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We investigate high-field transport in graphene nanoribbons (GNRs) on SiO2, up to breakdown. The

maximum current density is limited by self-heating, but can reach >3 mA=!m for GNRs !15 nm wide.

Comparison with larger, micron-sized graphene devices reveals that narrow GNRs benefit from 3D heat

spreading into the SiO2, which enables their higher current density. GNRs also benefit from lateral heat

flow to the contacts in short devices (<!0:3 !m), which allows extraction of a median GNR thermal

conductivity (TC), !80 Wm"1K"1 at 20 #C across our samples, dominated by phonons. The TC of

GNRs is an order of magnitude lower than that of micron-sized graphene on SiO2, suggesting strong roles

of edge and defect scattering, and the importance of thermal dissipation in small GNR devices.
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Graphene nanoribbons (GNRs) are promising materials
for nanoelectronics [1,2]; however, many unknowns persist
about their electrical and thermal properties. Among these,
the maximum current density of GNRs is important both
for fundamental and practical reasons: it is relevant to know
what its limiting mechanisms are, to know how it compares
with carbon nanotubes (CNTs), and to determine the types
of loads that GNR transistors could drive within a circuit.
By comparison, the current in single-wall CNTs is limited
to tens of microamperes in diffusive transport due to self-
heating and optical phonon scattering [3,4], although larger
currents can be achieved in short quasiballistic samples [5],
under ambipolar transport [6], or under avalanche condi-
tions [7]. However, GNRs differ from CNTs in two key
aspects: first, they have edges which can cause significant
scattering, affecting both electrical and thermal transport
[1,8]; second, they lie flat on the substrate, which increases
their heat dissipation compared to CNTs [9,10] and can
lead to lesser heat-limited current degradation.

Here, we study high-field transport in GNRs on SiO2 up
to breakdown, and uncover key roles of heat dissipation
both along and perpendicular to the device. We measure
current densities >3 mA=!m (> 4$ 108 A=cm2) in
!15 nm narrow GNRs, limited by Joule self-heating.
Comparing GNRs of varying sizes with ‘‘large’’ (micron-
sized) graphene devices provides evidence of how physical
properties vary as dimensions are being physically con-
fined. For instance, three-dimensional (3D) heat spreading
from GNRs into the SiO2 enables higher current density
than in large graphene devices. The high-field behavior
and breakdown of GNRs is also sensitive to their thermal
conductivity (TC), enabling an extraction of this key
parameter.

GNR devices as shown in Fig. 1 were fabricated from
solution-deposited GNRs [11], with more details given in
the supplement [12]. For comparison, larger exfoliated
graphene (XG) samples were also created, with dimensions
defined by oxygen plasma patterning. Both types of
samples were placed on SiO2 ðtox ¼ 300 nmÞ=Si sub-
strates, with Si also serving as the backgate (G). Source
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FIG. 1 (color online). (a) Schematic of graphene devices used
in this work. (b) Measured (symbols) and simulated (lines)
current vs voltage up to breakdown of GNRs in air. Solid
lines are model with self-heating (SH) and breakdown when
maxðTÞ> TBD ¼ 873 K, dashed lines are isothermal model
without SH (see text and supplement [12]). Dimensions are
L=W ¼ 510=20 nm for D1, and L=W ¼ 390=38 nm for D2.
VGS ¼ "40 V to limit hysteresis effects. (c) Atomic force
microscopy (AFM) image of D1 after high-current sweep; arrow
shows breakdown location.
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(S) and drain (D) electrodes were made with Pd (20 nm)
for GNRs and Cr=Au (2=200 nm) for XG devices. GNRs
had widths ranging from W ¼ 15–60 nm and lengths
L ¼ 0:2–0:7 !m. XG devices had W ¼ 0:1–1:8 !m and
lengths L ¼ 3:9 and 9:7 !m.

