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The thermal properties of two-dimensional (2D) materials are of fundamental interest for energy recov-
ery and electron cooling at the nanoscale. Exploring thermal transport in 2D systems is a challenging issue
particularly in the substrate-supported architecture, which is the most relevant for applications. In this con-
figuration, heat diffusion is strongly affected by thermal losses through the substrate and highly depends on
interfacial properties. Here we investigate thermal transport of supported few-layer graphene nanowires
by the Joule self-heating method in the high-temperature range (400 K < T < 500 K). This method is
valuable for the substrate-supported sample configuration. By using a thick and rough oxide layer, we find
that thermal losses through the substrate are reduced by almost 1 order of magnitude with respect to the
expected theoretical values. Most importantly, we unveil an effective reduction of the thermal conductivity,
with values as low as 40 W m−1 K−1, comparable to reported values for supported graphene nanoribbons.
Such a reduction can be induced by increased phonon scattering with the substrate and impurities in the
system, which is inherent to the device fabrication. Our findings should stimulate research on alternative
solutions for energy conversion at the nanoscale using graphene and other 2D materials when deposited
on substrates.
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Two-dimensional (2D) materials, which are well studied
in the fields of nanoelectronics and optoelectronics, have
revealed intriguing properties for thermoelectric applica-
tions [1–3]. Graphene, one of the most-studied 2D materi-
als, has high mobility and a large Seebeck coefficient [4–6]
(up to 200 μV K−1 in hexagonal-BN supported devices),
as well as very high thermal conductivity, reaching val-
ues up to 5000 W m−1 K−1 [7] when suspended. Such a
high value is a direct consequence of the strong bond-
ing of light atoms and of the large phonon contribution
to thermal transport [2,8]. These properties may provide
a solution for electronic cooling at the nanoscale. The
thermal properties of 2D materials are generally difficult
to assess, and the suspended case is the most-explored
configuration. Many different techniques are used to mea-
sure the thermal conductivity of 2D materials, the most-
used ones being Raman optothermal spectroscopy [7,9],
microresistance thermometry [10,11], the 3ω method [12],
thermoreflectance [13], and electrical self-heating [14–16].
Each of them has different limitations, such as poor resolu-
tion, complex nanofabrication process, or limited sample
dimensions. However, measurements on suspended 2D
materials are not really relevant for applications. The abil-
ity to unveil the thermal and thermoelectric properties
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of 2D materials in supported configurations is a major
goal for applications. Measurement of the effective ther-
mal conductivity of a supported low-dimensional material
can be difficult, since thermal losses through the substrate
dominate heat diffusion. Moreover, the interaction with
the environment becomes a dominant factor for phononic
thermal transport by typically reducing the thermal con-
ductivity, k [17]. In the case of graphene, when lying
on a substrate, phonon propagation is very sensitive to
surface or edge perturbations [2,18]. A strong interface
scattering of flexural phonon modes leads to a reduction
of the thermal conductivity [19]. The thermal conductiv-
ity of single-layer graphene (SLG) supported on SiO2 [9]
was found to be reduced by almost 1 order of magni-
tude with respect to the suspended case, with a maximum
value of 600 W m−1 K−1 [11] at room temperature. By
encasement of graphene between two SiO2 layers [10],
a further reduction was achieved, with values as low
as 160 W m−1 K−1. Measurements on supported graphene
nanoribbons [20] show values down to 80 W m−1 K−1 for
20 nm-wide samples. Recent theoretical work has also
proved that controlling the surface state of the amorphous
oxides underlying the device or the corrugation at the inter-
face can drastically reduce thermal transport in graphene
[18,21,22].

