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Annealing and polycrystallinity effects on the
thermal conductivity of supported CVD graphene
monolayers†
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The thermal transport properties of graphene are strongly influenced by its contact environment and the

strength of such interactions can be used to tailor these properties. Here we find that annealing sup-

presses the basal plane thermal conductivity (κ) of graphene supported on silicon dioxide, due to the

increased conformity of graphene to the nanoscale asperities of the substrate after annealing. Intriguingly,

increasing the polycrystallinity of graphene, grown by chemical vapor deposition on copper, increases the

severity of this suppression after annealing, revealing the role of grain boundaries and associated defects

in aiding phonon scattering by the substrate. In highly polycrystalline graphene, the value of κ after

annealing is comparable to that after significant fluorination of an identical unannealed sample. Our

experiments employ the suspended micro-bridge platform for basal plane thermal conductivity measure-

ments. Using xenon difluoride gas for the final release also enables the investigation of thermal transport

in graphene in contact with polymers. We find evidence for weaker phonon scattering in graphene, due

to a 10 nm thick polymer layer on top compared to the pre-existing silicon dioxide substrate, which is a

promising result for flexible electronics applications of graphene.

Introduction

The basal-plane thermal conductivity (κ) of suspended gra-
phene, which is in the range between 2000 and 4000 W m−1K−1

around room temperature,1,2 is among the highest known, and
its high value is a result of the strong planar interatomic
bonds between the light carbon atoms it is composed of.3

Owing to the two-dimensional (2D) nature of graphene, its
extraordinary thermal transport properties are strongly influ-
enced by its contact environment, with any additional material
on its surface, be it another graphene layer,4 a substrate sup-
porting it,5 or even nanometer scale polymer residues left on
its surface after processing,6 known to significantly lower gra-
phene thermal conductivity. Despite this, with a value around
600 W m−1K−1 around room temperature, the thermal conduc-

tivity of exfoliated graphene on SiO2 is still significantly higher
than highly conductive metal thin films used in electronic
devices.5 In a host of possible applications which demand
high thermal conductivity—for devices and interconnects in
microelectronics,7,8 or for fillers and heat spreaders in thermal
management of electronics9–12 or batteries13—or low thermal
conductivity, for thermoelectrics, graphene is meant to be in
contact with other materials.14

Controlling graphene thermal conductivity as desired,
through or despite these surface interactions, be it by physical
or chemical means, is in itself an exciting fundamental
research field. Graphene interacts with typical dielectric and
polymer substrates through van der Waals (vdW) forces.
Experiments have demonstrated that the effect of substrate
scattering of phonons in graphene exceeds the effect of scatter-
ing due to additional graphene layers, which also interact
through vdW forces, observed by a gradual increase in thermal
conductivity with increasing number of layers, both when gra-
phene is on SiO2 or is surrounded by it.5,15 Molecular
dynamics (MD) simulations have indicated that by increasing
the strength of vdW forces between graphene and SiO2, its
extrinsically limited thermal conductivity could be further sup-
pressed due to increased scattering,16 or augmented by
changes to its phonon dispersion by coupling with substrate
modes.17 A recent MD study has suggested that the reduced
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structural distortion of graphene, when supported on a
reduced graphene oxide substrate and decoupled from it by
amino-silane molecules at the interface between the two
materials, results in large basal plane thermal conductivity in
the graphene exceeding that of graphite, even though it is sup-
ported, highlighting the interplay between chemical and physi-
cal effects in tailoring thermal transport.18 While surface
effects are particularly strong in a 2D material, introducing
defects in the lattice can be used as a powerful handle to lower
thermal conductivity,19–21 and to improve thermal conduc-
tance at interfaces with other materials.22,23 Polycrystalline gra-
phene with well-stitched grain boundaries is particularly prom-
ising to lower thermal conductivity while only weakly affecting
electronic transport.24,25

Thermal conductivity measurements in suspended gra-
phene have predominantly been conducted using the Raman
optothermal method, owing to the relative simplicity of the
sample preparation and measurement setup.1,4,26 This method
tracks the position of prominent peaks in the Raman spectrum
of graphene in response to heating induced by a focused laser
spot, from which thermal conductivity can be extracted by cali-
brating the temperature dependence of peak positions.1,26

