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W

ith its high mobility and high thermal conductivity,14 graphene has
garnered much attention as a
material for applications such as high-frequency electronics5 and optoelectronics.6
Since intrinsic graphene has no band gap,
ambipolar transport713 can be readily observed in graphene ﬁeld-eﬀect transistors
(GFETs); that is, both electrons and holes can
contribute to conduction along the channel.
In addition, no proper carrier depletion region
can be achieved in a two-dimensional graphene channel, unlike, for example, in unipolar (n- or p-type) silicon transistors. Instead,
during ambipolar conduction the electron
and hole populations “meet” at a charge
neutral point (CNP) along the GFET channel,
under certain bias conditions.713
Recently, several studies have found that
a temperature maximum (hot spot) forms at
the position of minimum charge density
and maximum electric ﬁeld along the GFET
channel.810 In ambipolar transport the
CNP corresponds to the minimum charge
density and the thermal hot spot marks the
location of the CNP. Combining thermal
imaging with electrical measurements and
simulations provides valuable information
for understanding transport physics in GFETs.
However, until now, the hot spot observed
in GFETs has been quite broad (>15 μm),
making it challenging to ﬁne-tune transport
models or to understand the physical reason behind this broadening, e.g., imaging
limitations, electrostatics, or simple heat
diﬀusion. In addition, more precise spatial
heating information is desirable to understand the long-term reliability of graphene
electronics.
RESULTS AND DISCUSSION
In this work we elucidate the high-ﬁeld
hot spot formation in ambipolar GFETs and
BAE ET AL.

ABSTRACT We use infrared thermal imaging and electrothermal simulations to ﬁnd that

localized Joule heating in graphene ﬁeld-eﬀect transistors on SiO2 is primarily governed by device
electrostatics. Hot spots become more localized (i.e., sharper) as the underlying oxide thickness is
reduced, such that the average and peak device temperatures scale diﬀerently, with signiﬁcant longterm reliability implications. The average temperature is proportional to oxide thickness, but the
peak temperature is minimized at an oxide thickness of ∼90 nm due to competing electrostatic and
thermal eﬀects. We also ﬁnd that careful comparison of high-ﬁeld transport models with thermal
imaging can be used to shed light on velocity saturation eﬀects. The results shed light on optimizing
heat dissipation and reliability of graphene devices and interconnects.
KEYWORDS: graphene transistor . scaling . high-ﬁeld transport . saturation velocity .
Joule heating . thermal imaging

ﬁnd that the primary physics behind it is
electrostatic in nature. We also examine the
role of two simple velocity saturation
models7,14 on high-ﬁeld transport and dissipation in GFETs, and describe in comprehensive detail our self-consistent electrothermal
simulation approach.
Through infrared (IR) thermal imaging of
functioning GFETs we show that more spatially conﬁned (sharper) hot spots are formed
in devices on thinner (∼100 nm) SiO2 layers
versus previous work810 on 300 nm oxides.
The measured device current and temperature proﬁles are in excellent agreement with
our simulations, which include electrostatic,
thermal, and velocity saturation eﬀects. Once
this model is calibrated, we then investigate the hot spot scaling with the SiO2
substrate thickness over a wide range of
practical values. Interestingly, we ﬁnd that
during ambipolar operation the average
channel temperature scales with oxide thickness as expected, but the peak temperature is
minimized at an oxide thickness of ∼90 nm,
due to competing electrostatic and thermal
eﬀects. The results provide novel insight
into high-ﬁeld transport and dissipation in
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where FC is the metalgraphene contact resistivity per
unit area, LC is the length of the metal electrode that
overlaps with the graphene, LT = (FC/RS)1/2 is the
current transfer length,
RS ¼ [qμ0 (n þ p)] 1

(2)

is the graphene sheet resistance, and q is the elementary charge. The electron and hole density per unit area
(n and p) are deﬁned by the gate voltage, temperature,
and puddle density as given by14
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
n, p  [ ( ncv þ ncv 2 þ 4n0 2 ]
2

(3)

where the lower (upper) sign corresponds to electrons
(holes), ncv = Cox(V0  VG)/q, Cox = εox/tox is the capacitance per unit area (quantum capacitance can be
BAE ET AL.