In this work, we apply the Joule self-heating method to
simultaneously measure the thermal conductivity k and the
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thermal losses per unit length g of supported multilayer-
graphene (SMLG) nanowires (ten layers) and a supported
bilayer-graphene (SBLG) nanowire. By carefully conceiv-
ing the device, we achieve a reduction of 1 order of
magnitude in the predicted thermal losses and we find
particularly low values of k. We use Si substrates cov-
ered by a thick and rough SiO2 layer, over which SMLG
nanowires are designed. A self-consistent fitting proce-
dure, based on the resolution of the heat-diffusion equation,
unveils k values on the order of 40–50 W m−1 K−1 and g
values on the order of 0.05–0.15 W m−1 K−1 in the high-
temperature range of 400 K < T < 500 K. By using the
extracted g values, we find a reduced k value (approxi-
mately 100 W m−1 K−1) also for the SBLG nanowire fab-
ricated on the same substrate. While showing reduced k,
the SMLG and SBLG nanowires preserve good transport
properties, with electrical conductivity σ on the order of
1 × 107–2 × 107 S m−1. These observations demonstrate
the relevance of a simple experimental method and device
configuration that can be easily used to explore simul-
taneously thermal, electric, and thermoelectric properties
of supported 2D material–based devices. At the same
time, our findings revive research interest in the con-
trol of thermal properties of low-dimensional materials by
well-thought-out device engineering.

I. EXPERIMENTAL METHODS

The Joule self-heating method is based on the resolution
of the heat-transport equation in a nanowire crossed by a
current in steady-state conditions [14–16]. In an optimized
configuration, it appears as an alternative and easy method
to measure the effective thermal conductivity of sup-
ported low-dimensional materials. This approach has the
advantage of being implementable in device architectures
compatible with thermopower and electrical conductivity
investigations.

In the measurements, the graphene-based nanowire acts
simultaneously as a heating element with homogeneous
heat flux and an electrical thermometer. The small device
dimensions guarantee that steady-state conditions by a
constant heating current are reached on short timescales
(less than 25 μs). The applied method was used by
Kodama et al. [14] in the case of supported metallic
nanowires. It relies on the resolution of the heat-transport
equation taking into account the thermal losses through the
substrate:

kA
d2T
dx2 + p[1 + α(T − T0)] − g(T − T0) = 0, (1)

where k is the nanowire thermal conductivity (including
the electronic and lattice contributions), A = Wh is the
nanowire cross section, where W and h are the nanowire
width and thickness, respectively, p is the applied electri-
cal power per unit length, α is the temperature coefficient

of resistance (TCR), g is the term for heat losses through
the substrate per unit length, and T0 is the temperature of
the environment. Thermal radiated losses from the surface
can be neglected, being on the order of 0.14 W m−2 K−1

for graphene at room temperature [23].
The length scale to understand heat propagation in a

supported nanowire is the so-called healing length [24],
defined as LH = √

(kWh/g). Numerical simulations have
shown that for devices longer than 3LH , dissipation occurs
almost entirely though the nanowire-substrate interface,
while shorter devices benefit from substantial cooling
through the metal contacts. As a consequence, for a “short”
nanowire with L < 3LH , L being the nanowire length, the
temperature profile depends more on the thermal conduc-
tivity than on the thermal losses through the substrate. In
contrast, for “long” nanowires (L > 3LH ), the temperature
profile is more influenced by the thermal losses through the
substrate than by the thermal conductivity. These observa-
tions allow one to clarify the procedure adopted to extract
the k and g values in a supported nanowire configuration
by self-heating, as pointed out in Ref. [14]. The relative
resistance change �R/R0 due to the temperature increase
of the nanowire induced by Joule heating can be calculated
by solving Eq. (1) and is expressed as

�R
R0

= αp
g − αp

[
1 − 2

mL
tanh

(
mL
2

)]
, (2)

where m = √
(g − αp)/kA and R0 is the nanowire resis-

tance when no heating occurs. The experimental evalu-
ation of �R/R0 as a function of the applied power p is
performed for short and long nanowires. First, we measure
the resistance as function of the temperature of the environ-
ment for both nanowires to evaluate the TCR and calibrate
the temperature response of the nanowires. This is done
with a current intensity low enough to avoid self-heating.
Second, the graphene-nanowire resistance variation due
to self-heating is measured at higher currents. The fit of
the experimental data to Eq. (2) is performed in a self-
consistent way. Starting from a fixed value of k, we extract
g by fitting the long-nanowire �R/R0 experimental data.
The value of g obtained is used to estimate k by fitting the
short-nanowire �R/R0 experimental data. The iterations
are repeated until the k and g values converge.