Several important trends in the thermal properties of single-
and few-layer graphene, made by exfoliation or chemical vapor
deposition, and with or without defects, have been revealed
using this method.27,28 These measurements are typically
restricted to temperature ranges above room temperature, and
have large uncertainties due to low temperature sensitivity,29

uncertainty in absorbed laser power and spot size.30,31 There is
also ongoing debate regarding the influence of phonon non-
equilibrium in graphene caused by laser excitation on the
interpretation of the optothermal measurements.32,33

Direct application of the optothermal method to the
measurement of κ in graphene supported on gold produced a
value with an uncertainty of −85%/+175% around room temp-
erature, diminishing its utility.30 Also, when significant
changes to the Raman spectrum occur, for instance due to
covalent or non-covalent functionalization of graphene, peak
tracking may not even be possible. The fabrication intensive,
but theoretically straight forward suspended micro-bridge plat-
form on the other hand, has been used to accurately measure
thermal conductivity in suspended and supported graphene
monolayers and multilayers.5,6,34–36 While less demonstrative
than the optothermal technique in demonstrating extraordi-
narily high values of κ in suspended graphene, with only one
report existing where κ of single layer graphene was compar-
able to that of highly oriented pyrolytic graphite around room
temperature,36,37 the high temperature sensitivity (∼30 mK)
and precision of the method is well-suited to observing small
changes in thermal conductances.14,35

Despite the widespread investigation of graphene grown by
chemical vapor deposition (CVD) on copper for various appli-
cations due to its scalability, its thermal conductivity when
supported by an amorphous substrate such as SiO2 has not
been accurately and definitively measured. To our knowledge
only one study exists where thermal conductivity of CVD gra-

phene supported on PMMA was calculated by measuring the
effective thermal diffusivity of a millimeter sized graphene-
PMMA stack, by tracking the transient electrical response of
graphene to a current pulse which caused joule-heating.38 The
∼40% lower κ compared to exfoliated graphene, despite grain
sizes in the tens to hundred micrometer range, was suggested
to be due to the stronger coupling of graphene to PMMA com-
pared to SiO2. Paradoxically, this study also observed a
decrease in κ with increasing average number of graphene
layers, not consistent with the strong substrate interaction pro-
posed. The effect of grain sizes on thermal conductivity of sus-
pended CVD graphene has only recently been systematically
investigated,24,39 revealing that despite polycrystallinity, large
decrease in κ only occurs when average grain sizes become
comparable to or lower than the average mean free path in sus-
pended graphene, which is ∼600 nm.3 Due to the significantly
lower average mean free path in supported graphene, ∼100 nm
SiO2,

40 it is expected that significantly greater level of polycrys-
tallinity can be tolerated before a significant reduction in κ

occurs. It has been suggested that the long-range influence of
an amorphous substrate, in suppressing κ below bulk graphite
values even in 34 atomic layer thick graphene, is due to signifi-
cant phonon transmission across the graphene–substrate
interface.14 The increased chemical reactivity of grain bound-
aries41,42 could strongly influence this coupling of graphene
phonons to the substrate.

In this study, we have investigated experimentally the basal
plane thermal conductivity of CVD graphene monolayers sup-
ported on SiO2 using the suspended micro-bridge platform.
Graphene layers of two significantly different levels of polycrys-
tallinity were studied, to determine the significance of grain
size on κ in supported graphene. Thermal annealing is a
common step in graphene device fabrication, and is known to
bring graphene in closer conformity to its substrate. We used
annealing to increase the strength of interaction of graphene
with the substrate, and found that this caused a significant
reduction of thermal conductivity, particularly in graphene
with smaller grain sizes. The effect of encasing graphene by a
polymer film without the introduction of additional defects,
and of partial fluorination, are also reported.

