CUBWF)/qr]Z
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@) 1+ [(@ — wswe)/TT?
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Thermal Behavior. A Raman scattering image of a SWCNT
is shown in the left panel of Figure 2. The image is created
by plotting the G band area at each pixel location. The
temperature image (created from the relative photo-
luminescence Er*" peaks) is shown in the right panel of
Figure 2. The laser intensity is 8 x 10'® W/m? and the
polarization of the excitation laser is aligned along the
nanotube axis. The laser spot size is ~400 nm. The
temperature profiles taken parallel and perpendicular
to the CNT are shown in Figure 3. The temperature profile
perpendicular to the nanotube can be fitted with a
Gaussian peak profile that has a fwhm of ~300 nm.
The maximum temperature change is 4.3 + 0.2 K.

Figure 4 contrasts the temperature profile along the
SWCNT when the excitation polarization is changed
from parallel to perpendicular of the SWCNT axis. For
perpendicular excitation, the temperature maximum
located in the middle of the nanotube is diminished by
a factor of 4 when compared to parallel excitation.
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DISCUSSION

Model of Heat Transfer. The temperature profile along
the SWCNT can be modeled using eq 2, where x is the
direction along the wire, ke is the thermal conduc-
tivity of the nanowire, g is the heat generation per unit
volume, A is the cross sectional area of the wire, h is the
thermal transfer coefficient for heat dissipation into the
substrate, and P is the perimeter at x under the wire in
contact with the substrate. In this model, the heat only
dissipates into the substrate and not through air.

— KwireA % +qgAdx + hP(AT)dx

dar d’T
— kuwireA == — KuireA <_> dx (2)

dx dx?

When the wire is excited in the middle and the
temperature is measured at that point, heat can pro-
pagate in both directions to either end of the wire. The
magnitude of heat dissipation increases with the tem-
perature gradient between the SWCNT and the sub-
strate. The term of eq 2 that models heat dissipation
into the substrate is hP(AT)dx. At steady state, the heat
generation term, [GAdX' = [(Capsl/(x'))/(Vexc)AdX', and
the heat dissipation term, 12.8 [hP(AT)dx, are equal.
The variable x’ refers to the distance along the SWCNT
that is excited with the laser light. In the heat genera-
tion term, the laser intensity is not constant over the
SWCNT but varies as a Gaussian profile along the wire.
We approximate the laser intensity in the direction of
the wire as a constant average intensity using the
average intensity of the laser over the length of SWCNT
(300 nm). The average laser intensity is 7 x 10'° W/m?
with a peak intensity of 8 x 10'° W/m?. The factor 12.8
in the heat dissipation term relates the local tempera-
ture of the nanowire to the measured temperature.®®
This factor takes into account that our optical tempera-
ture measurement is resolution-limited and needs to
be convoluted with the true thermal image in the
substrate and the collection volume of our microscope.
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Figure 2. Left panel: Raman scattering image of a SWCNT. The excitation polarization is along the SWCNT axis. Right panel:
Temperature image of a SWCNT constructed from the relative intensities in the photoluminescence of Er ions embedded in

the thermal sensor film.
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Figure 3. Temperature profile taken parallel and perpen-
dicular to the SWCNT axis (shown as dotted lines) with laser
polarization parallel to the SWCNT. The temperature profile
perpendicular to the SWCNT axis is fitted with a Gaussian
line shape that has a fwhm of ~300 nm.

Equation 2 can be recast into eq 3 and solved using

the appropriate boundary conditions.
d’60  hP
W + m 6=0 (3)

In this equation, temperature is transformed into 6
where 6 =T — T, + (g/kwire). The solution of this diffe-
rential equation is 6 = C; exp(—mx) + G, exp(mx), where
m? = (hP)/(kyireA). After applying appropriate boundary
conditions, the solution is 6/6, = (cosh(m(L — x)))/
(cosh(mL)), where 6, is 6 at x = 0 and L is the length
of the SWCNT. Finally, once the form of the tempera-
ture profile in the SWCNT is known, then energy
balance can be used to solve for the temperature along
the wire.

The thermal profile along the SWCNT axis when
excited in the middle of the SWCNT is shown in Figure 5
as the blue dotted line. The thermal conductivity of the
SWCNT is believed to be in excess of 3000 W/m -K.>22
This unusually high thermal conductivity leads to a
nearly uniform temperature distribution along the
SWCNT axis when the SWCNT is excited in the middle.

WANG ET AL.
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Figure 4. Temperature profile taken parallel to the SWCNT
with laser polarization parallel and perpendicular to the
SWCNT axis.

If the thermal profile is constant, then the dissipation
rate from the SWCNT is constant and does not depend
upon the position along the SWCNT. The heat source
then can be treated as a point source within a spheri-
cally symmetric coordinate system. This approximation
will break down if the temperature profile along the
SWCNT changes and the dissipation rate becomes a
function of length along the SWCNT.