II. DEVICE DESIGN

Thermal losses to the substrate are affected by dif-
ferent parameters, such as the interfacial thermal con-
ductance G and the substrate thermal conductivity and
thickness. In the case of graphene, the interfacial ther-
mal conductance G can be strongly sample dependent.
Different experimental investigations have reported values
on the order of 100 MW m−2 K−1 for SLG and few-layer
graphene [11,25] at 300 K, decreasing to 2 MW m−2 K−1
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at 50 K in the case of exfoliated and encased graphene.
Values of 50–100 MW m−2 K−1 have been found for car-
bon nanotubes [16]. It has also been estimated for large
CVD-grown 2D materials flakes by Raman approach to be
27 MW m−2 K−1, 22 MW m−2 K−1, and 15 MW m−2 K−1

for SLG/SiO2, MoS2/SiO2, and WSe2/SiO2 interfaces,
respectively [26]. Recent results obtained by Tang et al.
[23] demonstrated that increased substrate corrugation and
the transfer technique used can lead to partially suspended
zones of the SLG flake, leading to a reduction of G of
several order of magnitude, down to 266 W m−2 K−1 in
the SLG/SiO2 case. Scanning-probe-microscopy measure-
ments have confirmed that nonuniform graphene-substrate
interface contact is typical of SLG exfoliated on SiO2 over
distances of a few tenths of nanometers [27,28]. The ther-
mal losses per unit length, g, can be reduced by increas-
ing the underlying oxide thickness, tox. Among the other
parameters, the heat-spreading profile into the substrate
depends on the nanowire width and the underlying-oxide
thickness. Figure 1(a) shows a schematic of the differ-
ent heat-spreading profiles in the cases of W > tox and
W < tox. In the latter case, lateral heat spreading plays an
important role, and the thermal losses through the substrate
per unit length, g, can be reduced with respect to the for-
mer case [20]. The general expression for g for W < tox is
given by Eq. (3):

g−1 =
(

πkox

log[6(tox/W + 1)]
+ koxW

tox

)−1

+ 1
GW

, (3)

where kox is the thermal conductivity of the under-
lying oxide layer and all the other terms have been
defined before. By considering a G value on the order of
10 MW m−2 K−1, we chose the geometrical parameters of
our devices fulfilling the condition W < tox. For W = 300
nm, tox = 5 μm, and kox = 1.4 W m−1 K−1, we estimate
g to be approximately 0.7 W m−1 K−1. Such a value is
almost 1 order of magnitude lower than what is theoret-
ically expected in the opposite limit of W > tox, where
uniform heat flux through the substrate is dominant.

Experimental investigations of the thermal losses
through the substrate, g, in supported graphene are
scarce in literature. Some indicative values are avail-
able for carbon nanotubes on SiO2 and are on the
order of 0.007–0.06 W m−1 K−1 as measured by scanning
thermal microscopy [29], 0.03–0.11 W m−1 K−1 obtained
by Raman thermometry [30], and 0.1–0.2 W m−1 K−1

extracted by breakdown method [24,31]. All these values
are consistent with our estimation. Our discussion sup-
ports the idea that to minimize thermal losses through
the substrate, graphene-based nanowires have to be fab-
ricated over thick (W < tox) and rough SiO2 layers. In
addition, the choice of the nanowire length is fundamental
to ensure the validity of the applied method. The thermal
healing length can be calculated using a value of k equal

(a)

(b) (c)

FIG. 1. (a) Heat spreading into the substrate in the cases W >

tox and W < tox. (b) Nanowire graphene device with electrical
connections. (c) Optical image of the graphene flake before the
etching with the etching mask.

to 600 W m−1 K−1, as extracted from the literature for sup-
ported graphene at 300 K, a g value as estimated by Eq.
(3), and geometrical parameters (W, h, tox) corresponding
to our fabricated devices. We find LH ∼ 0.9 μm, imply-
ing that the threshold length separating the short-long limit
is equal to 3LH ∼ 2.7 μm. Long nanowires are conceived
with a length L greater than 3 μm and the short nanowires
have a length smaller than 3 μm.

III. SAMPLE FABRICATION AND
CHARACTERIZATION

Supported graphene nanowires are fabricated over Si
substrates covered by a 5-μm-thick SiO2 layer produced
by plasma-enhanced CVD with a root-mean-square rough-
ness of approximately 8 nm (as discussed later). The short
and long nanowires have a width of 300 nm.