Experimental
Graphene growth

Monolayer graphene of two significantly different levels of
polycrystallinity, grown by CVD on copper using methane
(CH4) as the carbon precursor, were investigated in this study.
Growth was carried out in a commercially available CVD
system (TCVD-RF100CA, Graphene Square). The first type, G1,
was grown at 1050 °C inside enclosures made by crimping the
edges of a piece of Cu foil folded over, under a 5 sccm flow of
H2 and 1 sccm flow of CH4 over 3 hours.43 The low nucleation
density and slow growth rate resulted in low levels of
polycrystallinity in G1. The second type, G2, was grown on a
flattened piece of Cu foil at 950 °C using a 40 sccm flow of
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CH4 and 5 sccm flow of H2 for 30 minutes. This growth
method is more commonly used, and is known to
produce continuous sheets of predominantly single layer gra-
phene with significant polycrystallinity, but well stitched
domains.44 After growth, both G1 and G2 were cooled down to
room temperature under hydrogen flow at a rate of 30 °C per
minute.

Graphene annealing

Ar/H2 (100 sccm/900 sccm) annealing for 2 hours at 300 °C or
400 °C, was performed in a quartz tube furnace at atmospheric
pressure. Ar/O2 (375 sccm, 125 sccm) annealing, also at atmos-
pheric pressure, was performed in a rapid thermal annealing
system (Annealsys AS-one 150) with the sample lying on an oxi-
dized silicon wafer. The temperature ramp rate was 20 °C min−1

in all cases. The samples were heated up and cooled down
from the annealing temperature in the same gas mixture used
for annealing in forming gas, while Ar alone was used during
cooling when annealing in Ar/O2.

Graphene fluorination

Graphene can be fluorinated by exposure to XeF2 gas.45 We
performed fluorination of graphene supported on SiO2 in a
SPTS Xactix X4 etching system, in a XeF2/N2 (3 : 10 Torr) gas
mixture, using four pulses, 30 s each (2 min total time).

Characterization

SEM (Hitachi SU8230) images were all acquired at 1 kV accel-
eration voltage. Micro-Raman spectroscopy (NT-MDT NTEGRA
Spectra) was performed using 473 nm laser excitation at an
intensity ∼0.4 mW, using a 600 g mm−1 grating; 5 s integration
time was used to collect all point spectra. AFM (Bruker
Dimension FastScan) maps of topography of graphene surfaces
were acquired using Bruker ScanAsyst-Air tips in the ScanAsyst
mode at a typical peak-force set point of 700 pN.

Device fabrication

The suspended micro-bridge platform is capable of both high
precision and accuracy demonstrated in measuring thermal
conductances between ∼100 pW K−1 and 500 nW K−1 in nano-
wires,46 nanofilms47 and in 2D materials.6 The particular
variant used in this study, shown in Fig. 1, has previously been
used to measure κ of single and multilayer graphene5,14 and
multilayer h-BN.48 We have made significant changes to the
fabrication process previously reported for these devices,29 to
isolate measurable ribbons of CVD graphene supported on
SiO2 with high yield, the salient features of which are
described next. Details of the fabrication process can be found
in the ESI.†

A film of graphene on Cu (∼2 cm2) was transferred onto a
15 × 15 mm2 chip with 64 partially fabricated micro-bridge
devices using the PMMA-mediated transfer method.49,50 The
micro-bridges patterned from 300 nm thick thermally grown
SiO2 on Si were still supported at this stage. After patterning
the graphene by electron beam lithography (EBL) and reactive
ion etching (RIE), the under-etching of Si to release the micro-

bridges was carried out in xenon difluoride gas (XeF2), as a
resist mask protected graphene from fluorination. This release
is typically performed by etching Si in an aqueous tetramethyl-
ammonium hydroxide (TMAH) or potassium hydroxide (KOH)
solution at 90 °C for 20–30 minutes.29,51 However, this wet
process resulted in widespread delamination of patterned gra-
phene films in our devices (Fig. S1†), even when annealing
had been performed after transfer, a step which is known to
improve device yield by improving graphene adhesion to the
substrate.50 Moreover, such delamination did not occur during
several stages of non-aqueous wet processing in typical
solvents.