neglected here), εox is the dielectric constant of SiO2,
n0 = [(npd/2)2 þ nth2]1/2, and nth = (π/6)(kBT/pvF)2 is the
thermal carrier density, with Fermi velocity vF ≈ 108 cm/s
(the complete derivations are given in ref 14).
The solid curve in Figure 1b displays the RC, which
changes with gate voltage, with the single ﬁtting
parameter FC = 500 Ω μm2 for the graphenemetal
interface, about a factor of 3 larger than in ref 15. The
contact resistance per device width approaches RCW ≈
1000 Ω μm at large gate voltage, with a transfer length
of the order LT ≈ 0.5 μm. The total device resistance R
(symbols and dashed lines) in Figure 1b includes
 
L
RS þ 2RC þ Rseries
(4)
R ¼
W
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graphene devices and suggest that sharply peaked
temperatures can have an impact on long-term device
reliability15,16 and must be carefully considered in future
device designs.
Electrical Characterization and Electrostatics. The device
geometry is shown in Figure 1a, with device fabrication
and infrared thermal imaging being described in the
Methods section. Figure 1b displays measured graphene resistance (symbols) versus back-gate voltage
(VG ≈ VGD ≈ VGS) at small VSD = 20 mV. The peak
resistance is at VGD = V0 = 5.2 V, also known as the Dirac
voltage. V0 corresponds to the Fermi level in the
graphene sheet crossing the average Dirac point of
the X-shaped electronic band structure8,17 and to zero
net charge density in the graphene channel (n  p = 0).
Nevertheless, we note that zero net charge density
does not imply a lack of free carriers, as there are equal
numbers of electron and hole “puddles” contributing
to the nonzero conductivity at the Dirac point (n = p ¼
6 0).
This puddle density is caused by charged inhomogeneity due to impurities18 in the SiO2 or on the graphene
and to thermally excited carriers19 that form a nonhomogeneous charge and potential landscape14,17 across
the graphene device at the Dirac voltage. At higher
(lower) gate voltages with respect to V0, the majority
carriers become electrons (holes), respectively,14 and
the charge inhomogeneity is smoothed out.
On the basis of an analytic electrostatic model that
rigorously takes into account the above phenomena,14
we ﬁt the resistance data as shown by the dashed
curve in Figure 1b with a low-ﬁeld mobility μ0 =
3700 cm2 V1 s1 and a puddle density npd = 3.5 
1011 cm2. This ﬁtting also considers the varying
contact resistance as a function of gate voltage,15,20,21
including the role of the ﬁnite transfer length, LT, the
distance over which 1/e of the current transfers between the graphene and the overlapping metal electrode. The contact resistance is deﬁned by15
 
1 FC
LC
(1)
RC ¼
coth
LT
W LT

where Rseries = 600 Ω is the total series resistance of the
Pd metal wires contacting our device (Pd resistivity
independently measured, FPd ≈ 14 μΩ cm). For simplicity, in this study we assume a constant mobility that
is equal for electrons and holes, although there are
indications that the mobility decreases at higher charge
densities, as noted by our previous work.14 However,
this does not alter our conclusions and the excellent
agreement between experiment and simulation below, since all “hot spot” phenomena take place at
relatively low charge density.
Figure 1c displays current versus drainsource
voltage (ID  VSD) measurements up to relatively high
ﬁeld (symbols) and our simulations (lines) at various
back-gate voltages, VGD. We note that the transport is
diﬀusive both at high ﬁeld and at low ﬁeld in our devices.
At high ﬁeld, velocity saturation14 occurs at ﬁelds F > 1
V/μm, which corresponds to scattering rates22,23 1/τ ≈
50 ps1 and a mean free path lHF ≈ vF/τ ≈ 20 nm.
Taking vsat ≈ 3  107 cm/s at F ≈ 3 V/μm (refs 14, 22),
the high-ﬁeld mobility is on the order of vsat/F ≈
1000 cm2 V1 s1. As the low-ﬁeld mobility is only
about a factor of 4 higher in our samples, the low-ﬁeld
mean free path is on the order of lLF ≈ 80 nm, in
accordance with previous estimates made in ref 8.
Thus, both the low-ﬁeld and high-ﬁeld mean free path
of electrons and holes in our samples are signiﬁcantly
smaller than the device dimensions (several micrometers), and diﬀusive transport is predominant in
these samples.
At high lateral ﬁeld and under diﬀusive transport
conditions, the electrostatic potential varies signiﬁcantly along the channel.8 The electrostatic potential
at the drain is set by VGD (Figure 1c), while that at the
source is
VGS ¼ VGD þ VDS ¼ VGD  VSD

