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ABSTRACT Electrical generation of heat in single-walled carbon nano-

tubes (SWNTs) and subsequent thermal transport into the surroundings can
critically aﬀect the design, operation, and reliability of electronic and
optoelectronic devices based on these materials. Here we investigate such
heat generation and transport characteristics in perfectly aligned, horizontal
arrays of SWNTs integrated into transistor structures. We present quantitative
assessments of local thermometry at individual SWNTs in these arrays,
evaluated using scanning Joule expansion microscopy. Measurements at diﬀerent applied voltages reveal electronic behaviors, including metallic and
semiconducting responses, spatial variations in diameter or chirality, and localized defect sites. Analytical models, validated by measurements performed
on diﬀerent device structures at various conditions, enable accurate, quantitative extraction of temperature distributions at the level of individual SWNTs.
Using current equipment, the spatial resolution and temperature precision are as good as ∼100 nm and ∼0.7 K, respectively.
KEYWORDS: single-walled carbon nanotube . scanning Joule expansion microscopy . thermal expansion . heat generation .
temperature distribution . resolution . chirality change . defect

S

uperior electrical and thermal properties
of single-walled carbon nanotubes
(SWNTs) enable high-performance transistors,1,2 advanced interconnects,3 and other
components of relevance to various existing
and emerging forms of electronics. Heat generation and transport characteristics of devices that incorporate SWNTs are critical in
understanding the fundamental properties
and engineering considerations in device design. Such issues are particularly important
because all known growth techniques yield
SWNTs with distributions in diameters and
chiralities and with densities of defects that
can aﬀect device performance4,5 either directly or indirectly through non-uniform
distributions of Joule heating.6,7 Although
optical techniques, such as Raman810 and
infrared spectroscopy,11,12 can map the
XIE ET AL.

distributions of temperature in SWNT devices, their limits in spatial and temperature
resolution are deﬁned by wavelengths of
visible and infrared light and by background
noise in the sensors, respectively. Methods
based on atomic force microscopy (AFM),
on the other hand, have the potential to
overcome such limitations, thereby enabling
studies of thermal transport at signiﬁcantly
improved resolution. One such technique,
known as scanning thermal microscopy
(SThM), oﬀers useful capabilities in characterizing temperature distributions in nanometer-scale electronic devices.1317 In
SThM, a specialized tip or cantilever incorporates an integrated temperature sensor
that can be scanned over a surface to measure temperature with submicrometer spatial resolution.1721 Key challenges for SThM
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RESULTS AND DISCUSSION
Figure 1 shows a schematic illustration of the setup
for SJEM measurement on a device with several
straight, well-separated, aligned SWNTs on a SiO2/Si
substrate. An alternating voltage V(t) = Vdscos(2πft)
applied between the drain and source contacts causes
Joule heating in the SWNTs and an associated timeoscillating rise in temperature (with frequency 2f).
A direct current (DC) voltage applied to the silicon
wafer serves as a back gate to control the electrostatics.
A layer of poly(methyl methacrylate) (PMMA) spincast uniformly onto the device substrate protects
the SWNTs during contact scanning and prevents
electronic coupling between the tip and the device
components. This ﬁlm also ampliﬁes the thermomechanical deformations (oscillating at 2f) induced
by thermal expansion that follow heat ﬂow into
the surroundings from the SWNT.26 An AFM probe
XIE ET AL.
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are in integration and calibration of the required,
specialized thermal probes. In particular, heat ﬂow
between the cantilever and substrate can be diﬃcult to
describe accurately, thereby diminishing the quantitative capabilities of the measurements.22,23 Strategies
for reducing these artifacts include extensive modeling, methods to subtract the background signals, and
use of vacuum conditions during measurement.2224
Scanning Joule expansion microscopy (SJEM)25,26
oﬀers an alternative that avoids these challenges in
which conventional AFM cantilevers measure nanometer-scale thermal expansions as a means to reveal
underlying distributions of temperature.
Here we report the application and further development of the SJEM method to investigate heat generation and transport in transistors that incorporate
straight, horizontally aligned arrays of individual SWNTs.
The small dimensions (diameters ∼0.51.7 nm)27 of
these SWNT-based heat sources and their quasi-onedimensional nature diﬀerentiate them from structures
that have been examined previously by SJEM.2830 The
images directly and immediately reveal important physics associated with Joule heating in SWNT devices
under various electrical bias conditions, in ways that
can be used to identify defects and other nonideal
features of the SWNTs, as well as variations in electrical
switching behaviors. Quantitative interpretation of the
results with analytical models and ﬁnite element analysis (FEA) for heat ﬂow and thermal expansion enables
accurate determination of the distributions in temperature. Studies using diﬀerent device structures, examined
at various operating frequencies, provide insights into
the limits in spatial and temperature resolution and the
important mechanics that govern interactions between
the tip and sample. The results demonstrate that SJEM
can be a useful tool for exploring thermal and electrical
properties in SWNT devices and, by extension, other
components that incorporate nanomaterials.

Figure 1. Schematic illustration of the experimental setup
for scanning Joule expansion microscopy (SJEM) imaging of
a SWNT device that incorporates several parallel, aligned
tubes. The device consists of three terminals: two metal
pads that contact the SWNTs to serve as the drain
(alternating voltage) and source (grounded), and a third
(doped silicon substrate) that serves as a gate. A layer of
poly(methyl methacrylate) (PMMA) covers the device to
protect the SWNTs and amplify the thermo-mechanical
expansion caused by the Joule heating. An AFM probe
operating in contact mode detects this expansion.