On the basis of the estimated value of 3LH , we fabricate
a SMLG “short” nanowire with length Lshort = 1.8 μm and
a SMLG “long” nanowire with length Llong = 9 μm. This
couple defines sample A. A second sample, sample B, has
a unique SBLG nanowire of width W = 300 nm and length
L = 0.9 μm. Figure 1(b) shows a schematic of our device
configuration, where the graphene flake, represented by the
gray layer, is connected to four metallic contacts for elec-
trical transport measurements. The nanowire length L is
defined as the inside edge-to-edge distance between the
closest contacts. The graphene flakes are transferred with
the hot pick-up technique over the substrate [32]. The four
electrodes are successively patterned by electron-beam
lithography and made by Ti(5 nm)/Au(100 nm) electron-
gun evaporation. Finally, the graphene flakes are etched
by reactive-ion etching with oxygen plasma (100-sccm O2,
100 mTorr, 70 W for 60 s) to shape the intended nanowire
geometries. Figure 1(c) shows an optical image of the
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SMLG device before etching (sample A). The electrodes
for the couple of short and long nanowires are fabricated
intentionally as close as possible to each other on the
same graphene flake to ensure similar nanowire properties.
Etching is achieved with oxygen plasma through a resist
mask of MaN-2401 defined by the red stripes in Fig. 1(c).
Samples are finally rinsed in acetone and 2-propanol.

The number of layers in the graphene flakes is estimated
by Raman spectroscopy in air at room temperature with a
laser excitation wavelength of 514 nm, addressing in-plane
vibrational modes. By comparing the peak intensity, shape
and position of the 2D mode at 2700 cm−1 [Fig. 2(c)] with
those in Raman spectra obtained from the literature for
two, five, and ten layers [33], we can estimate the num-
ber of layers of the graphene flakes. In the case of sample
A, there are ten layers, which corresponds to a thickness
of approximately 3.5 nm, while for sample B there are two
layers, corresponding to a thickness of approximately 0.7
nm.

AFM is used to investigate the surface morphology and
roughness of the SiO2 layer and of the overlying graphene
flake. Figures 2(a) and 2(d) show 2D images for sam-
ples A and B, respectively, obtained at room temperature
in atmosphere. For sample A, the SiO2 surface has a
root-mean-square roughness of 8 ± 2 nm and a maximum
peak-to-valley roughness of 20 nm. These parameters are
calculated over average areas of approximately 1 × 1 μm2.
The roughness reduces to 5 ± 2 nm when it is measured
on the graphene flakes. In the case of sample B, while the
SiO2 roughness remains unchanged, we measure a slightly

increased roughness on the graphene flake, equal to 6 ± 1
nm over average areas of approximately 0.5 × 0.5 μm2.
Representative line profiles are reported in Figs. 2(b) and
2(e) for the SMLG and SBLG nanowires, respectively.
In both graphs, the solid gray line is a profile extracted
over the SiO2 surface, while the solid red (black) line is
extracted over the graphene flake for sample A (sample
B). The measured surface roughness hampers the esti-
mation of the thickness of the graphene flakes by AFM.
The AFM images also highlight suspended zones of the
graphene flakes, revealing the nonconformal character at
the interface.

All the electrical measurements are performed in a Nex-
tron probe station under high vacuum (P ∼ 10−7 mbar).
The nanowires and their metallic contacts are in ther-
mal equilibrium with the underlying Si/SiO2 substrate
with large heat capacity. The substrate is anchored to an
isothermal ceramic plate, whose temperature can be reg-
ulated with 0.1-K precision from 300 to 750 K. Since
residuals of resist could be present on the surface [34],
electrical current annealing is performed before measure-
ments. The current is continuously swept between −2
and 2 mA under vacuum conditions at room temperature
overnight. The maximum annealing current corresponds
to an increase in temperature up to approximately 600 K.
The thermal conductivity of supported graphene on rough
SiO2 substrates showing suspended zones has been mea-
sured close to that of suspended graphene. This value is
found to decrease by repeated in-vacuum thermal anneal-
ing, which removes intercalated impurities, increasing