(5)

For instance, with VSD decreasing from zero, at VGD =
2 V and VSD ≈ 7.2 V, VGS is near V0 = 5.2 V and the
Dirac point (CNP) is in the channel exactly at the edge
of the source. This is seen as a change in curvature of
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Figure 1. (a) Schematic of GFET (top) and optical image of fabricated device (bottom). Device dimensions are L = 28.8 μm, W =
5 μm, tox = 100 nm; scale bar is 10 μm. (b) Resistance vs back-gate voltage, experimental data (points) and model ﬁt (lines). The
ﬁtted contact resistance RC is also shown, a function of gate voltage (see model and text). (c) Drain current vs sourcedrain
voltage at various back-gate voltages; measured data (points) and simulations (lines). The two nearly overlapping families of
lines (solid and dashed) are simulations with the two velocity saturation models (see text).

the ambipolar “S”-shaped IDVSD plots, marked by an
arrow in Figure 1c. The channel resistance now decreases as the sourcedrain voltage drops below VSD <
7.2 V because the electron density at the source
increases. The other, primarily unipolar, operating regimes
have been described in detail in ref 8.
Thermal Characterization in Ambipolar Conduction. We
now consider the power dissipation through the Joule
self-heating effect24 along the graphene channel and
focus specifically on the ambipolar conduction mode
described above. As the chemical potential changes
drastically, neither the electric field nor the carrier
density is uniform along the channel under high-field
conditions. But, because carrier movement along the
GFET is unidirectional (from source to drain), the
current density J must be continuous, where
J ¼

ID
¼ q(n þ p)vd
W

(6)

is proportional to the local carrier density (n þ p) and
the drift velocity (vd) at every point along the channel.
Thus, regions of high carrier density have low drift
velocity, and vice versa. The highest field (F µ vd, see
eq 8) and highest localized power dissipation (p ≈ JF)
will be at the region corresponding to the minimum
carrier density,8 which is where one expects the hot
spot to be localized. In particular, in the ambipolar
conduction state the minimum carrier density spot
matches the CNP, which is now located within the
GFET channel.
To examine this point, we measured the temperature along the graphene channel with ﬁxed VSD = 12 V
and at various gatedrain voltages, VGD, as shown in
Figure 2a. At VGD = 5 V (,V0) the drain is heavily holedoped, but VGS = þ7 V, so the region near the source is
lightly electron-doped (keeping in mind that V0 = 5.2 V
for this device). Thus, the CNP is located very close to
BAE ET AL.

the source and so is the hot spot, as can be seen in the
upper panel of Figure 2a. As we increase VGD as marked
in the ﬁgure, VGS continues to increase according to
eq 5, reaching VGS = þ16 V (.V0) in the bottom panel
of Figure 2a. At this point, the source is heavily
electron-doped and the drain is lightly hole-doped,
very close to the CNP (VGD = 4 V < V0 = 5.2 V). Thus,
during the entire imaging sequence shown in Figure 2a
the GFET is operating in the ambipolar transport regime,
but changing the gate voltage gradually alters the relative electron and hole concentrations, moving the hot
spot (location of CNP) from near the source to near the
drain. This experimental trace of the CNP also provides
an excellent tool for checking the validity of electronic
and thermal transport models under such inhomogeneous carrier density along the channel.
To complement the thermal imaging along the
GFET (x-direction), Figure 2b and c show a top view
of the hot spot at VGD = 2 V and a thermal crosssection of the GFET along the dashed line (y-direction)
as indicated. We note that the width of the GFET here is
only slightly larger than the IR resolution (see Methods),
and thus the cross-section view should be used only for
qualitative inspection. By comparison, higher resolution
scanning Joule expansion microscopy (SJEM)15 has revealed a uniform transverse temperature proﬁle with
slightly cooler edges from heat sinking and higher carrier
density due to fringing heat and electric ﬁeld eﬀects.
High-Field Electrothermal Model. Our graphene device
simulation approach was partially described in previous publications,8,14,15 and here we briefly review a
few more salient features. The model is qualitatively
similar to other approaches;1113 however it is the only
one (to our knowledge) to self-consistently include the
thermal effects during high-field transport. The current
continuity equation is given by eq 6 and must be
satisfied at every point along the GFET channel. The
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Figure 2. (a) Infrared mapping of temperature proﬁles along the GFET on tox = 100 nm, showing markedly “sharper” hot spot
formation compared to previous work on tox = 300 nm (refs 8, 9). The bias conditions are VSD = 12 V (last data point in
Figure 1c) and changing gate voltage as labeled. The hot spot moves from source to drain, marking the location of minimum
charge density and maximum electric ﬁeld, following the device electrostatics (see text). (b) Top view of the hot spot at VGD =
2 V, showing symmetric temperature distribution in the transverse (y-direction) as expected. Scale bar is 5 μm. (c)
Temperature proﬁle along the cross-section in (b); dashed lines mark the width (W) of the device.