operating in contact mode and scanning the top surface of the PMMA measures the vertical displacements.
Detection with a lock-in ampliﬁer set to the frequency
2f reveals deﬂections of the AFM cantilever due to
electrically driven thermal expansion. (Details of the
SJEM setup appear in the Supporting Information, part
1 and Figure S1.) The two-dimensional (2D) spatial
maps of thermo-mechanical expansion (i.e., amplitude
of the oscillating vertical displacement) that emerge
from measurements of this sort are directly related
to the heat generation in the SWNTs and thermal
diﬀusion and, as a result, the associated temperature
distributions.25 Figure 1 corresponds to the case of
SWNTs incorporated into a ﬁeld eﬀect transistor (FET)
in a back-gated geometry, where the gate bias is Vg.
The arrays contain a mixture of metallic and semiconducting SWNTs. Figure 2a shows an AFM topographical map of a device with channel length L ∼ 3.7 μm
that incorporates two SWNTs spaced by ∼1.5 μm on
a SiO2/Si (300 nm/300 μm) substrate, with the drain
and source contacts on the left and right, respectively.
The device is coated with a layer of PMMA (thickness
∼310 nm) for imaging. Figure 2bf presents SJEM
images collected at f = 25 kHz, Vds = 3 V and at gate
voltages of Vg = 20, 10, 0, 10, and 20 V, respectively.
The expansion signals coincide with the locations of
the SWNTs, for which maxima and minima occur in the
channel and near the metal contacts, respectively, as
would be expected based on heat ﬂow considerations
and operation of the device in the long-channel,
diﬀusive transport regime.6,15,31 For the SWNT in the
upper region of this image, the expansion is similar for
all gate voltages. By contrast, the SWNT in the lower
region shows expansion that is nearly undetectable at
Vg = 20 V but which gradually increases as Vg decreases
and then becomes more negative. The expansion
proﬁles along the upper and lower SWNTs appear
in Figure 2g,h, respectively, for all Vg. The behaviors
observed for the upper SWNT (Figure 2g) are consistent
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Figure 2. (a) Topographical AFM image of two SWNTs in
the same FET. (bf) SJEM images of the SWNTs at diﬀerent
gate voltages: Vg = (b) 20 V, (c) 10 V, (d) 0 V, (e) 10 V, and (f)
20 V. These images used Vds = 3 V, f = 25 kHz, and PMMA
thickness ∼310 nm. The white dashed lines indicate the
edges of the metal contacts. (g,h) Thermo-mechanical expansion proﬁles along the two SWNTs at diﬀerent Vg
extracted from (bf). The magnitudes and shapes of the
expansion proﬁles from the upper SWNT do not change
substantially with Vg (g), indicating metallic behavior; those
from the lower SWNT show substantial changes with Vg (h),
consistent with p-doped semiconducting behavior.

Vg = 20 V is about 10 times larger than that at Vg =
20 V, the latter of which is comparable to the noise level
in the measurement. More interestingly, the shapes
of the proﬁles change somewhat with Vg, suggesting
variations of power dissipation along the SWNT during
the switching process, presumably caused by some
combination of electrostatics, charge transport in the
SWNTs, and variations in local charge distributions,
many aspects of which are inﬂuenced by time-dependent levels of hysteresis that are present in devices of
this sort.32
In addition to basic information such as identiﬁcation of metallic and semiconducting behaviors,
SJEM can reveal other electrical properties associated
with heat dissipation. For example, Figure 3a shows a
representative transfer characteristic and a scanning
electron microscope (SEM) image (inset) of a device
incorporating a single metallic SWNT formed by direct
growth on a SiO2/Si (200 nm/500 μm) substrate (see
Methods). Figure 3b presents an SJEM image for Vds =
3 V, Vg = 0 V, f = 30 kHz and with a PMMA coating
thickness of ∼120 nm. Two distinct segments with substantially diﬀerent expansion signals appear along the
length of the SWNT. A close examination (Figure 3c) of
the device, without the PMMA, reveals that the direction of the SWNT changes abruptly along the channel
at the point that coincides with the change in thermal
behaviors. AFM measurements of diameters yield
1.0((0.25) and 1.2((0.25) nm for the hotter and colder
segments, respectively. These observations suggest
that a change in chirality and diameter, which can
occur during the growth,33 results in diﬀerent electrical
resistances and power dissipation characteristics. Application of Vds without the PMMA coating leads to the
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with a metallic type and with heat ﬂow into the substrate along the length of the SWNT and into the metal
electrodes near the contacts, similar to previous
observations.7,14,15 Features observed for the lower
SWNT are consistent with semiconducting behavior
and hole transport. The maximum expansion signal at

Figure 3. (a) Transfer curve of a single SWNT measured at Vds = 3 V (DC voltage); the response indicates metallic behavior. The
inset shows a scanning electron microscope (SEM) image of the device. (b) SJEM image of the same device, collected with
Vds = 3 V, f = 30 kHz, and PMMA thickness ∼120 nm. (c) Topographical AFM image of the SWNT collected after removing the
PMMA and operating the device at high bias in air. The location of degradation (breakdown point) coincides with that of the
highest thermal expansion signal. (d,e) Expansion signal proﬁles (black solid square) along the cross sections marked by
dotted lines A and B in (b), respectively. Green solid circles and red lines represent results from 2D FEA and analytical models,
respectively, in which the power density, Q0, serves as a ﬁtting parameter: Q0 = 3.9 μW/μm for line A and Q0 = 1.7 μW/μm for
line B. (f) Calculated temperature distribution along the SWNT based on the SJEM measurement.
XIE ET AL.
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where R is the thermal diﬀusivity and θ = T  T¥ is the
increase in temperature relative to the ambient temperature T¥. In the following, subscripts 0, 1, and 2
specify the physical properties of the PMMA, SiO2,
and Si, respectively. The boundary conditions include
zero heat ﬂux at the top surface of the PMMA (k0(∂θ/
∂y)|y=h0 = 0, where k is the thermal conductivity) and
ambient temperature at inﬁnity (θ|y=¥ = 0). The temperatures and heat ﬂuxes across all interfaces are
assumed to be continuous, except at the location of
the SWNT, where the heat generation requires k0(∂θ/
∂y)|y=0  k1(∂θ/∂y)|y=0þ = Q/πr0 for |x| e πr0/2, where Q
is the power dissipation per unit length along the
SWNT. For an applied voltage V = Vdscos(ωt) as in the
experiments, Q = Q0(1 þ cos(2ωt)) has both DC (i.e., Q0)
and AC (i.e., Q0cos(2ωt)) components, where ω = 2πf
is the angular frequency and Q0 is the amplitude of the
XIE ET AL.

oscillating power density. The resulting temperature
rise and the thermal expansion will have both steadystate terms and time oscillating terms. Since SJEM
measures the time-oscillating component of the expansion, we consider only the AC power input Q =
Q0cos(2ωt) and the corresponding oscillating temperature rise and expansion but ignore the steady-state
contribution (the steady-state terms can be obtained
by letting ω = 0 in the ﬁnal solution). To solve the heat
transfer equation, we represent the oscillating temperature in the PMMA as θ(x,y,t) = θ0(x,y)exp(2iωt) and
calculate θ0(x,y) through the Fourier cosine transform
(details appear in the Supporting Information, part 2)
to ﬁnd
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destruction of the SWNT to form a small gap (black
arrow) that matches the location of the largest expansion signal, as might be expected for a thermally driven
breakdown process.6,31
SJEM yields quantitative information about the
power dissipation and temperature ﬁeld that provides
further insights into the physics of SWNT devices.
Experimental demonstration of these capabilities is
most clearly accomplished through SJEM measurements on devices that incorporate single, individual
SWNTs, such as the one in Figure 3a. Figure 3d,e shows
the expansion signal proﬁles (solid squares) for this
device, extracted along cross sections marked by
dotted lines A and B in Figure 3b, respectively. To
quantitatively explain these proﬁles, we performed
a 2D analytical study as well as a ﬁnite element analysis
(FEA) of the coupled thermal and mechanical responses. Here a 2D treatment, for locations away from
the contacts, represents a reasonable approximation
due to the long lengths and small diameters (i.e., large
aspect ratio) of the SWNTs (see Supporting Information
part 5 for the validation of the 2D models). Moreover,
the typical thermal transfer length along the SWNT near
the contacts is a few hundred nanometers,6,31 which is
much smaller than the overall length of the SWNT.
The analytically modeled system in this case includes a PMMA coating with thickness h0 on a layer
of SiO2 with thickness h1. The silicon substrate underneath is assumed to be inﬁnite. The SWNT has radius r0
and lies at the interface between the PMMA and SiO2.
The center of the SWNT marks the origin of a Cartesian
coordinate system with x along the interface, in a
direction perpendicular to the SWNT, and with y
into the Si substrate (see Supporting Information,
Figure S2). The temperature distribution is obtained
by solving the heat diﬀusion equation
!
Dθ
D2 θ D2 θ
R
¼ 0
(1)
þ
Dt
Dx 2 Dy 2