While etching Si with XeF2 solved this problem, it created
another, in the form of a solvent stable film of residue, which
could only be removed by annealing for 2 hours at 300 °C in
an atmosphere containing oxygen. Annealing at 300 °C in Ar/H2

resulted in partial removal and segregation of the residue
into clusters. This can be seen from atomic force microscopy
(AFM) maps of surface topography shown in Fig. 2a–c, and the
scanning electron microscopy (SEM) images in Fig. S4.† The
residue film which was found covering the entire top surface
of graphene, thereby encasing it, was a surprising issue since
XeF2 has previously been used to perform photoresist masked
patterned fluorination of graphene with no explicit reports of
such an observation.45 We found this film of residue was
Raman invisible, and was formed using typical EBL resists

Fig. 1 Overview of devices and contact configuration used for thermal
transport measurements. (a) Tilted colorized SEM image of the sus-
pended micro-bridge device used for measuring thermal conductivity of
graphene. Areas with graphene on SiO2 are shaded blue, and the metal
resistance thermometers are shaded gold. Intrinsic stress in the SiO2

layer causes bowing of the suspended structure after release. Magnified
view of an (b) unannealed, and an (c) annealed (in Ar/H2 at 400 °C for
2 hours) strip of graphene on SiO2 bridging the two sides of the device,
acquired at a low acceleration voltage (1 kV). Scale bar for parts (a–c) is
25 μm, 2 μm and 2 μm respectively.
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(PMMA and CSAR) and photoresists (AZ6612) as a mask
during XeF2 exposure. From SEM images of the residue
pattern (such as in Fig. S4a†), we identified that the residue
film formed on the surface of resist exposed to XeF2, and col-
lapsed onto the graphene below when the underlying un-
fluorinated resist layer was dissolved in a solvent. A short iso-
tropic O2 RIE process was therefore used to etch ∼30 nm of the
top surface and side-walls of the resist layer after XeF2
exposure, before dissolving the rest in chloroform. The devices
were finally dried by critical point drying. Using this process,
we achieved low levels of resist residue, comparable to those

seen on graphene after processing without any XeF2 exposure
(Fig. 2d). As is commonly observed, annealing these devices at
300 or 400 °C could be used to further lower the level of
residue on these graphene surfaces (Fig. 2e and f).52,53

Thermal transport measurements

Thermal conductance measurements were performed under
high vacuum (<10−5 mbar), in 25 K steps from 150 to 350 K, in
a liquid nitrogen cooled cryostat (Janis ST-100). The general
scheme for measurements of thermal conductance using
micro-bridge devices are well described in literature.29,51 The
details of our implementation, are described in ESI† and the
principle of measurement is briefly described here. The device
shown in Fig. 1a consists of a set of suspended intersecting
beams of SiO2 with Cr/Pt resistors on top, in a symmetric
arrangement around the central bridge containing a strip of
graphene supported on SiO2 whose thermal conductance (Gtot)
is to be measured. This is done by measuring the average
temperature rise of all four resistances, while varying amounts
of heat is dissipated in one of the two U-shaped resistors. A 1D
heat conduction model, simplified using the device symmetry,
enables the evaluation of Gtot.

29 The thermal conductance of
the SiO2 (Gbl) supporting the graphene, measured separately
from several nominally identical devices without graphene, is
then subtracted from Gtot to obtain the thermal conductance
of graphene (GGr). Thermal conductivity of supported gra-
phene is subsequently calculated as κ = GGrL/wt, where L, w
and t are the length, width and thickness of the graphene
strip. The thickness of graphene is set to 0.335 nm, the inter-
layer spacing in graphite.29 L and w are typically 8.1–8.3 μm
and 2.9–3.1 μm in our devices. There is a systematic under-esti-
mation of κ determined using this procedure. This error is esti-
mated using finite element simulations as described later in
the paper, and in the ESI,† and the corrected values of κ are
used in the figures and discussion which follow.