(a)

(b)

(c) (d)

(e)

FIG. 2. (a) Two-dimensional AFM image of multilayer graphene over a 5-μm-thick SiO2 surface (sample A). (b) AFM line profiles
from sample A. The solid gray line is measured over the SiO2 surface and the solid red line is measured over the graphene flake. (c)
Raman spectra of samples A and B compared with literature spectra [33]. (d) Two dimensional AFM image of bilayer graphene over
a 5-μm-thick SiO2 surface (sample B) (e) AFM line profiles from sample B. The solid gray line is measured over the SiO2 surface and
the solid black line is measured over the graphene flake.
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graphene-substrate conformity and interfacial scattering
[18]. In our case the AFM characterization is performed
before the annealing procedure. As a consequence, the
graphene-substrate conformity during the transport exper-
iments can be quite different from what is revealed by
AFM.

The graphene-based-nanowire current-voltage charac-
teristics I(V) are measured in a four-probe configuration
by current polarizing the nanowires while we measure the
induced voltage drop [Fig. 1(b)]. The nanowire resistance
is evaluated by the slopes of the I(V) curves. The resistance
calibration measurements are done by fixing the tempera-
ture of the sample holder in the micro probe station and
by measuring the I(V) curve at low bias (|I | ≤ 20 μA). In
this condition the I(V) curves show a clear linear behav-
ior, indicating that no detectable heating is induced. The
procedure is repeated in a large temperature range (up to
575 K). The calibration procedure allows us to determine
the TCR entering Eq. (1). After calibration, the sample
holder is maintained at a fixed temperature and the sam-
ple is self-heated by sweeping the injected current I from
−Iheat to +Iheat, where Iheat is in the range from 300 to
400 μA depending on the nanowire. A maximum dissi-
pated power on the SMLG and SBLG nanowires lower
than 300 μW is allowed to guarantee a maximum tem-
perature variation occuring in the nanowire below 30 K.
Self-heating is revealed by a slightly nonlinear behavior
in the I(V) characteristics as the current increases. The
resistance is computed as the derivative of the I(V) curves,
and the applied power p per unit length is defined as p =
I 2R0/Lshort (long). By repeating this measurement at different
temperatures of the environment, we can experimentally
estimate the �R/R0 relative variation. Electrical transport
measurements are performed between 400 and 500 K. This
temperature range is not often investigated but is rele-
vant for commercial electronic devices working typically
above room temperature. Moreover, few measurements
of graphene-supported thermal conductivity are available
in the literature in the high-temperature regime. Faugeras
et al. [35] reported k ∼ 630 W m−1 K−1 for suspended
single-layer graphene at 660 K with Raman optothermal
technique. Dorgan et al. [36] used the electrical breakdown
method on suspended SLG, finding k ∼ 310 W m−1 K−1 at
1000 K.

IV. RESULTS AND DISCUSSION

Figure 3 illustrates the result of the temperature cali-
bration of the resistance for the short [Fig. 3(a)] and long
[Fig. 3(b)] nanowire in the case of sample A. In both cases,
high values of the electrical conductivity σ , on the order
of 1 × 107–2 × 107 S m−1 can be extracted, revealing good
electronic transport properties. Starting from room temper-
ature, the experimental data show a different trend in the
two cases. For the short nanowire, the resistance decreases
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FIG. 3. Electrical resistance as a function of temperature for
the long (a) and short (b) graphene nanowires (points) in sample
A. The solid line represents the best experimental fit of the data.
The dotted lines define the data dispersion over repeated mea-
surements. The insets show the temperature coefficients α of the
resistances for the two nanowires as a function of temperature.

until a minimum is reached around 550 K and subsequently
it starts to rise. For the long nanowire, a resistance mini-
mum is first seen around 350 K, followed by an increase
at higher temperature. The two temperature dependencies
of the nanowire resistances can be well described by cubic
curves of the form R(T) = AT3 + BT2 + CT + D, where
the quadratic term strongly dominates the cubic term (B ∼
103–104 A). The solid lines in Fig. 3 represent the best fit
of the experimental data, and the dotted lines define the
data dispersion obtained by repeated calibrations.