rﬃﬃﬃ Z þ ¥
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
A0 [exp(y s2 þ q20 )
π 0
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
þ exp( y s2 þ q20  2h0 s2 þ q20 )] 3 cos(sx)ds

θ0 (x, y) ¼ Q0

(2)
where

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
πr0
s
s2 þ q20 )sin
2
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
=πr0 s 2π(s2 þ q21 )k1 (1  K)cosh(h0 s2 þ q20 )
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ #
k0 s2 þ q20
þ (K þ 1) pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2 sinh(h0 s2 þ q20 )
k1 s2 þ q1

A0 ¼ (K þ 1)exp(h0

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s2 þ q2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k2
s2 þ q21
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ exp( 2h1 s2 þ q21 ),
K ¼ 1
k1
k2 s2 þ q2
1 þ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ22
k1 s2 þ q1
q0 2 ¼

2iω
2iω
2iω
, q1 2 ¼
, and q2 2 ¼
R0
R1
R2

As an approximation, the contribution of SiO2 and Si
to the thermal expansion can be neglected since their
coeﬃcients of thermal expansion (CTE) (∼1  106) are
more than 10 times smaller than that of PMMA (∼5 
105). (We note that, although the Si substrate is thick,
the temperature rise is signiﬁcant only near its surface
and diminishes quickly. This behavior leads to an
approximately spatially uniform contribution to the
total expansion, as shown in Figure S6.) Neglecting
expansion in SiO2 and Si allows an analytical study of
the SJEM signal by considering expansion in a layer of
PMMA that is traction-free at its top surface (y = h0)
and fully constrained at its base (y = 0). The full solution,
which appears in the Supporting Information, part 2,
indicates that at low frequencies, when the thermal
diﬀusion length for the PMMA is much larger than
the PMMA thickness (for purposes here, we deﬁne this
length as LD = (R0/ω)1/2 . h0), the temperature
throughout the thickness of PMMA is approximately
equal to its surface temperature, and the amplitude of
the oscillating vertical displacement at the PMMA top
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surface (i.e., the detected thermal expansion in experiment) can be written simply as
juy (x, h0 )j ¼

1 þ ν0
β h0 jθ0 (x, h0 )j
1  ν0 0

(3)

where ν0 and β0 are the Poisson's ratio and CTE of
PMMA, respectively (see Figure S4 for comparisons of
the simpliﬁed formula with the full solution at diﬀerent
frequencies). We also performed coupled thermomechanical FEA to verify the results of the analytical
treatment (see Methods section).
On the basis of such models, the measured crosssectional SJEM proﬁles can be ﬁt using the power
dissipation per unit length Q0 as the only free parameter, with all other material constants taken from the
literature3443 (see Supporting Information, Table S1).
The results appear as red lines (analytical) and green
dots (FEA) in Figure 3d,e. When Q0 ∼ 3.9 μW/μm for
cross section A and ∼1.7 μW/μm for cross section B, the
computed results match the measured ones remarkably well. Repetitively ﬁtting each measured cross
section yields Q0 as a function of position along the
SWNT. Integration yields a total power of ∼14.6 μW,
which compares well to the measured total input
power of ∼18 μW. The fact that most of the power
(∼81%) is dissipated in the device channel is consistent
with modest resistances at the electrical contacts.
A simple, complementary way to consider the results
is to note that the temperature increase of the SWNT
can be written as θSWNT = Q0(1/gint þ 1/gsur), where gint
is the interfacial thermal conductance per unit length
along the tube6,31 (at the interfaces between SWNT
and PMMA, SiO2), and gsur is the spreading thermal
conductance from the surroundings of the SWNT to
the ambient, including contributions from PMMA, SiO2,
and Si. The analytical expressions in eq 2 yield values
for gsur = Q0/|θ0(0,0)| ≈ 0.75 and 0.73 W/m/K for r0 = 0.5
and 0.6 nm, respectively. Literature reports suggest
that gint = 2πr0h (gint ≈ 0.47 W/m/K for r0 = 0.5 nm and
0.57 W/m/K for r0 = 0.6 nm), where h = 1.5  108 W/m2/K
is the thermal coupling per unit area for typical metallic
SWNTs.31 With these parameters and radii of r0 = 0.5
and 0.6 nm for the hotter and colder segments, respectively, we obtain temperature distributions that are consistent with measurement and modeling (Figure 3f).
This proﬁle accurately reﬂects the distinct heating from
the two segments, except within a few hundred nanometers (the thermal transfer length6,7) near the metal
contacts and the joint region between the hotter and
colder segments, where the temperature is somewhat
overestimated (see Figure S8d and Figure S9) due
to inaccuracies that arise from application of the 2D
analysis to regions with non-uniform heating.
The achievable levels of spatial and temperature
resolution are important characteristics of the measurement. To examine the limits of the technique, and
to further understand heat ﬂow from the SWNT, we
XIE ET AL.