Absorption Cross Section. At steady state, the rate of
heat generation and heat dissipation must be equal. In
our case, the heat generator is the optically excited
SWCNT, while the heat dissipation occurs only into the
thermal sensor film. We can use this principle to
determine the absorption cross section by measuring
the local temperature of the film and realizing that the
temperature decreases as 1/R away from a heat source
in a spherically symmetric system. The absorption cross
section at 532 nm excitation (C) is determined from
the local temperature changed using eq 4 where RY is
the effective radius of the SWCNT (RYT=3.83 nm), equal
to RYT = ((3r%))/4))"3, where r is the nanotube radius
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Figure 5. Temperature change in the thermal sensor film in
close proximity to the SWCNT. Thermal profile is taken
along the SWCNT axis for excitation polarization parallel
and perpendicular to the SWCNT axis.

(0.5 nm), l'is the nanotubes length (300 nm), k, is the
effective thermal conductivity of the film (0.75 W/m-K),
and (/) is the average laser intensity over the SWCNT of
7 x 10"°W/m?. The effective thermal conductivity (0.75
W/m-K) is only half the thermal conductivity of the film
(1.5 W/m -K) because only half of the sphere is used to
dissipate the heat away from the heat generator.*®

[@HR()}

ATmax =
X Atk RNT

(4)
The measured temperature of the thermal sensor
film is appropriately scaled to give the local tempera-
ture as ATax =4.3 x 12.8 =55 K, where the factor 12.8
is the optical transfer parameter that relates the mea-
sured diffraction-limited temperature to the local non-
resolution-limited temperature.?® The absorption cross
section for an excitation polarization parallel to the
SWCNT is 2.8 x 107" m? or 9.4 x 10~ "" m?/um. This
value is in reasonable agreement with other absorp-
tion cross section measurements for SWCNTs.>* Fig-
ure 4 contrasts the temperature profile when the
nanotube is excited using polarization parallel and
perpendicular to the nanotube. The maximum tem-
perature when exciting with perpendicular polariza-
tion is ~1/4 the maximum temperature if parallel
polarization is used. Using this factor yields an absorp-
tion cross section of the SWCNT for perpendicular
polarization of 7 x 10" m? or 2.4 x 10~ ""m?/ um.
Once the absorption cross section is known, then
the thermal transfer coefficient in eq 2 can be solved.
Using an absorption cross section of 2.8 x 10~ m?
gives a value of 8 x 107 W/m?-K for the thermal
transfer coefficient. Equation 2 can now be used to
generate the predicted thermal profile when the laser
is moved along the SWCNT axis. The predicted thermal
profile is shown as the solid red line in Figure 5. This
profile reflects the Gaussian excitation profile of the
laser because the SWCNT attains a uniform tempera-
ture profile at all laser excitations along the SWCNT

WANG ET AL.
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Figure 6. Black squares are for data taken from ref 29,
where the G band peak position is plotted as a function of
temperature. The temperature plotted on the lower x axis is
relative to room temperature (300 K). The red circles are our
data where the G band peak position has been determined
as a function of laser intensity. The laser intensity is plotted
on the upper x axis.

axis. The temperature variation along the SWCNT axis
comes about because of laser intensity changes in-
stead of changes in the thermal profile along the axis.

Interfacial Thermal Conductance. The interfacial thermal
conductance from the SWCNT to the thermal sensor
film can be determined using eq 5, where jq is the heat
flux across the interface, G is the interfacial conduc-
tance, and AT is the temperature difference at the
interface between the SWCNT and the thermal sensor
film.

jo = GAT (5)

The heat flux is determined from the absorption cross
section for SWCNT,” and the size of the nanotube
using jo = (Caas(I)/(27trl), where C; is the absorption
cross section (2.8 x 107" m?), (/) is the average laser
intensity (7 x 10'°W/m?), and rand / are the radius and
length of the nanotube.

We can determine the temperature of the SWCNT
by observing the shift in frequency of the SWCNT G
band with laser intensity. The position of the G band
maximum has been shown to be temperature-
dependent.? In Figure 6, we show the measured G
band peak position as a function of laser intensity
mapped onto peak position changes due to
temperature.?® The black squares, from previously
published data,?® show how the G band peak posi-
tion changes with temperature while the red circles
are our experimental data as a function of laser
intensity. The linear trend in the data has identical
slopes but different intercepts. The different inter-
cepts are attributed to differences in the SWCNT.
Even though the intercepts are different, the slope
gives a good representation of the temperature-
dependent G band spectral shift. The SWCNT tem-
perature change (relative to room temperature) at
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Figure 7. (A) UV—visible absorption spectrum of SWCNT suspension. Inset: UV—visible absorption spectrum of PSMA
solution without SWCNTSs. (B) AFM image of representative SWCNT on Si substrate. The diameter of the SWCNT is 1 nm with a
length of 300 nm. Reprinted from ref 26, with permission from Elsevier.

