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ABSTRACT On the basis of scanning thermal microscopy (SThM) measurements in contact and lift modes, the low-frequency acoustic
phonon temperature in electrically biased, 6.7-9.7 µm long graphene channels is found to be in equilibrium with the anharmonic
scattering temperature determined from the Raman 2D peak position. With ∼100 nm scale spatial resolution, the SThM reveals the
shifting of local hot spots corresponding to low-carrier concentration regions with the bias and gate voltages in these much shorter
samples than those exhibiting similar behaviors in the infrared emission maps.
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S

ingle-layer graphene is considered a promising candidate for future-generation electronic devices because of the superior mobility of Dirac fermions in
graphene.1,2 The capability of the monatomic sheet of
carbon atoms to carry an exceptionally large current density
makes it attractive for realizing high-power electronic devices. As in state-of-the-art silicon nanoelectronic devices
where the power density has increased drastically with
decreasing feature size, heat dissipation and thermal management in high-power graphene devices have also become
an important topic.
Several recent papers have reported the temperature
measurements of some of the different energy carriers
in electrically biased graphene devices at high current
densities.3-7 For example, thermal emission spectroscopy
in the near-infrared3,6 and visible range4 has been measured
and fitted with the Planck distribution to determine the
electronic temperature, which reaches as high as 1570 K at
a power density of 500 kW/cm2. The ratio of anti-Stokes and
Stokes Raman G mode has been used to deduce the temperature of the zone-center optical G phonons.5 This method
is accurate only when the temperature of the zone-center
optical phonons is higher than about 600 K, below which
the anti-Stokes peak is too small to be measured accurately.
Nevertheless, the temperature of the optical G phonons has

been found to be close to the electronic temperature, suggesting strong coupling between high-energy electrons and
optical G phonons. Another method based on the Raman G
band relies on the downward shift of the G band with
increasing temperature.8 The temperature determined from
this method reflects the equivalent temperature of the
anharmonic scattering processes between the zone-center
optical phonons and the intermediate frequency phonons
(IFPs),9,10 although the position of the G peak is also known
to be sensitive to impurity doping and strain.9,11 Similarly,
the shift of the Raman 2D band, involving the scattering of
two zone-boundary optical phonons into IFPs, has been
employed to estimate the equivalent temperature of these
anharmonic decaying processes.6,7 The work by Chae et al.5
and Berciaud et al.4 suggested that the IFPs may not be in
full equilibrium with high-energy electrons and optical
phonons, while the work by Freitag et al.6 suggested that
both the electrons and phonons were in full equilibrium.
Although these optical noncontact measurements have
yielded a rich set of data of electronic and zone-center optical
phonon temperatures, as well as the anharmonic scattering
temperatures of zone-center and zone-boundary optical
phonons, there is still a lack of direct measurement of the
low-frequency acoustic phonon temperature. Without a
direct measurement of the low-frequency acoustic phonon
temperature, there would be insufficient data to verify
whether various energy carriers are all in local equilibrium
with the lattice. Moreover, low-frequency acoustic phonons
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play an important role for heat dissipation, as they are
primarily responsible for the in-plane thermal conductivity
due to their large group velocity as well as the interfacial
thermal conductance because of an increasing interface
transmission coefficient with decreasing frequency at a van
der Waals interface.12,13 As such, they are relevant to the
burn-out behavior of graphene. In addition, a disadvantage
of the optical mapping methods is the spatial resolution that
is limited by far field diffraction to be comparable to the
wavelength. For example, IR emission spectroscopy has
identified bias-dependent hot spot locations in electrically
heated graphene devices.3,6 So far, this observation has been
limited to long-channel devices with a channel length longer
than 25 µm. It is unclear whether the hot spots still exist in
short-channel devices due to increased lateral heat transfer
to the contacts.
In this letter, we report a contact measurement method
for high-spatial resolution quantitative mapping of the lowfrequency acoustic phonon temperature distribution in electrically biased graphene. With the use of a combined contact
mode and lift mode operation of a scanning thermal microscopy (SThM) probe tip, we were able to determine the
low-frequency acoustic phonon temperature profiles in the
graphene channel with a spatial resolution on the order of
100 nm. Using this method, we were able to resolve biasdependent hot spots in electrically biased graphene channels
that were considerably smaller than those used in the IR
mapping experiments.3,6 In addition, the high-temperature
sensitivity of the SThM technique allows us to examine the
thermal behavior of the graphene in the low-power density
regime that was not accessible by the optical techniques due
to their limited temperature sensitivity. The measured acoustic phonon temperature was found to be close to the anharmonic scattering temperature determined from the Raman
2D-peak shift on the same sample.
The SThM sensor is a custom-made atomic force microscopy (AFM) tip with a submicrometer Pt-Cr thermocouple
fabricated at the tip apex,14,15 as shown in Figure 1a,b.
When the thermocouple sensor is in contact with the
sample, a thin oxide layer on the Cr surface prevents direct
electronic coupling between the sensor and sample. On the
other hand, phonon coupling across the tip-sample interface via the solid-solid contact and the surrounding liquid
meniscus causes a change in the thermocouple temperature.
With the low contact force used in the measurement, the
phonon transmission coefficient across the weakly interacting interface is inversely proportional to ω2, where ω is the
phonon frequency.12,13 Consequently, low-ω acoustic phonons in graphene make much larger contribution to the
sensor temperature change than the high-ω phonons. For
measurements in the ambient condition, parasitic heat
transfer also occurs through the air gap between the sample
and the cantilever. In this work, this contribution is eliminated by subtracting the thermovoltage obtained in the
© 2011 American Chemical Society