Figure 4. (a) Eﬀects of PMMA and SiO2 thicknesses on the
resolution (represented by the full width at half-maximum,
fwhm) in SJEM measurements: measurements, FEA, and
analytical modeling of the widths (fwhm) for the expansion
proﬁles across the SWNT, at f = 30 kHz. Data collected for
PMMA of various thicknesses on two types of device substrates (hollow squares, hollow circles, and dashed lines
correspond to SiO2/Si (200 nm/500 μm); solid squares, solid
circles, and solid lines correspond to SiO2/Si (90 nm/
300 μm)). The x-axis uses a log-scale. (b) Eﬀects of frequency
on the resolution of SJEM: measurements, FEA, and analytical modeling of the fwhm at diﬀerent frequencies, for the
case of PMMA and SiO2 thicknesses of 370 and 90 nm,
respectively. (c) Measurements, FEA, and analytical modeling of the expansion magnitude at diﬀerent frequencies for
the case of PMMA and SiO2 thicknesses of 370 and 90 nm,
respectively. Here, the thermo-mechanical simulation does
not include the eﬀects of tip-contact resonances that appear prominently around 150 kHz (see text and Supporting
Information).

studied devices with diﬀerent thicknesses of SiO2 and
PMMA. Figure 4a shows the characteristic widths (full
width at half-maximum, fwhm) of the measured temperature signal along the sample surface and across
individual SWNTs, similar to those in Figure 3d,e, on
90 nm (solid square) and 200 nm (hollow square) thick
layers of SiO2, imaged at f = 30 kHz. Also shown are
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results of FEA (solid and hollow circles) and analytical
modeling (solid and dashed lines). Throughout the
range of PMMA thicknesses (25 to 370 nm), the fwhm
values of proﬁles for the 90 nm SiO2 case are smaller
than those for 200 nm SiO2. Likewise, the fwhm
decreases almost linearly with thickness of the PMMA,
corresponding to an increase in spatial resolution.
(Results for PMMA thickness extending to 1.5 μm
appear in Figure S7a.) In all cases, experiment agrees
well with modeling. We note that the temperature
signal is a convolution of the thermo-mechanical expansion, which is mostly in the vertical direction, and
the temperature ﬁeld near the CNT, which varies in
both the vertical and lateral directions.
The temperature resolution, deﬁned as the temperature rise in the SWNT that causes the smallest detectable expansion signal, can be represented as δT =
((δh)/(|uy(0,h0)|/Q0) (1/gint þ 1/gsur), where δh is the
noise equivalent height. This latter parameter originates from cantilever noise25 and both mechanical
and electrical noise in the AFM system. The thermomechanical expansion is almost entirely in the vertical
direction, which simpliﬁes analysis of the temperature
resolution.28 For typical experimental conditions (f <
90 kHz, Asylum ACT 240 cantilever, bandwidth for the
lock-in ampliﬁer between 3.4 and 35 Hz), δh is between
0.7 and 1.6 pm. The temperature resolution δT also
depends on the thermo-mechanical expansion of
the PMMA (i.e., uy(0,h0)/Q0). As the PMMA thickness
increases, the total expansion signal increases for a
given temperature rise, thereby providing an improved temperature resolution (see Figure S7b for
the expansion signal scaling with PMMA thickness).
Finally, the interfacial thermal resistance between the
SWNT and surroundings further decreases δT. The
temperature resolution for the SWNT shown in Figure 3
is estimated to be ∼0.7 K.
The dependence of the spatial resolution on operating frequency is also important and can be understood
in terms of the thermal diﬀusion length. Figure 4b
shows the fwhm values of the cross sections from
the measured signals, for a SWNT on SiO2/Si (90 nm/
300 μm) with PMMA (370 nm) at diﬀerent frequencies,
including both experiment and modeling results. At
low frequencies, the width remains nearly constant
since the thermal diﬀusion length LD of PMMA is large
compared to its thickness. As the frequency increases,
the width decreases, consistent with a reduction in LD.
Further increases in frequency leads to another regime
of frequency-independent behavior, as LD becomes
comparable to and less than the thickness of PMMA.
The magnitudes of the expansion signals show frequency dependence as well as illustrated in Figure 4c
(solid square). Here, the green solid circles and red solid
line correspond to the FEA results and analytical
simulations, respectively. The general trend is that
the expansion magnitude decreases as the frequency

Figure 5. (a) Topographical AFM image of three SWNTs. The
inset provides a magniﬁed view of a “kink” in one of the
SWNTs (highlighted by the white dashed box). (b) SJEM
image of the same SWNTs. A strong peak appears at the
position of the kink, consistent with signiﬁcant heat generation at this location. (c) Expansion proﬁle along the
SWNT with the kink (solid square) and the results (red curve)
based on a 3D FEA model that accounts for heat generation
at the site of the defect. The power dissipation at the defect
is calculated to be 2.9 μW, while the rest of the SWNT has an
average power density 3.0 μW/μm. The inset shows the
results of full 3D FEA simulations. (d) SJEM image collected
at high frequency shows an enhancement in the signal. The
overall image is similar to (a) except for the portion near
the metalSWNT contact where the local stiﬀness of the
substrate and the step in topography may inﬂuence the tipcontact resonances. The lower left inset provides a crosssection proﬁle along the dotted line in (c), showing a fwhm
smaller than 100 nm.

increases, with the exception of several data points
that show anomalously large signals at frequencies
near 150 kHz (see Figure S10 for comparing images
taken at f = 30 and 142 kHz). This behavior is related to
resonant vibrations of the tip (see Supporting Information, part 6) and is not included in the thermo-mechanical
simulation. The implication here is that quantitative
SJEM measurements can be most easily made at low
frequencies, where the AFM tip simply follows the thermal expansion proﬁles. Although high-frequency operation increases the spatial resolution, measurements in this
regime can be diﬃcult to analyze quantitatively due to
complexities associated with tipsample interactions.
As a demonstration of the versatility of the technique when implemented with PMMA thicknesses
optimized according to the results described above,
SJEM can be used to examine SWNTs that have defects.
SWNT devices, even formed with pristine SWNT grown
by chemical vapor deposition (CVD), often include
defects44 that can aﬀect their electronic properties.5
SJEM can image these defects to determine not
only their spatial positions but also their eﬀects on
charge transport, via inﬂuence on local Joule heating.
Figure 5a presents an AFM topographic image of a
device with three SWNTs. One of the SWNTs has
a prominent kink in the middle of the channel, as
shown by the magniﬁed image (inset in Figure 5a).
This kink results from growth and can be considered as
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estimated to be considerably higher (∼13 times) than
that of the other regions of the SWNT.
For these results, the thin coating of PMMA enables
high spatial resolution; low-frequency operation facilitates extraction of the power density and temperature
quantitatively. To further increase the resolution as
well as the signal magnitude, high-frequency imaging
can be used, as shown in Figure 5d, collected at a
frequency of 155 kHz. Here, the signal is enhanced due
to resonant eﬀects, as described in Figure 4c. The
shape of the expansion is identical to the case evaluated at low frequency, except for regions of the sample
near the edges of the metal contacts where contact
stiﬀness of the AFM tip changes due, at least in part, to
the sharp topographical features. This creates artiﬁcial
peaks that do not accurately reﬂect the temperature
(i.e., heat conduction through the metal contacts in these
regions should reduce the temperatures locally).6,7
The resolution of the image, as shown in the inset of
Figure 5d (corresponding to cross sections marked by
the dotted line), is better than 100 nm.

