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We investigate high-field transport in graphene nanoribbons (GNRs) on SiO,, up to breakdown. The
maximum current density is limited by self-heating, but can reach >3 mA/um for GNRs ~15 nm wide.
Comparison with larger, micron-sized graphene devices reveals that narrow GNRs benefit from 3D heat
spreading into the SiO,, which enables their higher current density. GNRs also benefit from lateral heat
flow to the contacts in short devices (< ~0.3 wm), which allows extraction of a median GNR thermal
conductivity (TC), ~80 Wm ™ 'K~! 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 SiO,, 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 SiO, up
to breakdown, and uncover key roles of heat dissipation
both along and perpendicular to the device. We measure
current densities >3 mA/um (>4 X 102 A/cm?) 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 SiO, 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.
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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 SiO, (¢, = 300 nm)/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
max(7) > Tgp = 873 K, dashed lines are isothermal model
without SH (see text and supplement [12]). Dimensions are
L/W =510/20 nm for D1, and L/W = 390/38 nm for D2.
Vgs = —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 = 15-60 nm and lengths
L = 0.2-0.7 pm. XG devices had W = 0.1-1.8 um and
lengths L = 3.9 and 9.7 um.

To probe the limits of high-field transport, we measure
I, — Vpg 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
Tgp = 600 °C [10]. By comparison, breakdown of control
samples in vacuum (~ 7 X 107® Torr) occurred at ~6
times higher power (Fig. 2), suggesting other failure
mechanisms such as defect formation, SiO, 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 I, as a function of applied Vg,
Vps and temperature T under diffusive transport conditions

L F -1
I, = qgWV [ f - dx] : 1
b q bs 0 n(VGx’ Tx) Vd(FX’ Tx) ( )

where ¢ is the elementary charge, x is the coordinate along
the graphene channel, n is the total carrier density at
location x, Vg, = Vs — V., is the potential between gate
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FIG. 2 (color online). Scaling of GNR and ‘“large” XG
breakdown power with square root of device footprint,
(WL)'2. Dashed lines are thermal model with k =50 and
500 Wm ™ 'K™!, Repy =5 X107 m>KW~! and L/W = 15.
Lateral heat sinking and in-plane GNR thermal conductivity
begin to play a role in devices < ~ 0.3 um (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 Tgp, 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.

and location x, F, = —dV,/dx is the electric field, and v,
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 Egs. (2) and (3) below]. Simulated I, — Vpg
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, Pgp = Igp (Vap — IgpRc) [10], where R, is the
electrical contact resistance [12], and Igp and Vgp are the
current and voltage at breakdown, respectively. We plot
Pgp 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]:

Pgp = gL(Tgp — Tp)

L . L
cosh(m> + gLyRy smh(m)

L ) L
cosh(m) + gLyRr smh(m) -1

X

(@)

where T is the ambient temperature, Ly 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 Ry =
Ly, /lkyt,(W 4+ 2Ly,,)]. Here t,, is the thickness and
k, =22 Wm 'K~! is the TC of the metal electrodes
(estimated with the Wiedemann-Franz law [19] using their
measured resistivity), and Lp, is the thermal healing
length of heat spreading into the metal contacts. The
two healing lengths are Ly = (kWt/g)"/? and Ly, =
[k / (koxtto) ]2, both of the order ~0.1 wm here. The
TC of SiO, kox = 1.3 Wm™'K™!, while ¢ 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]

-1 — 77-kox + ﬁw}_l + RCOx 3
g {1n[6(t0x/W+ D] o wo O

which is the inverse of the series combination of the
thermal resistance at the graphene/SiO, interface, Ry
[20-22], and the 3D spreading thermal resistance into
the SiO, 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 = 50 and 500 Wm™'K~!. We note that
for device dimensions (WL)Y/2 > 0.3 um, or approxi-
mately 3 times the healing length L, heat dissipation is
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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 = 3L, 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 /gp per width W at break-
down (temperature ~T7Tpgp), and find it can reach over
3 mA/um 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 Tgp), 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
G" = Pgp/(Tgp — Ty)/(WL) 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, Pgp is proportional to G”. 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 Pgp and G” scale by a factor of ~9 over our data
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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 um. Symbols follow the notation of Fig. 2.
Horizontal dash-dotted line is the limit W — oo 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.

range (Fig. 3), Izp 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, G" = 1/(R¢oy +
tox/koyx) is independent of device dimensions when L,
W — oo [in practice (LW)Y/2 > 3Ly], 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 G’ = g/W when taking the limit W — oo
of Eq. (3).