charge density at high fields along the channel is computed from the discussion above, however using
ncv ¼

Cox
[V0  VGD þ V(x)]
q

(7)

where the local potential V(x) along the GFET channel is
obtained from the Poisson equation.8 The field along
the GFET is then F(x) = dV(x)/dx, which is used to
compute the local power dissipation as stated above.
The low-field and high-field transport regimes are
bridged through the dependence of drift velocity on
electric field,14
vd (F) ¼

μ0 F
[1 þ (μ0 F=vsat )γ ]1=γ

(8)

where 1 e γ e 2 is a fitting parameter. For completeness, we also include the effects of heating due to
current crowding and cooling or heating (depending
on direction of current flow) due to Peltier effects at the
graphenemetal contacts.15 Finally, we obtain the
temperature distribution along the GFET through the
heat equation8


D DT
k
þ p0  g(T  T0 ) ¼ 0
A
Dx Dx

(9)

where p0 = IDF(x) is the Joule heating rate per unit length,
A = Wtg is the graphene cross-section area (monolayer
“thickness” tg = 0.34 nm), and g ≈ 1/[L(R B þ R ox þ
R Si)] is the thermal conductance to substrate per unit
BAE ET AL.

length, where the 3 terms are the grapheneSiO2
boundary resistance, the oxide resistance, and the
silicon substrate thermal resistance, respectively, as in
ref 14. The graphene thermal conductivity k = 1000
Wm1 K1 here, higher than in ref 4 to account for
some lateral heat flow along the polymethyl methacrylate (PMMA) top layer (see Methods); however the
results are not sensitive to k, as most heat is dissipated
into the underlying SiO2, as in ref 8. We note that the
approach adopted here automatically accounts for
heat dissipation into the contacts,15 but that this is a
negligible fraction of the total input power, which is
predominantly dispersed into the underlying SiO2 in
such large devices.14 By contrast, another recent
study25 has shown that in short, sub-0.3 μm GFETs a
substantial
portion of the heat is dissipated to the metallic contacts.
To obtain the current as a function of voltage, the
above equations are solved iteratively and self-consistently, until changes in carrier density converge to
less than 1% and the temperature converges to within
less than 0.01 K between iterations. Figure 1c shows
that the simulation results (lines) are in excellent
agreement with the experimentally measured IDVSD
data. All data were stable and reproducible during
measurements, partly enabled by protection oﬀered
by the top PMMA layer (see Methods) and partly from
limiting the maximum voltages applied.26
To better understand high-ﬁeld transport, we considered two recent models for the drift velocity saturation (vsat), as shown in Figure 3. In one case, Meric
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et al.7,27 have suggested
ωOP
vsat ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
π(n þ p)

(10)

where pωOP is the dominant optical phonon (OP)
energy for carrier energy relaxation. This is an approximation based on a shifted Fermi disk in the limit of
T = 0 K (see Figure 3b and supplement of ref 7) and is
generally applicable at “large” carrier density (n þ p .
n0). On the other hand, following initial work by Barreiro
and co-workers,28 Dorgan et al.14 have proposed
vsat

2
ωOP
¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
π π(n þ p)

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ωOP 2
1
, n þ pgn
1
4π(n þ p)vF 2 NOP þ 1