METHODS

SiO2/Si substrates with catalyst islands of ferritin (Sigma Aldrich)
patterned by photolithography.48 Scanning electron microscopy
(SEM, Hitachi 4800) enables selection of those devices with a
desired number of SWNTs. Use of a semiconductor parameter
analyzer (Agilent 4156) reveals the electrical characteristics.
SJEM Imaging. PMMA (950 A4 or 950 A2; Micro Chem) spincast onto devices at different spinning speeds and durations
yields films with desired thicknesses. PMMA diluted in methoxybenzene enables access to thicknesses smaller than 50 nm.
Baking the devices at 110 C for 510 min after coating
removes the residual solvent. AFM (Asylum MFP 3D) measurements at step edges corresponding to locations of physical
removal of the PMMA near the devices yield accurate values
of the thicknesses. Wire bonding the device to a sample holder
(Spectrum Semiconductor Materials) allows measurement

Fabrication and Characterization of SWNT Devices. Fabrication of
the devices begins with the growth of aligned SWNTs on stable
temperature (ST) cut single-crystal quartz (Hoffman Materials),
using electron beam evaporated iron (0.10.4 Å) as the catalyst
and ethanol as the feeding gas during the chemical vapor
deposition (CVD) process.45,46 Transfer of the SWNTs to a layer
of thermally grown SiO2 on a doped silicon wafer (SQI, Inc.) is
carried out with methods described elsewhere.47 Photolithography (AZ 5214), electron beam evaporation (AJA), and lift-off
define the sourcedrain contacts (Ti/Pd, 1 nm/40 nm). Oxygen
plasma etching of SWNTs that lie outside of the active channel
through a photolithographically defined pattern of resist yields
devices with one or several SWNTs. Some of the devices with
single, individual SWNTs used tubes directly grown by CVD on
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a topographic defect. Figure 5b shows a SJEM image of
this device, imaged using a 25 nm thick coating of
PMMA at a frequency of 30 kHz and Vg = 0 V. Here, one
SWNT exhibits nearly uniform expansion along its
length; another SWNT shows almost no signal (due to
high combined resistances in the contacts and this
particular SWNT); the third exhibits a sharp peak
corresponding to the site of the kink defect. Extraction
of the expansion magnitude along this SWNT (black
squares in Figure 5c) shows that the signal of the defect
is about 8 times higher than the average level along the
remainder of this SWNT, indicating substantial local
heating.
Using a 3D FEA model that incorporates a point
heating source (total power Qdef) and a uniformly
distributed line heating source (power density Qave)
to represent the defect and other parts of the SWNT,
respectively (see Methods and Supporting Information, part 7), can match the experimental expansion
proﬁles. Here, the interfacial thermal resistance gint
is adjusted to control the thermal diﬀusion along
the SWNT (thermal transfer length LT ∼ (kA(1/gint þ
1/gsur))1/2, where k is the thermal conductivity and A
is the cross-section area of the SWNT),6,7,31 thereby the
shape of the expansion proﬁle. The power is selected
to match the magnitude of the expansion. By using
LT ∼ 40 nm, Qdef ∼ 2.9 μW, and Qave = 3.0 μW/μm,
we achieved good agreement between the simulation and experiment, as shown by the red curve in
Figure 5c. The plot in the inset shows the full solution
from FEA (here, the simulated height values has been
changed to the equivalent electronic readout values
for better comparison with Figure 5a). The simulated LH
∼ 40 nm is smaller than a previously reported value6
(∼200 nm) inferred from electrical breakdown of
SWNTs on SiO2/Si. This diﬀerence is likely due in part
to the additional, conformal PMMA layer, which facilitates heat removal from the SWNT (increases gint), and
in part to a likely lower thermal conductivity in this
SWNT near the defect location. We note that, although
the power dissipated at the defect site only consists
∼22% of the total input power, its temperature is

CONCLUSIONS
The results provided here use SJEM to examine, in a
quantitative fashion, the physics of heat generation
and dissipation in a variety of devices that incorporate
individual, isolated SWNTs as the active materials.
Physical properties such as the chirality, diameter,
and point defects strongly aﬀect the measured temperature distributions. Analytical and FEA models
account for all aspects of the thermo-mechanical
response and provide tools for inferring temperature
distributions from measurements of thermal expansion. By comparison to other techniques (Raman, IR,
or SThM), SJEM has advantages of straightforward
operation, quantitative interpretation, and high spatial
resolution and sensitivity. The results provide an experimental and theoretical framework for accurate,
precise thermal distribution measurements by SJEM,
and the speciﬁc observations in SWNT devices yield
insights into basic operational characteristics and heat
ﬂow properties in these systems.
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1. Details of the SJEM setup
Figure S1 shows a detailed schematic diagram of the scanning Joule expansion microscopy (SJEM)
setup. The AFM tip scans the sample surface in contact mode. A laser-photodiode system detects the
cantilever deflection caused by intrinsic height variations as well as those due to thermomechanical
expansion. A lock-in amplifier operating at the Joule heating frequency captures the expansion signal to
form the thermal expansion image. A feedback loop with a cut-off frequency much smaller than the
Joule heating frequency processes the topographical signal to form the image and it also controls the
piezoelectric stage for scanning1.

Figure S1. Detailed schematic diagram of the SJEM setup.

3

2. Details of the two dimensional (2D) analytical model for thermal transport and
thermomechanical response

a) Temperature Distribution

Figure S2. Schematic illustration of the domain for the 2D analytical model
The 2D heat transfer governing equation temperature is

T  k    2T  2T 
  

  0 (1)
t  c  x 2 y 2 
where k is thermal conductivity,  is density, c is specific heat capacity, and   k / (c  ) is thermal
diffusivity. In the equations below, the subscripts 0, 1 and 2 denote PMMA, SiO2 and Si, respectively.
Setting   T  T , where T is the ambient temperature, the above equation is equivalent to
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where b=r0/2 (r0 is the radius of the SWNT) is the half width of the heat source; P0 and P1 is the heat
Q
flux from the heat source at the interface, which satisfy  P0  P1  , Q is the power dissipation per
2b
unit length along the SWNT; Pc 0 and Pc1 is the heat flux at the interface where no heat source presents,
which satisfy  Pc 0  Pc1  0 due to the continuity (note Pc 0 and Pc1 are included to show the completeness
of the boundary condition; they are not needed to obtain the temperature distribution).