FIGURE 1. (a) Scanning electron micrograph (SEM) of the SThM probe
with a submicrometer thermocouple fabricated at the apex of the
tip. The inset shows the Pt-Cr thermocouple with a scale bar of 1
µm. (b) Optical micrograph of the SThM probe scanning over a
graphene device. (c) Optical micrograph of a graphene device with
four Au/Cr metal electrodes and an adjacent 100 µm long, 1 µmwide Au/Cr heater and resistance thermometer line patterned on
top of the graphene. (d) Thermovoltage signals of the SThM probe
obtained at the center of the heater/thermometer line in the contact
mode and lift mode with a 400 nm lift height as a function of the
measured temperature rise of the heater/thermometer line.

contact mode from that in the lift mode, based on the same
principle demonstrated in a recent work.16
Our devices were prepared using single-layer graphene
exfoliated from natural graphite onto 300 nm thick SiO2
thermally grown on a Si wafer. The single layer thickness
was determined based on the color contrast in the optical
microscope, and further verified using Raman spectroscopy.
Electrodes consisting of a 5 nm thick chromium adhesion
layer and 50 nm gold were deposited on the sample using
electron beam lithography and metal lift off. Oxygen plasma
patterning was used to define the rectangle-shaped graphene
channel in the last step. Figure 1c shows the optical micrograph of a device consisting of patterned graphene connected to four electrodes as well as a 100 µm long Au/Cr
heater and resistance thermometer line, which is used for
temperature calibration, as discussed below. The results
from three devices are presented in this paper. The channel
length and width of the three devices are 6.7 µm × 3.8 µm
(Device 1), 9.6 µm × 3.3 µm (Device 2), and 7.0. µm × 4.0
µm (Device 3), respectively. Figure 2a displays the linearresponse resistance (R) as a function of silicon back gate
voltage (VGS) in Device 1, showing typical ambipolar behavior. The maximum resistance occurs at 4.5 V, corresponding
to the Dirac point, VGS-0. The dominant charge carriers to the
left and right of VGS-0 are holes and electrons, respectively.
The carrier mobilities extracted from the R versus VGS curves
range from 6000 to 10 000 cm2/(V s),17 which is indicative
of the high quality of our devices.
Figure 2b-d shows the contact-mode SThM measurements of Device 1 at different gate voltages and at a constant
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FIGURE 2. Thermal mapping of Device 1 and Device 2. (a) Two-probe low-bias resistance (blue line) of Device 1 as a function of the back gate
voltage. The red line is the model fitting from which the mobility is extracted. (b-d) SThM thermovoltage maps of Device 1 for a constant
drain-source bias (VDS ) 4 V) and different gate voltages of -20, 0, and 40 V, respectively. The scan size is 12 µm × 12 µm. (e-h) SThM
thermovotlage maps of Device 2 for different combinations of bias and gate voltages. The electrode connections for f and h are the same as
those shown for e and g, respectively. (i) Schematic illustration of the spatial distribution of the local charge carrier concentration in the
graphene channel for different bias and gate voltages. Majority carriers can be either holes (blue +) or electrons (orange -). The source (S)
electrode is grounded, and the VDS is applied to the drain (D) electrode.