The quenching of graphene electrical resistance with
temperature has been scarcely studied in the literature even
though it is often observed. Shao et al. [37] measured
decreasing behavior for single-layer and bilayer graphene
in the temperature range 300 K < T < 500 K, revealing a
more pronounced reduction in the bilayer case. The same
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observation has been reported for SLG from room tem-
perature down to 10 K [38] and for suspended graphene
nanoribbons in the temperature range 200 K < T < 360
K [39]. Nevertheless, these last studies are not focused
on this particular aspect and do not comment on it. Few
theoretical explanations are also available in the literature
for the resistance decrease in SLG with temperature. One
explanation relies on the dominant thermal generation of
charge carriers accompanied by suppression of long-range
disorder scattering [40]. As temperature increases, optical
phonons contribution to electron scattering allows one to
predict the existence of a resistance minimum. A second
theoretical explanation ascribes the decreasing resistance
behavior to the Friedel oscillations of the electron den-
sity around graphene defects, with strong sensitivity to
their microscopic origin (e.g., structural defects, substi-
tutional disorder, contact with the substrate). This means
that the decreasing temperature dependence of graphene
resistance should be particularly pronounced in the pres-
ence of a substrate [41]. Our experimental observations
clearly show the existence of a minimum and the subse-
quent increasing of the SMLG nanowire resistance in the
temperature range explored. The calibration curve for the
SBLG nanowire in sample B is reported in Fig. 6(a) and
also shows a decreasing behavior of the resistance as a
function of the temperature, with no minimum revealed.
This seems to indicate a length dependence of the posi-
tion of the resistance minimum, with a shift toward lower
temperatures as the length of the nanowire is increased.
However, further investigations are necessary for a better
understanding.

The insets in Fig. 3 show the TCR as extracted
by the curve-fitting procedure for the short [Fig. 3(a)]
and long [Fig. 3(b)] nanowires, defined as α(T) =
[1/R(T)][dR(T)/dT]. These temperature dependencies
reveal that close to the temperature at which each SMLG
nanowire has the resistance minimum, α approaches zero.
As a consequence, to use Eq. (2) for self-heating data anal-
ysis, we restrict our experimental investigation to the tem-
perature region 400 K < T < 500 K, where both long and
short nanowires are not affected by low values of α (dot-
ted boxes in Fig. 3). For each measured temperature point,
T∗, we consider α = α(T∗) to apply the fitting procedure.
Moreover, as discussed in Sec. III, restricting the dissipated
power on the nanowires to values limiting a local temper-
ature increase guarantees a correct approximation for data
analysis when the α(T) dependence is used.

The relative variation of the SMLG nanowire’s resis-
tances, �R/R0, is measured as a function of the applied
power p at different temperatures for a heating current
ramping up to ±400 μA. Figure 4 shows two exam-
ples of data analysis at T = 393 K (red data) and T =
453 K (black data) for the long [Fig. 4(a)] and short
[Fig. 4(b)] nanowires, respectively. The points are the mea-
sured experimental data and the dotted red and solid black
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FIG. 4. (a) Relative variation of resistance for the long wire
in sample A at T = 393 K (red squares) and T = 453 K (black
circles) with the theoretical fit obtained by Eq. (2) (dotted and
solid lines). (b) Same plot for the short nanowires in sample A.

lines are fitting plots resulting from Eq. (2). Convergence
on the extracted k and g values is typically reached after
ten iterations.

Figure 5(a) shows the complete set of k values extracted
in the temperature range 400 K < T < 500 K. We find
particularly reduced values of the thermal conductivity in
the temperature range explored. The extracted k values
are on the order of 40 W m−1 K−1. The relatively large
error bars result from the fitting procedure and reflect
the difficulties to precisely evaluate the thermal conduc-
tivity. The results obtained do not allow us to define
a tendency in the k(T) behavior, but a reduction with
respect to what is expected is evident in the whole tem-
perature range explored. Even though we cannot discrim-
inate the main physical mechanism inducing k reduction,
some arguments can be discussed. Such low k values are
comparable to what has been measured in the case of
encased trilayer graphene [10]. In this particular exam-
ple, the k reduction is due to induced defects and inter-
actions between the outermost graphene layers and the
encapsulating oxide layers. Two mechanisms are cited to
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FIG. 5. (a) Thermal conductivity of SMLG nanowires in sam-
ple A as function of temperature. Error bars are derived from the
fitting procedure. The inset shows a comparison of the extracted
k values with the Callaway model [42] for increasing scattering
with impurities. (b) Thermal losses through the substrate per unit
length of SMLG nanowires in sample A as a function of temper-
ature. The inset shows the thermal healing length estimated from
the extracted k and g values as a function of the temperature.