To probe the limits of high-field transport, we measure
ID " VDS until devices break from Joule self-heating, as
shown in Fig. 1(b). This is similar to the breakdown
thermometry technique previously applied to CNTs
[10,13] and nanowires [14]. Like with CNTs, the current
drops sharply to zero, creating a small gap in the GNR
as imaged in Fig. 1(c). Measurements were made in am-
bient air, where breakdown (BD) occurs by oxidation at
TBD ( 600 #C [10]. By comparison, breakdown of control
samples in vacuum (! 7$ 10"6 Torr) occurred at !6
times higher power (Fig. 2), suggesting other failure
mechanisms such as defect formation, SiO2 damage [10],
or even GNR melting (graphite melts at >3600 #C, or >6
times the oxidation temperature [15]).

An existing graphene model [16,17] was adapted for
GNRs [12], calculating ID as a function of applied VGS,
VDS and temperature T under diffusive transport conditions

ID ¼ qWVDS

!Z L

0

Fx

nðVGx; TxÞ"dðFx; TxÞ
dx

""1
; (1)

where q is the elementary charge, x is the coordinate along
the graphene channel, n is the total carrier density at
location x, VGx ¼ VG " Vx is the potential between gate

and location x, Fx ¼ "dVx=dx is the electric field, and "d

is the drift velocity including saturation and temperature
effects as in Ref. [17]. The current in Eq. (1) is solved
self-consistently with the Poisson equation and the heat
equation along the GNR [16], both including 3D fringing
effects in the capacitance [12] and substrate heat dissipa-
tion [g in Eqs. (2) and (3) below]. Simulated ID " VDS

curves and breakdown voltages in Fig. 1(b) are in good
agreement with the experimental data when self-heating
(SH) is enabled in the model (solid lines). Without SH the
simulated currents are much higher and breakdown cannot
be modeled as the temperature remains unchanged.
To gain more physical insight into the scaling of SH in

such devices, we consider the power dissipated at break-
down, PBD ¼ IBD (VBD " IBDRC) [10], where RC is the
electrical contact resistance [12], and IBD and VBD are the
current and voltage at breakdown, respectively. We plot
PBD vs the square root of the device channel area in Fig. 2.
To understand the scaling trend observed, we compare the
experimental results with the analytic solution of the heat
equation along the graphene devices, similar to CNTs [18]:
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$

2
6664

cosh
#

L

2LH

$
þ gLHRT sinh

#
L

2LH

$

cosh
#

L

2LH

$
þ gLHRT sinh

#
L

2LH

$
" 1

3
7775; (2)

where T0 is the ambient temperature, LH is the thermal
healing length [18] along the graphene, and g is the thermal
conductance to substrate per unit length [Eq. (3) below].
The thermal resistance at the metal contacts is RT (
LHm=½kmtmðW þ 2LHmÞ+. Here tm is the thickness and
km ( 22 Wm"1K"1 is the TC of the metal electrodes
(estimated with the Wiedemann-Franz law [19] using their
measured resistivity), and LHm is the thermal healing
length of heat spreading into the metal contacts. The
two healing lengths are LH ¼ ðkWt=gÞ1=2 and LHm ¼
½km=ðkoxtmtoxÞ+1=2, both of the order !0:1 !m here. The
TC of SiO2 kox ¼ 1:3 Wm"1K"1, while t is the thickness
and k the TC of the graphene.
The heat loss coefficient into the substrate is different

from CNTs and written as [12]

g"1 ¼
%

#kox
ln½6ðtox=W þ 1Þ+ þ

kox
tox

W
&"1

þ RCox

W
; (3)

which is the inverse of the series combination of the
thermal resistance at the graphene=SiO2 interface, RCox

[20–22], and the 3D spreading thermal resistance into
the SiO2 written here as an analytic fit to detailed finite
element simulations [12].
The two dashed lines in Fig. 2 show the predictions of

the model for k ¼ 50 and 500 Wm"1K"1. We note that
for device dimensions ðWLÞ1=2 , 0:3 !m, or approxi-
mately 3 times the healing length LH, heat dissipation is