Results and discussion

Both types of graphene used in our experiments (G1, G2) were
characterized by micro-Raman spectroscopy using a 473 nm
laser after transfer to the SiO2/Si substrates of our pre-fabri-
cated devices. A representative spectrum for each sample is
shown in Fig. 3a, and is an average of 25 acquisitions over a
5 × 5 μm2 area. The prominent G peak and 2D peak of graphene
are found around 1590 cm−1 and 2710 cm−1 respectively. The
intensity ratio between the two peaks, I2D/IG, is significantly
greater than one, confirming that the samples are predomi-
nantly monolayers.54 The D peak around 1360 cm−1 is pro-
nounced in G2, and very low in G1. The intensity ratio between
the D peak and G peak, ID/IG, is typically between 0.35 and
0.55 in G2, and less than 0.1 in G1. In addition, the beginnings
of the D′ peak around 1630 cm−1 and the D + D′ peak around
2960 cm−1 are observed in G2 but not G1.

The D and D′ peaks, which are absent in pristine graphene,
are activated by the presence of defects—such as edges, grain

Fig. 2 Topography of graphene surfaces on SiO2 after different pro-
cesses acquired using atomic force microscopy (AFM). (a) This is the
baseline, acquired directly after graphene transfer and PMMA removal in
chloroform. (b) Fluorinated polymer residue covers the top surface of
the graphene after stripping resist exposed to XeF2 in chloroform.
(c) This unwanted top layer could only be partially removed by annealing
at 300 °C for 2 hours in Ar/H2. (d) Etching ∼30 nm of the resist surface,
by reactive ion etching in an oxygen plasma directly after XeF2 exposure,
produced a graphene surface with low levels of resist residue, compar-
able to the baseline in part (a). Annealing these low residue surfaces in
Ar/H2 for 2 hours at (e) 300 °C and (f ) 400 °C results in further decrease
in residue levels, as well as flattening of wrinkles. Scale bar for parts
(a–f ) is 500 nm. Color bar shown in part (f ) is applicable to all. Its range
is 20 nm for parts (a), (b) and (d), and is 10 nm for parts (c), (e) and (f ).
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boundaries, vacancies and disorder—in graphene.55 The inten-
sity ratio ID/ID′ can be used to distinguish between the
different types of defects that activate the D and D′ peaks.55 Its
value in G2 is about 3 to 4, comparable to that found in poly-
crystalline graphite,55 which suggests that the defects activat-
ing it could be predominantly due to boundaries rather than
vacancies or disorder. In G1, the absence of the D′ peak pre-
cludes this evaluation.

To estimate the average size of grains in G1 and G2 we used
two techniques. First, from SEM imaging of partially grown
graphene films on copper, we observed that G1 is composed of
grains several microns in size, with the largest grains reaching
several tens of microns (Fig. 3b). G2 on the other hand is com-
posed of polygonal grains O(100 nm) in size (Fig. 3c). Second,
to ascertain the size distribution of grains in a fully grown
film, we used the technique of mild dry annealing.39,56 By
annealing graphene on copper at 150 °C in N2/O2 for
5 minutes, the copper below grain boundaries oxidized, reveal-
ing a clear bright contrast in an SEM image (Fig. S5a and b†).
Segmenting such images revealed that G2 has an average grain
size of ∼200 nm, as shown in Fig. S5c and d.† Details of this
procedure are given in ESI.†

We also found that annealing graphene on SiO2 at 400 °C
in Ar/H2, revealed structures in a scanning electron microscope
operating at a low acceleration voltage (1 kV) that were not pre-
viously visible, as seen by comparing Fig. 1b and c, which are
SEM images of an unannealed and an annealed strip of gra-
phene on SiO2 in our suspended devices. The density of these
structures are much higher in G2 compared to G1 (Fig. 3a,
Fig. S6c and d†), and bear a striking resemblance to the patch-
work structure of polycrystalline CVD graphene visualized

using dark field transmission electron microscopy,44 and
using mild dry annealing, like in this study. Note that some of
the thicker lines seen in Fig. 3a are wrinkles. While we were
able to establish that such lines of contrast do appear at some
grain boundaries in graphene, they are also present at other
locations within individual grains (Fig. S6e and f†). Therefore,
while this method is a useful coarse indicator of grain size in
graphene, its quantitative utility is limited. The combination
of Raman spectroscopy, mild dry annealing and SEM imaging
allows us to establish that the significantly different levels of
polycrystallinity in the two types of graphene investigated are
consistent with expectation from the growth methods used to
produce them.