(11)
vsat ¼

2
vF
, n þ p < n
π NOP þ 1

(12)

where n* = (ωOP/vF)2/2π, NOP = 1/[exp(pωOP/kBT)  1] is
the phonon occupation, and kB is the Boltzmann constant. These expressions are based on a steady-state
population in which carriers contributing to current ﬂow
occupy states up to an energy pωOP higher than
carriers moving against the net current28 (Figure 3c).
Note that both models suggest vsat decreases approximately as the inverse square root of the carrier density,
and in both models pωOP is treated as a ﬁtting parameter. However, vsat in the Meric model is derived in
the limit T = 0 K and can approach inﬁnity as the carrier
density tends to zero. The Dorgan model includes a
semiempirical temperature dependence14 and approaches a constant at low carrier density, vmax ≈ (2/π)vF ≈
6.3  107 cm/s (closer to ∼6  107 cm/s at 70 °C when
the temperature dependence is taken into account, as
in eq 12 and Figure 3a).
BAE ET AL.
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Figure 3. (a) High-ﬁeld saturation velocity models vs carrier
density.7,14,28 At low density, here <2.4  1011 cm2, the
Dorgan14 model reaches a constant value (∼2vF/π ≈ 6.3 
107 cm/s, slightly lower here at ∼70 °C, see eq 12), whereas
the Meric7 model can diverge. However, due to temperature
eﬀects and puddle charge, the carrier density in our device is
always >4  1011 cm2 during operation, as marked by an
arrow. Thus, in the device simulated here either model can
be applied, as in Figures 1 and 4. (b, c) Schematic assumptions of carrier distribution at high ﬁeld used to derive the
closed-form vsat expressions in the (b) Meric7 and (c) Dorgan14 models.

Consistent with the previous studies7,14,27 we
choose pωOP = 59 meV (γ = 1.3 in eq 8) and 81 meV
(γ = 1.5) for the Meric and Dorgan models, respectively.
These are consistent with the SiO2 surface phonon
energy and with a combination between the SiO2
phonon and graphene optical phonon energy, respectively. The phonon energy ﬁtting parameters were
chosen so as to yield virtually indistinguishable characteristics in Figure 1c. We plot vsat from the two models
as a function of total carrier density (n þ p) in Figure 3a,
showing the expected behavior as described above.
With our present parameters, the Dorgan model reaches
a constant below charge densities n þ p < n* = 2.4 
1011 cm2. However, we note that the minimum
charge density achieved during all simulations in this
work was ∼4  1011 cm2 due to puddle charge and
thermally excited carriers. In addition, the maximum
longitudinal ﬁelds26 were ∼0.9 V/μm (see Figure 4), and
thus complete velocity saturation was never fully reached
(see, e.g., Figure 3 of ref 14). This explains that relatively
good agreement can be attained between either
model and our data in Figure 1c, within the present
conditions. (Future work on shorter devices at higher
electric ﬁelds26 will be needed to elucidate the role of
saturation velocity at low carrier density.)
Comparison of Simulation with Data. With the parameters discussed above, Figure 4 shows carrier densities and temperature profiles at the last drain bias
point (VSD = 12 V) for three representative gate
voltages, VGD = 2, 1, and 2 V. Once again, excellent
agreement is found between simulation results obtained with the two different vsat models (solid curves)
and the experimental temperature profiles (symbols).29
The position of the CNP for each VGD can be visualized
by comparing Figure 4ac with Figure 4df as the
crossing point of electron and hole carrier density
profiles and that of the hot spot. We also plot the
corresponding electric fields in Figure 4gi, where the
position of the maximum field matches that of the hot
spot. The CNP clearly moves from source to drain when
the gate voltage changes, as visualized in Figure 2 and
previously explained in qualitative terms. We note that
the profile of the hot spot with 100 nm underlying
oxide thickness (Figures 2 and 4 here) is much better
defined and “sharper” than what was previously observed on 300 nm oxide.8,9
Comparing the simulations obtained with the two
vsat models, we note that the carrier density proﬁles are
nearly identical in Figure 4ac. However, the lower vsat
(at a given carrier density) of the Dorgan model14 yields
slightly higher electric ﬁelds and higher hot spot
temperatures, as shown in Figure 4di (also see the
insets). The temperature diﬀerence here is up to ∼1 °C
between the two models, or ∼5% of the total temperature change, although the applied power is the
same between the separate simulations. We note that
since velocity saturation is never fully reached in the
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Figure 4. Simulation of carrier density, temperature, and electric ﬁeld along the GFET at various gate voltages from Figures 1
and 2, with VSD = 12 V and same total power dissipation. (ac) Electron, hole, and total carrier density. (df) Simulated (lines)
and measured (symbols) temperature proﬁles. The insets show the diﬀerence between the two saturation velocity models
(Figure 3), with the Dorgan14 model providing slightly higher temperatures due to lower saturation velocity.
(gi) Corresponding electric ﬁeld and |v/vsat| proﬁles along the channel under the same bias conditions. Comparing the
simulations shows the thermal hot spot corresponds to the location of lowest carrier density and highest electric ﬁeld, i.e., its
electrostatic nature.