In contrast, for “narrow” GNRs the lateral 3D heat
spreading into the SiO, 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 G” predicts for k = 50,
250, and 500 Wm ™ 'K~!. As the TC increases, heat is
carried more efficiently along the GNR. The device length
also matters for ““short” GNRs with L = 3Ly, when heat
generated within the graphene channel is sunk more effec-
tively into the contacts [12,18]. As a result, the thermal
conductance G" 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”” GNRes, it is possible to extract their TC, as shown
in Fig. 4. To accomplish this, we iteratively vary k within
Ly 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 = 1-5 X 1078 m>K/W for the graphene/SiO, 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 = 63450 Wm 'K~! for our GNRs, with
a median ~130 Wm 'K™! (at the Tgp = 600°C), or
~80 Wm™'K™! at 20 °C, nearly an order of magnitude
lower than the TC of exfoliated graphene on SiO, [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
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FIG. 4 (color online). Thermal conductivity (TC) of GNRs
estimated in this work at 7Tgp, compared to large-area samples
for supported graphene grown by CVD [23], exfoliated graphene
(XG) on SiO, [24], and suspended XG [25]. The median TC of
our GNRs at room temperature is ~80 Wm ™ 'K™! (see text)
nearly an order of magnitude lower than “large” XG on SiO,
[24]. The inset shows approximate scaling between TC and
electrical sheet conductance, suggesting scattering mechanisms
common to both electrons and phonons. The electronic contri-
bution to TC is estimated to be typically k, < 10 Wm 'K~ ! or
<10%. Dashed lines show trends to guide the eye.

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/Ry) in the Fig. 4 inset. Also plotted is
the electronic contribution to TC, estimated with the
Wiedemann-Franz law [19] as k, ~ LyT/(Rgt). This esti-
mate is likely an upper limit, as the Lorenz number in
graphite is the usual L, = 2.45 X 103 W Q K2 [28], but
in nanostructures with edge scattering it is slightly lower
than this bulk value [29]. We find k, < 10 Wm™ ! K™!,
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 SiO, is limited by self-heating. The maximum

current density at a given temperature scales inversely with
GNR width and reaches >3 mA/um in ~15 nm wide
devices. Dissipation in “large” graphene (>> 0.3 um, or
3 times the thermal healing length) is limited primarily
by the SiO, thickness, but dissipation in “small” GNRs
improves from 3D heat spreading into the SiO, and heat
flow along the GNR to the contacts. Taking advantage of
this sensitivity we found a median TC ~80 Wm™ 'K ™! for
GNRs at room temperature, with less than 10% electronic
contribution.
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for “Thermally-Limited Current Carrying Ability of Graphene Nanoribbons” by Albert Liao,
Justin Wu, Xinran Wang, Kristof Tahy, Debdeep Jena, Hongjie Dai and Eric Pop

1. Fabrication Details

Graphene nanoribbon (GNR) devices were obtained from a 1,2-dichloroethane organic solu-
tion of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV) by sonication
of pristine multi-wall nanotubes (MWNTS) that had been calcined at 650 °C [1]. An ultracentri-
fuge step was performed to remove the remaining nanotubes, following the method described by
Jiao et al [1]. The solution was spin coated onto ~300 nm Si10; substrates on highly doped silicon
wafers. After calcination of the coated substrate at 275 °C for 20 minutes to remove the remain-
ing PmPV, an array of 20 nm thick Pd electrodes and pads were defined by e-beam evaporation
and lift-off. The contacts were annealed in Ar at 200 °C after which the devices were then an-
nealed electrically. Samples were characterized by atomic force microscopy (AFM) and electric-
al testing to determine which of electrode pairs correspond to valid devices. Such devices consist
primarily of non-AB stacked 2-layer GNRs, however some layer variation is seen in Fig. S1 and
is characterized in Section 2 below.