(3) y  h1 (SiO2/Si interface)
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For an applied voltage V  Vds cos t  with the angular frequency   2 f , the Joule heating power
density is Q  Q0 (1  cos(2t )) , which has both DC (i.e. Q0 ) and AC (i.e. Q0 cos(2t ) ) components. In
the following, we will obtain the solution for the AC component, which corresponds to the
measurements of SJEM. Assuming the alternating temperature rise is  ( x, y, t )   ( x, y ) exp(2it ) , we
have

 2  2
 2  q 2  0
2
x
y
where q 2 
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Eq. (7) can be solved via the Fourier cosine transform
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we have
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Solving the above equation gives

  A exp( y s 2  q 2 )  B exp( y s 2  q 2 )
(10)

d
 A s 2  q 2 exp( y s 2  q 2 )  B s 2  q 2 exp( y s 2  q 2 )
dy

where A and B are to be obtained from the boundary conditions. The temperature is then obtained by
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 A exp( y s 2  q 2 )  B exp( y s 2  q 2 )   cos(sx)ds



(11)

Therefore, the temperature in Fourier space at each layer is obtained as:
PMMA layer:  0  s, y   A0 exp( y s 2  q02 )  B0 exp( y s 2  q02 )
SiO2 layer: 1  s, y   A1 exp( y s 2  q12 )  B1 exp( y s 2  q12 )
Si layer:  2  s, y   A2 exp( y s 2  q22 )  B2 exp( y s 2  q22 )
With boundary conditions (3)-(6) in Fourier space, we can obtain the temperature at each layer. For
example, A0 and B0 are given by

A0 

Q0   1 exp(h0 s 2  q02 ) sin(






 r0 s 2  s 2  q12 k1 1    cosh h0 s 2  q02    1


 r0

s)
2
k0 s 2  q02
k1


sinh h0 s 2  q02  (12)

s 2  q12





B0  A0 exp(2h0 s 2  q02 )
1

where  
1

k2
k1

s 2  q22

k2
k1

s q

s 2  q12
2

2
2

exp(2h1 s 2  q12 )

s 2  q12

The temperature in PMMA layer is then obtained as

0 ( x, y) 

2





0

A0 exp( y s 2  q02 )  exp( y s 2  q02  2h0 s 2  q02 )   cos( sx)ds



(13)
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b) Thermal Expansion Based on the temperature distribution
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x
Prescribed
displacements

y

Figure S3. Schematic illustration of the thermo-mechanical model

Only the PMMA layer is considered in calculations of the thermal expansion. Its top surface is
traction-free and the bottom surface is fully constrained. The problem is solved by superposing the
following two solutions:
(1) Infinite plane with 0  x, y  , and
(2) Finite plane without 0  x, y  but with its upper boundary tractions prescribed as the negative
of  yy and  xy along y  h0 , and the lower boundary displacements prescribed as the negative u and v
calculated along y  0 .
For problem (1), the potential of thermal displacement is given by


1 1  0
  x, y  
0   0  ,  ln
2 1  0  
  h0
0

2
2
 x      y   d d

(14)

where  0 and  0 are the Poisson ratio and coefficient of thermal expansion (CTE) of PMMA.
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The displacements can be obtained

0
  x, y  1 1  0
x 
ux 

 0    0  , 
d d
2
2
x
2 1  0     h0
 x      y  

0
  x, y  1 1  0
y 
uy 

 0    0  , 
d d
2
2
y
2 1  0     h0
 x      y  

(15)

The stresses are given by

0
 x      y    d d
 2
1 E0
 x  2G0 2  
 0    0  , 
2
y
2 1  0     h0
 x    2   y    2 


2

2


0
 y      x    d d
 2
1 E0
 y  2G0 2  
 0    0  , 
2
x
2 1  0     h0
 x    2   y    2 



0
2  x    y   
 2
1 E0
 xy  2G0

 0    0  , 
d d
2
xy
2 1  0     h0
 x    2   y    2 


2

where G0 

2

(16)

E0
is the shear modulus of PMMA and E0 is the Young’s modulus of PMMA. The
2 1  0 

tractions at y  h0 are

0
 h0      x    d d
1 E0

 0    0  , 
2
2 1  0     h0
 x   2   h0   2 



0
2  x    h0   
1 E0

 0    0  , 
d d
2
2 1  0     h0
 x   2   h0   2 


2



h0
y



h0
xy

2

(17)

The displacement at y  0 are


0



0

1 1  0
x 
u 
 0    0  , 
d d
2
2 1  0     h0
 x     2
0
x

1 1  0

u 
 0    0  , 
d d
2
2 1  0     h0
 x     2

(18)

0
y

For problem (2),
Consider the Airy stress function

8

  x, y  



2

  , y  cos  x  d

0

(19)

Substituting the above equations in the biharmonic equation and solving for  , one can obtain

  x, y  

2



 A  yA  e    A  yA  e


 y

1

0

2

3

4

y

 cos  x  d

(20)

The stress components are given by

 xx 



 2
,


,



yy
xy
y 2
x 2
xy

(21)

Combining with the constitutive relation
1
 x   y 
E
1
e y   y   x 
E
1
exy 
 xy
2G
ex 

where E  

E0

,   0 , we can obtain the displacements
2
1  0
1  0

u x  x, y  

2





u y  x, y  

2



0



0

(22)

1  0
 e  y A1   2  2   y  e  y A2   e y A3   2  2   y  e y A4  sin  x  d 
E0
1  0
 e  y A1   y  1  2  e  y A2   e y A3   y  1  2  e y A4  cos  x  d 
E0

(23)
where A1 , A2 , A3 and A4 can be obtained from

  2 e h0
 2  h0
  e

 
 

 2 h0e h

 2 e  h0

0

   h  e
2

0

2  2
1  2

 h0

 2 e  h

0




  h0

   y cos  x  dx 
 x 0

 h0
2
 

  A1 
 h0e
h0

 xy sin  x  dx 



 h0 
2
A





h
e

 2
x 0
0





 (24)
 A

E0 0
2  2

 3
u x sin  x  dx 





A

1


1  2
0
 4
 x 0

  E0 0

u y cos  x  dx 

 x 0 1  0
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The superposition of problem (1) and problem (2) gives the out-of-plane displacement at y  h0 as


h0  
1 1  0
u y  x, y  h0   
0   0  , 
d d
2
2
2 1  0     h0
 x      h0   
2







0

0

(25)

1  0
 e h0 A1    h0  1  2  e h0 A2   e h0 A3    h0  1  2  e h0 A4  cos  x  d
E0

and its amplitude, which is the value measured by SJEM is u y  x, y  h0  .