drain-source bias (VDS) of 4 V. Remarkably, the thermovoltage signal exhibits a nonuniform profile along the graphene
channel. For VGS ) -20 V, which makes the graphene
channel hole doped, the temperature rise near the grounded
source electrode is much higher than the other areas along
the channel (Figure 2b). When VGS was at 0 V and close to
the Dirac point, the hot spot was found to have moved
toward the middle of the channel (Figure 2c). When the gate
bias was increased further to 40 V causing electron doping,
the hot spot appeared on the drain electrode side (Figure 2d).
The obtained thermovoltage maps also display a strong
dependence on the drain-source voltage. Figure 2e-h shows
the thermovoltage maps measured on Device 2 under
different bias conditions. The Dirac point for this device is
∼22 V. Similar to Device 1, at a positive drain-source voltage
of 6 V, the hot spot shifted from the grounded source side
on the left to the drain side on the right when the gate voltage
was switched from negative to positive (Figure 2e,f). Upon
exchanging the two contacts such that the right contact was
grounded and a positive voltage was applied to the left
contact, the hot spot again appeared near the grounded side
as shown in Figure 2g. In the same hole-doped regime, when
a negative voltage was applied to the drain, the hot spot
shifted to the drain side, as shown in Figure 2h.
© 2011 American Chemical Society

The origin of the hot spot has been discussed quantitatively
in recent reports of infrared emission measurement results,3,6
and is explained here by using a series resistance model in the
graphene channel. The current density is homogeneous in our
two terminal devices with a constant channel width. Hence,
the local heating rate is proportional to the local resistivity, with
the region of high temperature rise corresponding to the
location of high resistivity, which is inversely proportional to
the local carrier concentration assuming constant carrier mobility. The local carrier density is controlled by the effective
electric potential Veff(x) ) VGS - VGS-0 - V(x), where V(x) is the
local electrochemical potential along the channel. This leads to
different regimes of transport depending on the bias and gate
voltages as shown in Figure 2i. For positive VDS and negative
VGS - VGS-0, the device is in the unipolar hole-doped regime
(Regime 1 in Figure 2i). The hot spot thus occurs near the
grounded source electrode where the hole density is the lowest
(Figure 2b,e,g). For positive VGS - VGS-0 and small positive VDS
(< VGS - VGS-0), the device is in the unipolar electron-doped
regime (Regime 3). Therefore, the hot spot appears near the
drain contact where the electron density is the lowest (Figure
2d,f). For negative VGS - VGS-0, when VDS is switched from
positive to negative, the device remains in the hole-doped
regime. However, the minimum in the hole density moves
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from the source to the drain (Regime 6). Hence the hot spot
shifts from the source side to the drain side (Figure 2h). The
profile shown in Figure 2c was obtained at zero gate voltage
and positive VDS, which should correspond to the hole-doped
regime, similar to Figure 2b. However, the hot spot shows up
in the middle of the channel. Since this image was acquired
after VGS ) -20 V had been applied for a long time (∼40 min)
to obtain the image in Figure 2b, it is likely that the Dirac point
had shifted to slightly negative value due to bias stress effect
(see the Supporting Information). As a result, the device is now
in the ambipolar regime (Regime 2), where the hot spot
develops at the Dirac point inside the channel.
In order to quantify the acoustic phonon temperature in the
graphene, we used a 100 µm long metal line heater and
resistance thermometer patterned on the graphene to calibrate
the SThM measurement results. The temperature coefficient
of the metal line resistance was measured in a variabletemperature stage with a low excitation current. Subsequently,
a dc heating current was flown between two wide metal
electrodes to the thermometer line (Figure 1c). The resistance
of the metal line was measured in a four-probe configuration
and used to determine the average temperature rise in the
metal line at different heating current levels. The temperature
rise was measured to be 42 and 28 K at 18.56 mW and 12.15
mW electrical power dissipations in the heater line, respectively. Since the thermal contact resistance between the tip and
the metal line and between the tip and graphene may be
different, the calibration performed on the metal line cannot
be directly applied to graphene. To resolve this issue, a finite
element method (FEM) simulation was used to obtain the
temperature distribution on the metal line as well as the
graphene surface. In the model, the thermal conductivity of the
heater line is obtained using the Wiedemann-Franz law based
on the measured electrical resistivity of the heater line. The
thermal conductivity values of SiO2 and the supported graphene
are taken to be 1.3 W/m·K and 600 W/m·K,13,18 respectively.
The calculated average temperature of the metal line is made
to match the measurement results using the resistance thermometry method by adjusting the interface resistance between
the metal line and the SiO2 surface, which is found to be 1.0 ×
10-8 m2K/W. The value is consistent with the literature values
for the metal-dielectric interface resistance and an order of
magnitude larger than the interface resistance between SiO2
and Si substrate.19-21 We used the interface resistance value
of 2.0 × 10-8 m2K/W found at the Al-graphite interface for
the metal-graphene interface resistance,22 and 1.0 × 10-8
m2K/W for the interface resistance between the graphene and
the SiO2 film.23 These two interface resistances affect the
graphene temperature profile close to the metal line, and the
temperature of the short metal line segment located on top of
graphene, but has little effect on the average temperature of
the long metal line.
In order to eliminate the contribution of air conduction
to the thermovoltage signals, SThM measurements were
conducted in both contact and lift modes on the sample
© 2011 American Chemical Society