present simulation (and measurement) conditions, the
diﬀerences in computed temperature and electric ﬁeld
are more subtle than the apparent diﬀerence between
the two vsat models in Figure 3 would imply. Nevertheless, the disparities are more apparent if we inspect
how “close” to saturation the transport becomes, i.e.,
the ratio |v/vsat| at each point along the channel, as
plotted in Figure 4gi. In this case, the Dorgan model
(upper black curves) yields transport closer to the
saturation condition, given that its vsat is typically
lower. Following eq 8, this also implies higher local
electric ﬁelds, thus higher local power dissipation and
temperature.
The simulation results in Figure 4 suggest that while
the IR microscopy used here provides signiﬁcant insight into high-ﬁeld transport in graphene, it is not
quite suﬃcient to distinguish with certainty the drift
velocity saturation behavior. Nevertheless, we believe
the principle of the approach is sound. In other words,
thermal measurements of high-ﬁeld transport in GFETs
at conditions of higher ﬁelds (>1 V/μm) and lower
carrier densities (<5.5  1011 cm2) through a tool such
as Raman spectroscopy9,30 should resolve with more
accuracy the drift saturation behavior, providing signiﬁcantly more insight than electrical measurements
alone.
Scaling of Heating with Oxide Thickness. Having established good agreement between our experimental
data, numerical simulations, and qualitative understanding, we now seek to extend our knowledge of
ambipolar transport in graphene and test the physical
mechanisms defining the hot spot. Thus, we simulate
device behavior and temperature profiles with various
BAE ET AL.

underlying SiO2 thickness (tox) during ambipolar transport as shown in Figure 5. Here, all calculations are
performed with total power P = 9.25 mW, corresponding to the experimentally applied bias conditions at
VGD = 1 V with tox = 100 nm (Figure 4e). This is an
important consideration for an appropriate comparison,
since thinner (thicker) oxides are expected to lead to
lower (higher) average channel temperature. Moreover, to compare the hot spot between the various
cases, we aligned the positions of the CNP for all tox
values by changing VGD and ID while keeping the total
power constant, as shown in Figure 5a.
We also plot the electric ﬁeld (F) proﬁles in Figure 5b.
Then, based on Figure 5a, we plot the relationship
between hot spot width and tox in Figure 5c (circles),
showing a linear scaling between the two. Here, the
size of the hot spot is deﬁned as the full width at half
the temperature between the peak and the “shoulder”
near the contacts. We also plot the width of the electric
ﬁeld proﬁle (solid curve) vs tox, showing essentially the
same scaling as the hot spot. The experimentally
measured widths of the hot spots are shown in
Figure 5c as triangles for tox = 100 nm from Figure 4e
and for tox = 300 nm from ref 8, respectively. While the
scaling is similar to that predicted by our simulations,
the slight discrepancy is most likely due to ﬁnite
resolution of the IR microscope. By comparison, averaging the simulation results with a ∼2 μm wide broadening function yields the solid circle in Figure 5c, which
is closer to the experimental data for tox = 100 nm. For
the tox = 300 nm case, the solid square is from a
simulation in ref 8, also showing improved agreement
when the particular parameters of this device are used.
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Figure 5. Scaling of GFET hot spot and electric ﬁeld as a function of underlying SiO2 thickness. (a) Calculated temperature
proﬁles along device with power input 9.25 mW, corresponding to Figure 4e. (b) Calculated electric ﬁeld proﬁles under the
same conditions. (c) Scaling of hot spot width (symbols) and electric ﬁeld width (lines) with tox. Triangles are experimental
data for GFETs on tox = 100 nm (this work) and 300 nm (ref 8). Circles are calculated widths of the hot spot (see text).
(d) Scaling of maximum (Tmax) and average GFET temperature (Tavg) with tox from (a). Dashed lines are analytic ﬁts. The
average temperature Tavg does not approach T0 (=70 °C here) in the limit tox f 0 due to the combined eﬀect of the
grapheneSiO2 and silicon substrate thermal resistance (R B þ R Si), which are independent of tox (see text after eq 9 and
ref 14).