explain the k reduction: phonon leakage into the low-
sound-velocity oxide and additional phonon scattering by
the inhomogeneous graphene-oxide interface. Similar k
reduction has also been reported in supported graphene
nanoribbons (below room temperature), where scattering
with boundaries and with the substrate are dominant and
limit the phonon diffusion [20]. In addition, the control of
the in-plane thermal conductivity of supported graphene by
varying the thermomechanical affiliation at the graphene-
substrate interface has also been experimentally demon-
strated. Repeated annealing enhances graphene-substrate
conformity and interfacial scattering [18]. All this exper-
imental evidence reported in the literature can apply also
in our graphene-based nanowires and can be invoked

as a possible origin of k reduction. Theoretically, the
temperature dependence of the thermal conductivity is
expected to reach a maximum value at around room
temperature. At higher temperature, significant Umklapp
phonon scattering occurs, inducing a decreasing behav-
ior [9–11,36]. The inset in Fig. 5(a) shows the theoretical
k(T) dependence based on the Callaway model, which
is widely used in the literature to calculate the lattice
thermal conductivity [42]. Within this description, the
expression for the thermal conductivity is given by k(T) =
(kB/2π2ν) (kBT/�)

3 ∫ θD/T
0 τc[x4ex/(ex − 1)2]dx, where kB

is the Boltzmann constant, ν is the graphene sound veloc-
ity, θD is the Debye temperature, and � is the Planck
constant. The model includes different phonon-scattering
mechanisms, impurity (τI ) and boundary (τB) scattering,
the three-phonon normal process (τN ), and the Umklapp
process (τU), with an overall relaxation time, τc, given
by the Matthiessen rule, τc = (

τ−1
I + τ−1

B + τ−1
N + τ−1

U

)−1

[43]. The peak value of the thermal conductivity around
room temperature is highly sensitive to crystal impurities
and defects. By increasing the intensity of the impurity
scattering terms, a strong k(T) suppression can be theoreti-
cally predicted. Our results are qualitatively coherent with
the prediction of the Callaway model. However, we can-
not clearly identify which is the main scattering source for
the reduction of the thermal conductivity experimentally
detected. Clear insight into this question would require
a detailed study of the thermal conductivity as a func-
tion of multiple parameters, such as controlled roughness
and thickness of the SiO2 layer, controlled introduction
of impurities in the material, the nanowire’s dimensions
(length and width), and a wider temperature range. This is
beyond the scope of the current work.

Figure 5(b) shows the values of the thermal losses
through the substrate per unit length, g, extracted simul-
taneously to k. The values range between 0.05 and
0.15 W m−1 K−1 in the temperature range explored. No
significant temperature trend can be extracted. Anyway,
the values obtained agree with what is estimated in Sec.
II by Eq. (3), even though they are somewhat smaller.
This is not surprising since it has been demonstrated that
interfacial corrugation at the graphene-SiO2 interface can
reduce the interfacial thermal conductance by more than
1 order of magnitude [23]. Experimental investigations
of the g parameter for supported graphene are scarce in
the literature. The thermal conductance through the sub-
strate can be highly sample dependent, and no systematic
study as a function of the temperature has been per-
formed to our knowledge. Our results are in agreement
with the experimentally available values found for carbon
nanotubes [16,24,29–31] and for single-layer graphene
on SiO2 [11,25,26]. Once the k and g values have been
extracted, we can estimate the effective thermal healing
length LH of the fabricated SMLG nanowires to verify a
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posteriori if they meet the “short-limit” and “long-limit”
criteria. The inset in Fig. 5(b) shows the extracted LH as
a function of the temperature in the range explored. The
values of LH range between 0.5 μm and 1 μm, matching,
particularly for the highest values, the required condition.