heated using the metal line heater. Figure 1d shows such
measurements obtained at the center of the metal heater
line. The thermovoltage signal obtained in the lift mode is
caused mostly by heat transfer through the air gap between
the sample and the probe including both the tip and the
cantilever, and is insensitive to the lift height when the lift
height is much smaller than the ∼8 µm height of the tip (see
the Supporting Information).14 In our measurements, the
thermovoltage signal obtained in lift mode at a lift height of
400 nm was subtracted from that obtained in the contact
mode. The resultant signal is caused by heat transfer due to
low-frequency acoustic phonons through the solid-solid
contact and the surrounding liquid meniscus. The ratio of
the obtained thermovoltage difference between the two
SThM modes over the calculated sample surface temperature is 0.53 µV/K and 0.63 ( 0.04 µV/K when the tip was on
the metal line and graphene, respectively.
With the same contact pressure and lift height as those used
in the calibration, the hybrid contact-lift mode SThM measurements were conducted on Device 3 (Figure 3). From low-bias
R versus VGS measurement, the Dirac point of this sample is
located at VGS-0 ) 16 V. The SThM measurements were conducted at VGS ) 0 V to prevent any spurious doping due to the
gate bias.3,24,25 At VGS ) 0 V, the corresponding Fermi level is
determined to be -0.135 eV, so that the majority carriers are
holes at a positive VDS. Similar to the other samples, the position
of the hot spot was found to correspond to the region of low
local carrier density. On the basis of the obtained temperature
response ratio of the SThM tip on graphene, the temperature
rise in the channel was determined from the difference between the two measured thermovoltage values obtained in the
contact and the lift modes. The maximum temperature rise of
the low-frequency acoustic phonons in the graphene was found
to be 160 K at VDS ) -6.5 V, as shown in Figure 3c. The average
temperature rise of the graphene channel increases linearly
with the power density (Figure 3e), calculated as the electrical
power divided by the area of the graphene channel. A linear
fit to the data yields an equivalent thermal resistance of 7735
K/W for the sample. This resistance value is in good agreement
with the sum of the 7653 K/W thermal resistance of the
underlying 300 nm thick oxide spacer of the same dimension
as the graphene, a graphene-SiO2 interface resistance of 357
K/W,23 and a 608 K/W spreading resistance of the Si substrate.26,28 In comparison, the thermal resistance for lateral
heat spreading along the graphene is on the order of 4 × 106
K/W, which is much larger than the thermal resistance for heat
conduction into the substrate.28 This comparison suggests that
vertical heat dissipation to the SiO2 support dominates over
lateral heat dissipation to the metal electrode even for these
graphene samples that are considerably shorter than those
used in the IR measurements,3,6 similar to the situation of
electrically biased single-walled carbon nanotubes.15
After the SThM measurements were completed, we
conducted Raman spectroscopy measurements of Device 3
to determine the temperature from the Raman 2D and G
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FIGURE 3. Comparison of temperatures determined from SThM measurement and Raman measurement. (a-c) Measured SThM temperature
profiles in Device 3 at different VDS values and polarities and VGS ) 0 V. (d) Raman 2D band temperature profile measured on the same device
at different VDS values and VGS ) 0 V. Gnd refers to the ground electrode. The shaded areas indicate the locations of the two electrodes. (e)
Average temperature rise in the graphene channel measured by the SThM as well as Raman G and 2D peak shifts as a function of power
density. (f) Average temperature rise as a function of power density obtained using SThM (black squares), Raman G band shift (open upper
triangles), and 2D band shift (down triangles) from the present work and previous optical measurement results including the Raman G band
temperature in ref 5 (red open squares), the temperature determined from the anti-Stokes/Stokes ratio in ref 5 (red open circles), and the
temperatures measured by using IR emission, Raman 2D and G band shifts, and the anti-Stokes/Stokes ratio in refs 4 and 6 (green diamonds).