c) Thermal Expansion at Low Frequencies
The model in Section 2(b) above is accurate and does not involve any assumptions. At low
frequencies, when the thermal diffusion length for PMMA is much larger than the PMMA thickness, the
temperature throughout the thickness of PMMA is approximately equal to its surface temperature.
Under the assumptions of (1) plane strain in z direction because the length of SWNT is much larger than
its radius and (2) plane stress in y direction because the film is thin and the temperature is thickness
independent, the amplitude of the oscillating vertical displacement of the PMMA top surface can be
obtained as:

u y  x, h0  

1  0
 0 h0  0 ( x, h0 )
1  0

(26)

where  0 and  0 are the Poisson’s ratio and coefficient of thermal expansion (CTE) of the PMMA,
respectively. Figure S4 clearly shows that the simple formula is valid for low frequencies (e.g., smaller
than 100 kHz, simulated for the case of PMMA thickness 120 nm and SiO2 thickness 200 nm at Q0 = 1
μW/μm heating along the SWNT).
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Figure S4. Comparison between the complex formula and the simplified one for (a) f = 15 kHz, (b), 68
kHz, (c) 142 kHz, (d) 300 kHz. Values are simulated for Q0 = 1 μW/μm with PMMA thickness 120 nm
and SiO2 thickness 200 nm. The simplified formula serves as a good approximation when the frequency
is low, e.g. <100 kHz for the physical conditions selected here.
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3. Properties of the materials used in the analytical model and finite element
analysis (FEA)

Table S1. Thermal and Mechanical parameters used in analytical and FE models
Materials

Thermal
Thermal
Conductivity Diffusivity

Coefficient
of Young’s
Thermal Expansion Modulus

(Wm-1K-1)

10-6 (K-1)

10-6 (m2s-1)

Poisson Ratio

109 (Pa)

Si

120 (ref 2)

73

2.6 (ref 3)

165 (ref 4)

0.28 (ref 5)

SiO2

1.3 (ref 6)

0.84 (ref 6)

0.50 (ref 7)

64 (ref 4)

0.17 (ref 8)

PMMA

0.19 (ref 9)

0.11 (ref 10)

50 (ref 11)

3.0 (ref 12)

0.35 (ref 13)

Note: Si is Boron doped, with resistivity ~0.005  cm .

4. Additional 2D FEA

Figure S5. Structure used in the 2D FEA.
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Figure S6. FEA simulation shows the total thermal expansion (black curve, extracted from the top
surface of PMMA) and the thermal expansion of SiO2/Si substrate (red curve). The contribution from
SiO2 is negligible due to very small CTE (~0.5x10-6 K-1). Although the Si (CTE ~ 2.6 x10-6 K-1)
substrate is thick, its temperature rise is insignificant and broadly distributed. Therefore, together, the
SiO2/Si substrate only contributes a nearly flat background to the thermal expansion. The simulation is
based on 25 nm PMMA and 90 nm SiO2, at f = 30 kHz.

Figure S7. (a) Full width of half maximum (FWHM) for the expansion profiles across the SWNT with
PMMA coating ranging from 25 nm to 1500 nm (Values are simulated at f = 30 kHz and SiO2 thickness
= 90 nm). (b) Expansion magnitude for SWNT with constant temperature (Values are simulated under
the same conditions as (a)). The signal increases almost linearly with PMMA thickness when the
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thickness is small (e.g. <100 nm), then reaches a maximum point (at ~500 nm here) and subsequently
decreases, as the thermal diffusion length at this frequency becomes larger than the PMMA thickness.

5. Validation of the 2D models
A 3D FEA model was also built to justify the effectiveness of the 2D models. Figure S8a shows the
structure used for the simulation. The width is 3 m and the length of the left and right edges (where no
SWNTs are present) are set to be at 2 m. A SWNT placed at the interface between PMMA (120 nm)
and SiO2 (200 nm) has a diameter of 2 nm and power density of Q0  1  W/ m . Ignoring the metal
electrodes and the silicon substrate simplifies the calculation. Regarding thermal transport, the bottom
surface of the structure and the two ends of the SWNT are set to a temperature of 300 K. All other
boundary surfaces are thermal insulating and all interfaces are continuous. For calculations of the
thermal expansion, the bottom surface is set to be fixed, all other boundary surfaces are free of motion
and all the interfaces are characterized by no-slip behavior. Figure S8b shows the typical simulated
result, where color represents the temperature and the exaggerated deformation indicates corresponding
thermal expansion. Figure S8c shows how the cross-section of thermal expansion (across the center of
the SWNT, along Y direction) changes with the length of the SWNT, together with a comparison to
results from 2D models. The inset provides a plot of the maximum expansion (i.e. expansion value at Y
= 0 m in the cross-section) and its dependence on the lengths of the SWNTs. As the length increases,
the magnitude of the cross-section also increases, finally approaching a constant value when LSWNT is
larger than about 1 m (this value for 3D is smaller than that for 2D, because the 3D model here does
not include the thick Si substrate, in which case the overall temperature and expansion are
underestimated). The results indicate that the power will be overestimated if the 2D model is used for
short channel devices (e.g. L < 1 μm) due to the effect of the contacts. Figure S8d provides a
comparison between the temperature of the SWNT (red curve, here the SWNT is 2 m) and the
maximum thermal expansion on the PMMA surface (black curve), along the length of the SWNT (x
direction). The shape of the thermal expansion curve matches the shape of the temperature curve. This
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indicates that the 2D models are valid for calculating the temperature distribution along the SWNT (by
fitting the cross section of the expansion at each point), with the exception of the regions near the
contacts, where the expansion does not accurately reflect the temperature of the SWNT.

Figure S8. (a) Structure used for the 3D FEA simulation. (b) The result of a 3D simulation, where the
color indicates the temperature and the deformation shows the corresponding thermal expansion. (c)
Cross-sections of the thermal expansion (across the center of the SWNT, along Y direction) for SWNTs
with different lengths, and the comparison with that from the 2D model. The inset shows how the
maximum expansion (i.e. the point at Y = 0 m in the cross-section) scales with the lengths of SWNTs.
(d) The maximum expansion (black curve) along the length of the SWNT (X direction), and the
temperature of the SWNT (red curve). Here the length of the SWNT is fixed as 2 m.
Moreover, as a particular consideration, the SWNT shown in Figure 3 has a joint where two segments
of distinct temperature merge. The 2D analysis near this location has some inaccuracies due to non-
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uniformities in the temperature. To evaluate these errors, we note that the thermal transport
characteristics at the joint region and the contact regions are essentially the same, i.e. both regions show
temperature changes from one constant value to another constant value, and the transition distance is
characterized by thermal transfer length LT . Therefore, the analysis associated with Figure S8d not only
reflects the errors caused by 2D analysis for the contact region, but the joint region as well.
To further understand the approximation, we solved the thermal transport equation along this SWNT,

 2 ( x, t )
1
1
 ( x, t )
kA
 Q0 cos(2t )  (1/ (

)) ( x, t )  CA
2
x
gint g sur
t

(27)

Here the SWNT is considered as of two segments, with input power density of Q0 =3.9 μW/μm,
length~1.7 m, diameter~1 nm for one segment and Q0 = 1.7 μW/μm, length~4.1 m, diameter~1.2 nm
for the other one. The power and length are chosen to match the power density distribution and the total
length of the SWNT; all boundary conditions and other physical parameters are the same with the 2D
simulation described in the main text. In detail, the joint of the two segments are considered to have
continuous heat flux and temperature change; Contacts of the SWNT are kept at room temperature.
Thermal conductivity of SWNT k is 3000 W/m/K; gint  2 r0 h (

g sur

) and

0.74W / m / K are the same with the 2D model. This 1D analytical treatment has been widely

used for understanding the thermal transport along SWNTs.14-17 As shown in figure S9, the resulting
profile from the modeling matches fairly well with the one obtained from 2D analysis of the SJEM
results (i.e. Figure 3f). As expected, per the discussion above, some similar inaccuracies exist at the
contact and joint regions.
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Figure S9. Comparison between the temperature profile (red dashed line) from solving the thermal
transport equation along the SWNT and the one from 2D analysis (black solid square) of the SJEM
results. Note most parts of the two profiles matches well except for those at the joint region and the
contact regions, where similar differences exist.