In sample B (SBLG), only one measured nanowire of
0.9-μm-length fits the “short” condition. The experimental
g, output of sample A, can be used in a first approximation
for the analysis of the self-heating response of the SBLG
nanowire in sample B. It has been revealed that the thermal
conductance at the graphene-substrate interface does not
change significantly across few-layer graphene (from one
to approximately ten layers) [1,10,44]. This is because the
thermal resistance between graphene and its environment
dominates that between individual graphene sheets. The
R(T) dependence of the short SBLG nanowire is reported
in Fig. 6(a), showing a monotonic decreasing behavior,
together with the corresponding α(T) dependence in the
inset. Similarly to sample A, we find good electronic
transport properties with σ on the order of 1 × 107 S m−1.

The self-heating response of the SBLG nanowire in
sample B analyzed by Eq. (2) is then computed with a
g value of 0.09 W m−1 K−1, corresponding to the average
value extracted for sample A, leaving only k as a free fit
parameter. The result for the fitted k values as a func-
tion of the temperature is shown in Fig. 6(b). The thermal
conductivity follows a trend equivalent to that for sam-
ple A, but with slightly higher values ranging between
80 and 120 W m−1 K−1. This result seems to indicate that
the value of k can slightly vary depending on the local
morphology and coupling to the underlying substrate. Pre-
vious experimental observations revealed increasing ther-
mal conductivity as a function of the number of layers
for supported and encased graphene [10,11,44], and an
opposite trend in the suspended case [34,45]. We cannot
conclude on the thickness dependence of k in our case.
The estimation of the thermal healing length in this case
is reported in the inset in Fig. 6(b), showing values that
fulfill the “short” nanowire condition, justifying the data
analysis used.

Our most relevant finding is that in both samples A
and B, the extracted values of the thermal conductivity
are lower than what has previously been observed in the
literature by different approaches for supported few-layer
graphene. Even though large error bars are present in
our results, a decisive k suppression is evident. Scatter-
ing at the interface and the presence of residues related
to the nanofabrication contribute to increased levels of
impurities in the system, reducing further the thermal con-
ductivity. Moreover, lateral-edge roughness and boundary
effects can also contribute to the suppressed k behav-
ior [46]. Annealing treatments can further contribute to
decrease the graphene thermal conductivity since the inter-
facial phonon-scattering rate increases with increasing
the graphene-substrate contact strength and conformity
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FIG. 6. (a) Electrical resistance as a function of temperature
for the short SBLG nanowire (points) in sample B. The solid line
represents the linear fit of the data. The inset shows the tempera-
ture coefficient α of the resistances for the nanowire as a function
of temperature. (b) Thermal conductivity of SBLG nanowire in
sample B as a function of temperature. Error bars are derived
from the fitting procedure. The inset shows the thermal healing
length estimated from the extracted k and g values as a function
of temperature.

[11,18]. Finally, the high surface roughness of the sub-
strate is likely to increase the thermal resistance at the
interface, implying reduced thermal losses through the
substrate too.

V. CONCLUSIONS

In this work we demonstrate that thermal transport in
supported multilayer and bilayer graphene can be highly
reduced in nanowires realized on rough SiO2 surfaces.
Increased phonon scattering with the substrate and the
impurities can reasonably explain such suppression. More-
over, we demonstrate that thermal losses through the sub-
strate can be minimized by increasing the thickness of the
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oxide layer used, which further simplifies the measure-
ment of the thermal conductivity in the supported case.
Our results indicate that achieving better control of the
graphene-substrate interface and the surface state could
be a strategy to master thermal transport in supported
graphene. Besides, we prove that the self-heating method
can be implemented for a supported 2D-material device
to achieve reliable information. The device configuration
used to apply the self-heating method for investigating
thermal transport properties is particularly suited for a
complete in situ thermoelectric characterization of a wide
class of low-dimensional materials. This is a striking point
for applications. Our finding should promote a revival of
interest in graphene for energy recovery at the nanoscale.
Few-layer graphene can show simultaneously good electri-
cal transport properties and degraded thermal ones, which
can be particularly intriguing to conceive alternative solu-
tions to face the heat waste problem in nanoscale systems.
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