The effect of annealing after transfer to a substrate on topo-
graphy,57 resist residue levels,58 and electrical transport52 in
graphene has been widely studied. Scanning tunneling
microscopy (STM) has revealed that when graphene is exfo-
liated onto an amorphous substrate like SiO2, it is not fully
conformal with the substrate, but is partially suspended
between peaks on the substrate.58,59 Another STM study found
that annealing at 300 °C for 2 hours in Ar resulted in a signifi-
cant increase in height variations, caused by structural defor-
mation which make graphene more conformal with the SiO2

substrate.57 Annealing in vacuum, inert, reducing or oxidizing
environments have all been employed to decrease the level of
contamination on the surface of graphene after processing
with resists such PMMA,53,60 to produce surfaces closer to pris-
tine graphene. While significant reduction in residue levels
can be achieved by annealing above 300 °C, transmission elec-
tron microscopy (TEM) has revealed the process is by no
means complete.53 Studies have also shown that up to 400 °C,
the surface cleanliness achieved is largely insensitive to the
atmosphere used for annealing.60 While for surface sensitive
applications, the low residue levels can be beneficial, annealing
above 200 °C has been shown to cause significant degradation
in electrical mobility in graphene field-effect transistors on SiO2,
with the effect getting worse with increasing temperature.52

Heavy hole doping was also observed using back-gated conduc-
tance measurements.52 The close conformity of graphene to
SiO2 results in better charge transfer from charged impurities in
the substrate, as well as increased reactivity of graphene to
oxygen in the atmosphere, which combine to dope graphene.57

The effect of annealing in our work can also be observed in
the Raman spectrum of graphene, shown in Fig. 4a and b.
These spectra were acquired in air after different treatments.
I2D/IG decreases with increasing annealing temperature, while
the position of G peak (ωG) upshifts. A significant upshift of
the 2D peak position (ω2D) is also observed after annealing at
400 °C. All these trends are consistent with hole doping of gra-
phene, as observed in an electrochemically top-gated graphene
transistor.61 This can also be used to estimate the doping level
to be ∼1–2 × 1013 cm−2. The I2D/IG in unannealed G2 is signifi-
cantly higher than in G1, indicating a lower initial doping
level, probably due to lower conformity with the substrate to
begin with, since suspended graphene is known to have sig-
nificantly higher I2D/IG.

62 G2 also shows a stronger response to

Fig. 3 Characterization of the graphene samples investigated in this
study. (a) Raman spectrum of two types of CVD graphene samples—G1
(blue; large grain) and G2 (yellow; small grain)—investigated in this
study. Each spectrum is the average of 25 spectra collected over a 5 ×
5 μm2 square area using laser excitation at 473 nm. The spectra are over-
laid on SEM images of the respective samples on SiO2 after annealing.
The very different grain sizes in the two samples can be seen in the SEM
images of partially grown films of (b) G1 and (c) G2 on copper. This
explains the prominent D-band in the Raman spectrum of G2, and its
near absence in the spectrum of G1. Scale bar for parts (a, c) is 500 nm,
and is 10 μm for part (b).
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annealing, with the total shift in ωG and ω2D being signifi-
cantly higher than in G1, indicating a higher final doping
level. The significantly higher density of grain boundaries is
the likely cause, due to their higher chemical reactivity
(Fig. 4).41,42

Thermal conductance measurements of Gtot, for several
3 μm wide 8 μm long ribbons of supported graphene of types
G1 and G2 are shown in Fig. 5a and b respectively. In both sets
of measurements, we see that unannealed samples are more
conductive than annealed samples. Also shown is the average
thermal conductance obtained from four blank devices (Gbl) of
identical dimensions, fabricated on the same chips as devices
with graphene (Fig. S8†). These blank measurements reveal
that annealing does not affect the thermal conductance of
SiO2 bridges. The significant difference between Gtot and Gbl

makes it possible to extract the thermal conductance of gra-
phene as the difference, as was the case in the previous experi-
ments with exfoliated single and multilayer graphene.14,29

Raman maps of ID/IG and I2D/IG for all measured samples are
shown in Fig. S7† and are consistent with the average behavior
for graphene of type G1 and G2 described previously.