FIG. 2 (color online). Scaling of GNR and ‘‘large’’ XG
breakdown power with square root of device footprint,
ðWLÞ1=2. Dashed lines are thermal model with k ¼ 50 and
500 Wm"1K"1, RCox ¼ 5$ 10"8 m2 KW"1 and L=W ¼ 15.
Lateral heat sinking and in-plane GNR thermal conductivity
begin to play a role in devices <! 0:3 !m (also see Fig. 3).
A few GNRs were broken in vacuum as a control group (open
circles). The inset shows scaling of peak current density vs width
at TBD, demonstrating greater current density in narrower GNRs
that benefit from 3D heat spreading and lateral heat flow along
the GNR. Dashed line drawn to guide the eye.
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essentially independent of heat flow along the graphene,
and thus on its TC. As a result, dissipation in larger devices
made with exfoliated graphene (XG) in Fig. 2 can also be
estimated with the simplified approach in Ref. [17].
However, for GNRs with dimensions- 3LH, heat dissipa-
tion occurs in part along the GNR, and this observation is
used below to extract their TC. In the inset of Fig. 2 we plot
the maximum current density IBD per width W at break-
down (temperature !TBD), and find it can reach over
3 mA=!m for the narrowest GNRs. This current density
appears to scale inversely with width which, at first sight, is
a counterintuitive finding compared to other (e.g., silicon)
devices. This also appears at odds with the present under-
standing that GNRs have significantly lower mobility than
large-area graphene [2,17].

We suggest that GNRs can dissipate more power and
thus carry higher current density at a given temperature
(here, breakdown temperature TBD), consistent with a sig-
nificant role of 3D heat spreading [9]. Figures 3(a) and 3(b)
display the total device thermal conductance per unit area
G00 ¼ PBD=ðTBD " T0Þ=ðWLÞ obtained from the experi-
ments (symbols) and the analytic model from Eq. (2) (solid
lines). We note that for a given device the maximum power
at breakdown, PBD is proportional to G00. Similar to the
inset of Fig. 2, we find that both the experimental data and
our model scale inversely with the device width. In fact,
while PBD and G00 scale by a factor of !9 over our data

range (Fig. 3), IBD scales by a factor of!3 (Fig. 2 inset) as
expected from Joule heating.
To gain a physical understanding of these trends, we

consider the heat spreading schematics in Figs. 3(c)–3(e).
For ‘‘large’’ graphene in Fig. 3(c) dissipation occurs
mainly ‘‘down’’ into the oxide. Thus, G00 ¼ 1=ðRCox þ
tox=koxÞ is independent of device dimensions when L,
W ! 1 [in practice ðLWÞ1=2 , 3LH], as shown with
dash-dotted line in Figs. 3(a) and 3(b). In general, this
expression may include a small heat spreading term into
the Si wafer [9,17], which was negligible here [12]. For
large graphene devices the constant expression is also
recovered as G00 ¼ g=W when taking the limit W ! 1
of Eq. (3).
In contrast, for ‘‘narrow’’ GNRs the lateral 3D heat

spreading into the SiO2 becomes a significant component
of the overall thermal conductance of a device [Fig. 3(d)].
In addition, for ‘‘short’’ devices some heat is conducted
along the graphene and into the contacts as well [Fig. 3(e)].
The amount of heat carried out in this manner will depend
on the TC and length of the device. The three solid lines in
Fig. 3(a) show what the modeled G00 predicts for k ¼ 50,
250, and 500 Wm"1K"1. As the TC increases, heat is
carried more efficiently along the GNR. The device length
also matters for ‘‘short’’ GNRs with L - 3LH, when heat
generated within the graphene channel is sunk more effec-
tively into the contacts [12,18]. As a result, the thermal
conductance G00 increases as L decreases in Fig. 3(b) (also
see [12]). In both cases, as the heat dissipation increases,
we also see an increase in device current density as plotted
in the inset of Fig. 2, thus confirming that Joule self-
heating is a key current limiter in GNR devices.
Since heat dissipation is sensitive to heat flow along