peak shifts at various power densities. The Raman D peak
associated with defects was absent,27 suggesting that the
small contact force during the SThM measurement did not
cause damage to the graphene (see the Supporting Information). When the graphene was heated by an external sample
stage, the Raman 2D and G peaks shift with temperature at
a rate of -0.057 cm-1/K and -0.022 cm-1/K, respectively.
These values were used to convert the measured 2D and G
peak shifts to temperatures during self-electrical heating of
the graphene sample. The obtained 2D and G band temperature profiles in the graphene channel showed asymmetric
heating (see the Supporting Information). The 2D profile
shown in Figure 3d is qualitatively similar to the SThM
results, although the Raman profile does not reproduce the
fine features in the SThM profile (Figure 3a). The average
temperatures extracted from the 2D and G measurements
along the graphene channel are plotted together with the
SThM results as a function of the power density in Figure
3e. The Raman 2D temperature shows reasonably good
agreement with the linear fitting of the low-frequency acoustic phonon temperatures measured by the SThM in the lowpower density region. On the other hand, the G peak
temperature appears to be slightly higher than both the 2D
temperatures and the SThM temperatures, presumably
caused by the influence of impurity doping and strain.7,9,11
Because both of our SThM and Raman measurements were
conducted in air, the power density could not be increased to
© 2011 American Chemical Society

a sufficiently high level for the anti-Stoke signal to be observed
without sample burn-out.5 In Figure 3f, we have plotted our
temperature versus power density results together with literature data obtained using the Raman and thermal emission
measurements performed in vacuum and mostly at higher
power density.4-6 Except for the 1.5 µm × 0.6 µm graphene
constriction sample reported in ref 5, all the data appear to
converge onto a single curve, suggesting that the temperatures
of different energy carriers measured by different methods are
approximately in equilibrium with each other in these relatively
large-area graphene samples. Moreover, the temperatures
appear to follow a linear dependence on the power density.
Because the slope of the curve is equivalent to the thermal
resistance per unit area, this convergence suggests that the
thermal resistance in these devices is mainly determined by
the underlying SiO2 spacer due to dominant vertical heat
transport. For the graphene constriction sample, the zonecenter optical phonon temperature measured by the antiStokes to Stokes ratio is considerably higher, and the anharmonic temperature of the G band shift is considerably lower
than the fitting to the other data. Besides impurity doping and
strain, the lower anharmonic G band temperature in the
constriction sample could be caused by the increasing importance of lateral heat conduction by acoustic phonons from the
graphene to the metal electrodes, as well as a relatively small
spreading thermal resistance component of the Si substrate
that scales inversely with the lateral dimension instead of area
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as for the thermal resistance of the SiO2 spacer.28 The presence
of hot optical phonons in the constriction also suggests strong
coupling between the hot electrons and zone-center optical
phonons compared to surface polar optical phonon scattering
and coupling of optical phonons with lower-energy phonons.
The clear observation of hot optical phonons only in the
constriction sample deserves further investigation.
In summary, our high-spatial resolution SThM measurement results suggest that asymmetric heating due to inhomogeneous charge carrier concentration also occurs in
several micrometer-long graphene channels that are considerably shorter than those observed using IR mapping. By
subtracting the signal measured in the lift mode due to
parasitic air conduction from that measured in the contact
mode, we have obtained the temperature distribution of the
low-frequency acoustic phonons in graphene that dominate
the heat transfer through the van der Waals contact and the
surrounding liquid meniscus. The obtained average temperature of the low-frequency acoustic phonons increases
linearly with the power density and is in equilibrium with
the anharmonic scattering temperature of Raman 2D
phonons measured on the same sample. The slope of the
average temperature rise versus power density curve obtained by SThM at low power density is consistent with those
measured using optical techniques in graphene channels of
similar or larger sizes at higher power density. This comparison suggests that the different energy carriers in graphene
channels larger than several micrometers in size are in
equilibrium, with their average temperature rise close to the
power density divided by the thermal resistance per unit
area of the underlying SiO2 layer.
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The thermal resistance of the SiO2 spacer between the graphene
and the Si substrate is estimated as RSiO2 ≈ tSiO2/(κSiO2WL), where
tSiO2 ) 300 nm and κSiO2 are the thickness and the thermal
conductivity of the SiO2 film, respectively, and W and L are the
width and length of the graphene channel, respectively. The
spreading thermal resistance of the Si substrate is calculated using
the conduction shape factor as RSi ≈ 1/(2κSi(WL)1/2),29 where κSi
is the thermal conductivity of the silicon substrate. The thermal
resistance for lateral heat spreading from the graphene to the
metal electrodes is on the order of Rg ≈ L/(2κgWt), where κg and
t are the thermal conductivity and thickness of the supported
graphene, respectively. Compared to Rg, the thermal resistance
of the relatively thick metal electrodes of high thermal conductivity is negligible, as verified by the negligible heating measured
on top of the metal electrodes by SThM.
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