For comparison, micron-sized exfoliated graphene (XG) devices from Graphene Industries
were deposited on heavily n-type doped silicon wafers, also with ~300 nm thermal oxide. XG
devices were identified using optical and Raman microscopy. The wafers were backside-
metalized after oxide removal in HF to form back-gate contacts. The graphene flakes were then
patterned using an O, plasma reactive ion etch with PMMA masks. E-beam evaporated Cr/Au
(2/200 nm) was used to define the drain and source contacts by e-beam lithography. After metal
deposition and lift-off, the samples were annealed in forming gas at ~400 °C for ~2 hours to re-

move the e-beam resist residue.

2. Thickness of GNRs:

As the graphene nanoribbons (GNRs) are fabricated from multi-walled carbon nanotubes
[1], the layer stacking orientation is random unlike bulk graphite. Thus we cannot use Raman
spectroscopy to count the number of layers. Instead we rely on the measured thickness from

AFM scans to distinguish the number of layers of graphene, as shown in Figure S1. We note that
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3. Contact Resistance: represented with open circles and ones from
Ref. [1] in filled diamonds.

We subtract the power dissipated at the contacts
(IZRC, where R is the contact resistance) from the total power measured, to obtain only the pow-
er dissipated within the graphene. Because the GNR test structures had two terminals, an indirect
method of extracting R¢c was employed. Measuring the low bias (LB) resistance, which depends
geometrically on the sheet and contact resistance [2], we fit the following expression to our data:

Ry, =£C+ Ly (E1)
W Wt

Here Ry 5 is the low bias resistance taken from the linear region of the Ip-Vpg measurement, pc is

the contact resistivity, ps is the sheet resistivity of graphene, L is the length, W is the width, and ¢

is the thickness of the sample. All measurements were performed at Vs = -40 V back-gate bias,

which eliminates hysteresis effects. We find that variations arising from fabrication have a nota-

ble impact on the values extracted when comparing two
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. . . 1200} 0 1
data from a given batch is made using eq. E1 (dashed WLO e
T 1000p  pat@T . o6 i
lines) and an average contact resistance is extracted. The 3 gog} O o 1
average contact resistivity for batch 1 is pc = ReW = 600 "\ °© patch2
o 400} ~ Pc S A
~ 630 Q-um and for batch 2 pc = RcW ~ 250 Q-pm, o0 Pl i 3
which are both typical for graphene-Pd contacts, and 0 . . :

0 200 400 600 800
within experimental variation observed by us and other Length/Thickness
groups. From this, we also obtain the sheet resistance Figure S2. Measured low-bias resistance

(Rpg) times width vs. length/thickness ratio
(ps/t) for the inset of Fig. 4(b) in the main text. of the GNRs. The y-intercept is the average

contact resistance times width. Two fabrica-
tion batches yielded different contacts.



4. Spreading Thermal Resistance of GNRs:

We have calculated the thermal spreading resistance of GNRs on SiO; by finite element
(FE) simulations, and then obtained a simple analytic model that matches the FE calculations
over a wide range of parameters. We note that for ‘large’ graphene devices of dimensions
(WL)"? > 3Ly (typically > 0.3 um) the heat sinking occurs simply “vertically’ through the un-
derlying Si0O,, and a simple expression for the overall thermal resistance given by Ref. [3] holds,
Ry = 1/(hA) + to/ (ko) + 1/(2ksiA"?) with A = LW the area of the channel, /= 10° Wm™K"' the
thermal conductance of the graphene-SiO, boundary [4], k,, and ks; the thermal conductivities of
Si0; and of the doped Si wafer. However, for GNRs there is significant /lateral heat spreading
into the Si0, and along the GNR. In Fig. S3 we show results of a few FE simulations of GNRs
dissipating heat into SiO»; it is clear that a simple model of vertical heat flow is inadequate.