‘‘short’’ GNRs, it is possible to extract their TC, as shown
in Fig. 4. To accomplish this, we iteratively vary k within
LH in Eq. (2) until the predicted breakdown power matches
the measurements, for each device (we assume a unique k
for each GNR). To estimate the confidence intervals
of extracted TC for our GNRs, we consider a range
RCox ¼ 1–5$ 10"8 m2 K=W for the graphene=SiO2 in-
terface thermal resistance [20–22], and an uncertainty
of .1 layer in the GNR thickness [12]. The extracted
TC along with data from the literature on ‘‘large’’
graphene [23–25] are displayed in Fig. 4. We find a
TC range k ¼ 63–450 Wm"1K"1 for our GNRs, with
a median !130 Wm"1K"1 (at the TBD ¼ 600 #C), or
!80 Wm"1K"1 at 20 #C, nearly an order of magnitude
lower than the TC of exfoliated graphene on SiO2 [24].
The room temperature estimate is done by assuming a
mean free path that is independent of temperature
(limited by edge or defect scattering), and considering
only the temperature variation of graphene heat ca-
pacity [10]. Given that we observe no clear dependence
of TC on GNR size (i.e., no size effect) in Fig. 4, we
surmise that here the TC is limited by edge roughness

a b
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FIG. 3 (color online). Thermal conductance of device per unit
area (G’’) vs width for graphene of varying (a) thermal con-
ductivity and (b) length. Both parameters affect heat sinking
along GNRs<! 0:3 !m. Symbols follow the notation of Fig. 2.
Horizontal dash-dotted line is the limit W ! 1 which applies to
the case in (c), only ‘‘vertical’’ heat sinking through the oxide.
The significance of lateral 3D heat spreading from GNRs is
shown in (d) and (e), both mechanisms partly leading to higher
current density in the Fig. 2 inset.
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and defect or impurity scattering. However, the range
of values extracted can be attributed to variations in
edge roughness and defect or impurity density between
samples [12]. For instance, recent scanning tunneling
microscopy (STM) studies [26] have found that edges
of such GNRs vary from atomically smooth to !1 nm
edge roughness. Simulations [8,27] suggest that edge
disorder could nearly account for the variation in TC
observed in Fig. 4, while different impurity or defect
density between samples will only serve to broaden the
observed distribution.

To examine if the thermal and electrical properties of the
GNRs are related, we plot the extracted TC vs the inverse
sheet resistance (1=RS) in the Fig. 4 inset. Also plotted is
the electronic contribution to TC, estimated with the
Wiedemann-Franz law [19] as ke ! L0T=ðRStÞ. This esti-
mate is likely an upper limit, as the Lorenz number in
graphite is the usual L0 ¼ 2:45$ 10"8 W!K"2 [28], but
in nanostructures with edge scattering it is slightly lower
than this bulk value [29]. We find ke < 10 Wm"1 K"1,
nearly always an order of magnitude lower than the ex-
tracted TC, suggesting that the TC of GNRs is dominated
by phonons at room temperature and above. However, TC
and electrical conductance follow similar trends, indicating
that similar scattering mechanisms limit both phonon and
electron transport. These scatterers include edges, impuri-
ties, and defects in GNRs [2,8,27,30].

In conclusion, we have shown that high-field transport in
GNRs on SiO2 is limited by self-heating. The maximum

current density at a given temperature scales inversely with
GNR width and reaches >3 mA=!m in !15 nm wide
devices. Dissipation in ‘‘large’’ graphene (, 0:3 !m, or
3 times the thermal healing length) is limited primarily
by the SiO2 thickness, but dissipation in ‘‘small’’ GNRs
improves from 3D heat spreading into the SiO2 and heat
flow along the GNR to the contacts. Taking advantage of
this sensitivity we found a median TC!80 Wm"1K"1 for
GNRs at room temperature, with less than 10% electronic
contribution.
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[24]. The inset shows approximate scaling between TC and
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common to both electrons and phonons. The electronic contri-
bution to TC is estimated to be typically ke < 10 Wm"1K"1 or
<10%. Dashed lines show trends to guide the eye.
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