6. Tip-sample interaction and the resonant enhancement effect

Figure S10. Expansion images from a portion of a SWNT (arrow indicates the direction along the
SWNT) collected at (a) f = 30 kHz, and (b) f = 142 kHz, respectively. The same voltage (Vds = 3 V) is
used for the Joule heating. The z axis in both images is set at the same scale for purposes of
comparison. The image at 142 kHz shows much larger signal (~11 times) than that from 30 kHz due to
contact resonance enhancement.
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The tip-sample interaction can be captured in a simple way with a damped harmonic oscillator model
(with driving frequency of 2ω), where the amplitude of the cantilever Ac can be related to that of the
surface As according to: 18-20
(28)

√

where

and

are the free resonant frequency and resonance frequency that accounts for the tip-

sample interaction (ie. contact resonant frequency), respectively, and
When

, then

. In our setups,

is the quality factor.
, which is much larger than

, such that the cantilever deflection is almost identical to the sample expansion in this
low frequency regime. Operating at high frequency can enhance the signal, with a maximum when the
heating frequency matches with the contact resonant frequency (

), resulting in

.

7. Simulation of thermomechanical response for point defects in SWNTs
The heat transport for the SWNTs with point defects can be understood by using a 1D heat diffusion
picture. Heat generated at the defect site (total power Qdef ) will flow along the SWNT and into the
surrounding materials (here is PMMA and SiO2), as shown in figure S11a. The governing equation to
solve the temperature rise  ( x, t ) due to the defect heating can be written as:

kA

 2 ( x, t )
1
1
 ( x, t )
 (1/ (

)) ( x, t )   CA
2
x
gint g sur
t

Q e
d ( x , t )
( x  0)  def
with boundary conditions  kA
dx
2

(29)

2 it

and

 ( x  L)  0 . We represent the

oscillating temperature as   x, t   0  x  exp  2it  , and equation (28) can be simplified as:

 20 ( x) 1
2i
 2  0 ( x)  2  0 ( x)  0
2
x
LT
LD

(30)
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Where LT  kA(1/ gint  1/ g sur ) is the thermal transfer length and LD 

k
is the thermal diffusion
 c

length. Equation (30) indicates that both LT and LD are constrains for the heat flow along the SWNT.
While both of them scales linearly with the square root of the thermal conductivity k , LT is mainly
controlled by interface thermal property and LD is mainly controlled by frequency.
Under the experimental condition where LD  LT and L  LT holds, the temperature can be
approximated as:

 0 ( x) 

Qdef LT
2kA

e  x / LT

(31)

This shows that the temperature along the SWNT decays exponentially from the defect site to the rest
of the SWNT, with a characteristic length of LT . Since the amount of heat flow into the PMMA is
proportional to the local temperature, the shape of the expansion profile is also directly related to LT .
Finally, the temperature ratio between the defect and the rest of the SWNT is:

 0 (0) /  ave 

Qdef
2 LT Qave

(32),

where ave  Qave (1/ gint  1/ gsur ) is the temperature of the rest of the SWNT.
Rigorous simulation of the heat transport and expansion with defects relies on the 3D FEA model (see
Methods). We used two sets of parameters (Table S2), to yield similar results that match the
experimental profiles quite well (Figure S11b is for the profiles along the SWNT and Figure S11c is for
the cross-sections perpendicular to the SWNT). Both of the two sets of parameters yield LT ~ 40 nm .
Although the temperature magnitudes are different (Figure S11d), the temperature ratio between the
defect and the rest part of the SWNT are similar (ratio~13), as suggested by the simple 1D analytical
model.
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Table S2. Physical parameters of SWNTs and interface property
Parameter

Diameter
(nm)

Thermal
conductivity
(W/m/K)

Thermal coupling between
the SWNT and surroundings
per unit area (W/m2/K)

Set 1

1

700

1.5  108

Set 2

1

1200

4.5  108

Figure S11. (a) Schematic representation of heat diffusion along the SWNT and heat flow into the
surroundings. (b)-(c) Experimental (black solid square) and FEA simulated (red dotted line and blue
dashed line) profiles from two sets of different parameters listed in table S2. The yellow dashed line in
the inset indicates the location where the profiles are extracted. (d) Simulated temperature distribution
along the SWNT for both sets of parameters.
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8. Justification of the adiabatic thermal transport boundary condition used at the
top surface of the PMMA
To justify the adiabatic boundary condition for the top surface of the PMMA, we calculated both
convective and radiative heat losses and compared them with the total input power.
The convective heat loss from the PMMA surface can be described by QC   h surface dA ,where h is
the coefficient of natural convection (ranging from 5~25 W / m 2 / K ),  surface is the temperature rise at the
top-surface, and A is the surface area. To do the estimation, we take a typical case shown in figure S12,
where  surface ~ 1.5 K for a given power density Q0 ~ 4W / m . By using the upper bounds of other
2
parameters (width of the temperature profile ~1m and h  25W / m / K ), we can get the maximum

5
convective heat loss per unit length along the SWNT as ~ 3.75 10 W / m , which is about 5 order

smaller than the input power density. For other various cases in the experiments, the temperature rise at
the top-surface is typically smaller than 1K per 1W/m (input power), and width of the profile smaller
than 2m. Therefore, we conclude that the convective heat loss can be neglected in our simulations.

Figure S12. Temperature rise at the top surface of the PMMA, along the cross section marked by dotted
lines A from figure 3b. The curve is calculated by FEA simulation, assuming an adiabatic boundary
condition of heat transfer at the top surface of the PMMA.
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4
4
The heat loss due to radiation can be described as QR    [(T0   surface )  T0 ]dA ,where

 ~ 5.67 10 8W / m 2 / K 4 is the Stefan-Boltzmann constant and T0  300 K is the ambient temperature.
Again, doing estimation using  surface ~ 1.5 K and width of the temperature profile ~1m, we get the
radiation loss~ 9.2  10 6 W / m , which is also much smaller than the input power.
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