As the oxide thickness is scaled down from tox = 300
to 20 nm, we ﬁnd that both the average channel temperature (Figure 5d) and the width of the hot spot
decrease (Figure 5c); that is, the hot spot becomes
“sharper”. The former occurs because the thermal
resistance of the SiO2 is lowered, and the latter is due
to increasing capacitive coupling between the backgate and the charge carriers in the channel. We note
that the average channel temperature in Figure 5d
does not reach the base temperature (here, T0 = 70 °C)
even in the limit of vanishing tox due to the remaining
thermal resistance of the silicon substrate and of the
grapheneSiO2 boundary. To understand this, we note
that the average thermal resistance of the device
can be estimated as14 R th ≈ R ox þ R B þ R Si, where
R ox ≈ tox/(koxLW) is the thermal resistance of the SiO2,
which scales with tox, but the second and third terms
are the grapheneSiO2 boundary thermal resistance14,31
and the spreading thermal resistance14,24 of the silicon substrate, which are independent of the oxide
thickness.
Interestingly, Figure 5d indicates that the peak
temperature of the hot spot (Tmax) begins to increase
when tox is scaled below ∼90 nm, despite a lower
average temperature in the channel. This trend occurs
because the Joule heating eﬀect induced by the high
electric ﬁeld at the CNP overcomes the cooling eﬀect of
the lowered oxide thickness at tox ≈ 90 nm. To gain
more insight into this observation, we return to the
BAE ET AL.

temperature and electric ﬁeld proﬁles along the graphene channel in Figure 5a and 5b. We note that the
temperature qualitatively follows the electric ﬁeld
proﬁle, and the source of the hot spot is clearly
electrostatic in nature. In addition, this ﬁnding suggests that one should consider the formation of highly
localized hot spots in future devices that would have
thinner underlying oxide layers. While a thinner tox
does lead to a lower average temperature, the peak
temperature is actually increased due to electrostatic
eﬀects. This eﬀect is expected to be the same in topgated as in bottom-gated graphene devices, because
the electrostatic eﬀects are controlled by the gate,
whereas heat ﬂow is limited by the underlying oxide.
The local temperature increase and highly localized
electric ﬁeld at the hot spot could lead to long-term
oxide reliability issues,16 which must be accounted for.
CONCLUSION
In summary, we have examined the physical mechanisms behind high-ﬁeld hot spot formation in
graphene transistors on SiO2 and found them to
be electrostatic in nature. Using self-consistent
electrothermal simulations and infrared thermal
imaging, we established that the maximum temperature of a graphene device in high-ﬁeld operation is sensitive to the peak electric ﬁeld and carrier
saturation velocity. We have also conﬁrmed that
the average temperature of a functioning GFET
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competing electrostatic and heat sinking eﬀects. These
results suggest a route for the optimization of graphene substrates for proper heat dissipation and highlight existing trade-oﬀs for practical device reliability.

METHODS
We prepared exfoliated monolayer graphene devices on
tox = 100 nm thermally grown SiO2 on highly doped Si substrates, which also serve as the back-gate. The graphene layer
number was conﬁrmed by optical microscopy and Raman
spectroscopy.32,33 Source and drain contacts are patterned by
electron-beam (e-beam) lithography and deposited with Cr
(0.5 nm)/Pd (40 nm) by thermal evaporation at 5  107 Torr
base pressure. After lift-oﬀ, a rectangular graphene shape
(length L = 28.8 μm, width W = 5 μm) is deﬁned by e-beam
lithography and oxygen plasma etching, as shown in Figure 1.
Finally, a ∼70 nm PMMA layer is spun over the substrate, to
protect the graphene from spurious doping or ambient moisture during the measurements.8 Thermal imaging is performed
using a QFI InfraScope II IR microscope with 15 objective,
spatial resolution of 2.8 μm, pixel size of 1.6 μm, and temperature resolution of ∼0.1 °C after calibration.34 All thermal IR
measurements were performed in air at a base temperature T0 =
70 °C, as needed for optimal IR detector sensitivity.8,34
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