We then define the heat dissipation coefficient from GNR into substrate per unit length (g).
To understand its physical meaning, consider that in steady-state, for a long GNR (far from the
contacts), the temperature at location x along the ribbon is simply given by T(x) =Ty + p'(x)/g
where p '(x) is the power dissipated per unit length (in units of W/m) at location x [5]. We numer-
ically calculate the coefficient g for a variety of graphene device widths, from 10 nm to 6 pm and
show the results as symbols in Fig. S4, both for oxide thickness t,x = 90 and 300 nm. Here the
lines are the results of a fit with the simple expression:

-1
-1 ﬂkox kox RCox

= w —=, E2

i {ln[éew/w“)]*r } Tw .

ox

which (as in the main text) consists of the series combination of the thermal boundary resistance
at the graphene/SiO; interface, R¢,, (see main text) and the spreading thermal resistance into the
Si0, written here as an analytic fit to the detailed FE simulations. The simple expression applies

to both wide and narrow graphene ribbons, and includes both the graphene/SiO, interface and the

GNR,w =20 nm w =30 nm w =40 nm w =50 nm

x10” x10” x10” x10”
Figure S3. Finite-element (FE) simulation cross-section of heat spreading from GNRs with width from W = 20-50
nm on SiO, with thickness t,, = 300 nm.
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thermal conductivity of the SiO,. The thermal conductivity of the underlying Si wafer is not in-
cluded as it was found (from the FE simulations) that it plays a very minimal role.

Note that by comparison, the thermal dissipation per length from carbon nanotubes (CNTs)
on Si0O; is of the order genr ~ 0.2 WK 'm! [5] and thus much lower than in GNRs which are al-
ways wider. This value for CNTs was incorrectly applied to GNRs in a previous study [6], lead-

ing to an over-estimate of the thermal conductivity of GNRs.

5. Graphene Model Extended to GNRs:

To obtain the current-voltage calculations displayed in Fig. 1(b), we extended a previously
developed graphene finite-element simulation [3, 7]. Modifications include a lower mobility, as
is typical of such GNRs [8], 0.1 = 160 cm®V™'s™ for D1 and uo, = 280 cm”V's™ for D2. A con-
tact resistance RcW = 250 Q-um was used for both devices in accord with Section #1 above. To-
gether, these parameters were sufficient to model the low-field behavior in Fig. 1(b).

To model the high-field and temperature-dependent behavior we used the velocity saturation
model in [3]. The temperature dependence of mobility used was w(7T) = ,uo(300/7)1/2, similar to
carbon nanotubes [9], but slightly weaker than in ‘large’ graphene on SiO; [3]. We note that de-
cisive temperature-dependent mobility data are not yet available for GNRs, and it is likely these
would change from sample to sample due to variation in impurity and edge scattering. However,
weaker temperature dependence of mobility in GNRs is reasonably expected, as similarly ob-
served in metal nanowires vs. bulk metals [10]. Regardless, as it turns out, the specific mobility
model has less impact on the high-field behavior of GNRs, which is dominated by the high-field

saturation velocity, including its carrier density and temperature dependence [3].
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To calculate the charge density along the GNR we use the approach in Ref. [3], but here we
must include fringing effects in the capacitance of the GNR above the Si back-gate. The GNR

capacitance per unit area is modeled similarly to the spreading heat effect in Section #3 above:

T 1
C”-*‘5“‘90{1n[6<r0x/w+1>]w*a}’ =

where the first term represents the fringing capacitance and the second term is the parallel plate
capacitance of the GNR. The expression reduces to the familiar C,, = €,.€y/t,, (in Farads per unit
area) in the limit W — oo as expected for large graphene, and is in good agreement with finite-
element simulations [11].

The temperature along the GNR was computed iteratively with the finite-element method
described in Ref. [7], using k; = 100 Wm'K™"! and kr, =175 Wm'lK'l, scaled consistently with the
mobility of the two GNRs [note Fig. 4(b) inset in main text], and consistent with thermal conduc-
tivity values extracted in the overall study. The heat loss coefficient from GNR to substrate was

modeled using the heat spreading expression from eq. E2 above.

6. Length Dependence on Total Thermal Conductance:

The length dependence on the total ther-

mal conductance G ” is similar to that between

G” and the width as shown in Fig S5. Howev- & _

er, the reason for the inverse relation with 7‘5

length is different. As the length of the GNR g

decreases to the point where it is on the order o )

of a few healing lengths (Ly), more heat can be Ol e ql
dissipated into the contacts. It is this depen- Le%w?;th (um) 10
dence on length that allows us to extract the Figure S5. Length dependence on G” plotted for 3

different widths, with k = 100 Wm"'K™. The length
of most of our GNR samples falls in the range where

cated in Fig. 4 and Fig. S5. G” is sensitive to k, i.e. ~3 healing lengths long.

thermal conductivity of our samples as indi-
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