our laser intensity of 7 x 10'® W/m? is ~370 K.
Recalling that the local temperature of the thermal
sensor film is 55 K, this gives a temperature differ-
ence (AT) between the SWCNT and the thermal
sensor film of 315 K (370 K — 55 K = 315 K).
From eq 5, we determine the interfacial thermal
conductance (G) of 6.6 MW/m?-K for a SWCNT. This
value can be compared to previous measurements
for the interfacial thermal conductance of SWCNT in
octane suspensions of 12 MW/m?-K."® The mecha-
nism postulated for heat transfer from a nano-
tube to the octane liquid involves a bottleneck of
energy transfer where high-frequency carbon nano-
tube phonon modes must be transferred to low-
frequency modes through phonon—phonon coupling
and then exchanged with the surrounding medium.'®
If this is indeed the mechanism and the rate-limiting
step is the phonon mode conversion within the
carbon nanotube, then the interfacial thermal con-
ductance should be reasonably invariant to the
surrounding medium and a value of ~7 MW/m?-K

MATERIALS AND METHODS

Materials. HiPCO SWCNT powders were purchased from Car-
bon Nanotechnologies, Inc. (Houston,TX). Poly(styrene maleic
anhydride) (PSMA, MW = 1600) was received from Polysciences,
Inc. Dialysis tubing (12 000—14 000 Da molecular weight cutoff)
was obtained from Spectrum Laboratories, Inc. Sodium hydro-
xide was purchased from Fisher Scientific.

SWCNT Suspension Preparation. To disperse SWCNTs, 1 mg of
PSMA was dissolved in 2 mL of 0.1 M NaOH solution in a test tube,
and ~1 mg of HiPCO SWCNTs was added in the polymer solution.
The mixture was then sonicated for 30 min in an ice—water bath
at a power level of 130 W, followed by 1 h centrifugation at
25000g to obtain a SWCNT suspension in the supernatant. The
supernatant was then dialyzed in deionized water (18.2 MQcm,
Millipore) for 1 day using molecular porous membrane dialysis
tubing to remove free PSMA. The used dialysis solution was
replaced with fresh deionized water every 6 h. The resulting
SWCNT suspension was stable for weeks with no precipitation.

WANG ET AL.

for the SWCNT on an amorphous Alg94Gag oN sur-
face is reasonable.

CONCLUSIONS

The heat generation and dissipation of an individual
optically excited metallic single-walled carbon nano-
tube is characterized using a thermal sensor thin film of
Alo.04Gag osN embedded with Er* . A maximum of 4.3 K
of temperature change is observed in the middle of the
SWCNT when the SWCNT is excited with parallel
polarization with an average intensity of 7 x 10'® W/
mZ. From this temperature measurement, we deduce
an absorption cross section for the SWCNT of 9.4 x
10~ m?/um using parallel polarization and 2.4 x
1077 m?/um for perpendicular polarization. The
SWCNT G band shifts with laser intensity, and by
mapping this shift on previous published tempera-
ture-dependent Raman spectra for SWCNT,?° we mea-
sure a temperature difference between the SWCNT and
the substrate of 315 K. This yields a value for the
thermal interfacial conductance of 6.6 MW/m?-K.

Absorption Spectrum of SWCNT Suspension. Absorption spectrum
was measured by an Agilent 8453 UV—visible spectrophot-
ometer. Absorption spectrum (see Figure 7A for representative
spectrum) showed peaks in spectral range for the first interband
transitions for metallic SWCNTs, M;; (400—600 nm), and the
second interband transitions for semiconducting SWCNTSs, S,,
(550—900 nm).87° The sharp peaks, due to van Hove transi-
tions, indicate that the suspension is a well-dispersed mixture of
metallic and semiconducting SWCNTs. As a comparison, the
PSMA solution without SWCNTs showed a featureless absorp-
tion spectrum in the spectral range (Figure 7A, inset).

Atomic Force Microscopy (AFM) Characterization of SWCNT Suspension.
Ten microliters of a SWCNT suspension was spin-coated onto a
piece of Si substrate. The sample was then imaged at room
temperature and ambient conditions using an MFP3D atomic
force microscope (Asylum Research, Santa Barbara, CA) in AC
mode (see Figure 7B). Probes with resonance frequency around
325 kHz (NSC15/AIBS, MikroMasch USA, Wilsonville, OR) were
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used in imaging. The AFM image showed that SWCNTs were
individually dispersed with around 1 nm diameter and several
hundred nanometer length.?

Raman Imaging Microscope and Thermal Sensor Film. We use a
scanning optical microscope imaging system (Witec o.-SNOM)
to collect confocal Raman and photoluminescence spectra that
can be converted into images. Our procedure for collecting
Raman spectra for the SWCNTSs has been discussed in detail*® as
well as the characterization and properties of the thermal sensor
film.% Only a brief description will be given here. The thermal
sensor consists of a thin film (~270 nm thick) of amorphous
Alg9sGagosN embedded with Er** ions on a silicon sub-
strate.3>3! The Er** ions are excited with 2.33 eV (532 nm) laser
light resulting in a typical Er** photoluminescence spectrum.
The relative intensities of the Hy1, — %152 and the *S5, — Y15/
energy transitions of the Er> " ions are temperature-dependent®*>?
and are related by a Boltzmann factor, exp(—AE/kT), where
AE is the energy difference between the two levels, k is the
Boltzmann constant, and T is the absolute temperature. We use
this relationship to convert Er** photoluminescence spectra to
temperature.
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