In Fig. 5c we present the thermal conductivity of un-
annealed supported CVD graphene from our measurements,
along with those of exfoliated graphene by Seol et al., which
were also unannealed based on their reports.5,29 The best esti-
mates of κ used in the discussions which follow were calcu-
lated as the simple average, including uncertainties, of all
measured samples of a certain type. First, we observe that the
thermal conductivity of exfoliated graphene is significantly
higher than that of G1 throughout the measured temperature

range. At room temperature, κ ∼448 ± 19 W m−1K−1 is about
25% lower than that of exfoliated graphene (κ ∼600 W m−1K−1).
While a small decrease in κ was expected due to the polycrystal-
linity of G1, the magnitude of this difference came as a surprise,
due to the micron scale domain size in G1, and the estimated
∼100 nm average phonon mean free path in supported gra-
phene.3 Secondly, the thermal conductivity of G2 is signifi-
cantly lower than G1, and is ∼299 ± 21 W m−1K−1 around
room temperature, providing evidence for the importance of
grain size on thermal transport even in supported graphene.
Thirdly, for both G1 and G2 thermal conductivity increases
with temperature through most of the temperature range,
before flattening around room temperature, consistent with
the trends observed in exfoliated graphene. This behavior is

Fig. 5 Results of thermal transport measurements of several 8 μm long,
3 μm wide CVD graphene strips supported on SiO2. Devices fabricated
using two types of graphene, G1 and G2, grown under different con-
ditions to produce large and small grains respectively, were measured.
Every uniquely colored symbol in each part of this figure represents
measurements from a different sample. There is no deliberate corre-
spondence between identical colored symbols in different figure panels.
(a) Thermal conductance (Gtot) versus temperature of as-fabricated
(unannealed), and annealed (in Ar/H2 at atmospheric pressure for
2 hours at 300 °C or 400 °C) devices with graphene of type G1 and,
(b) G2, along with the background thermal conductance (Gbl) of a nom-
inally identical blank device without graphene. What remains after sub-
tracting Gbl from Gtot yields the thermal conductance (GGr) of a particu-
lar SiO2 supported graphene strip. (c) Thermal conductivity (κ) as a func-
tion of temperature for unannealed samples from this study compared
to those of graphene exfoliated from natural graphite (circles) by Seol
et al.5 Compared to exfoliated graphene, κ is ∼25% and ∼57% lower at
300 K for SiO2 supported CVD graphene of type G1 and G2 respectively.
κ is found to be a strong function of grain size even in supported gra-
phene. κ increases with temperature up to ∼300 K, and levels off there-
after. Pink triangles are unannealed of G2 sample whose top surface is
covered by a film of fluorinated polymer residue. (d) Annealing causes a
significant decrease in κ for both types of graphene. Measurements of
G1 and G2 are squares and triangles respectively. Interestingly, the κ of
annealed G2 is comparable to that of unannealed fluorinated G2
(crosses).

Fig. 4 (a) The ratio of intensities of the 2D-band to the G-band (I2D/IG),
and (c) the position of the G-band (ωG), as a function of state of the gra-
phene (unannealed, or annealed at 300 °C, or 400 °C, for 2 hours in
Ar/H2) reveal similar trends for both sample types. Each symbol in parts
(b) and (c) is from an average spectrum acquired as described in Fig. 3a.
I2D/IG of G1 and G2 are significantly greater than one when unannealed,
as is expected of monolayers. I2D/IG decreases with increasing annealing
temperature, while ωG increases. Both trends are consistent with
increased carrier concentration in graphene exposed to air after
annealing.57,61
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due to the dominance of boundary/interface scattering
of low frequency phonons at low temperature, and the
increasing importance of Umklapp scattering above room
temperature.5,15

The thermal conductivity of samples annealed at 400 °C in
Ar/H2 are compared with unannealed samples in Fig. 5d. Not
all measured samples, whose thermal conductance were pre-
sented in Fig. 5a and b, are shown here for clarity. We observe
that a significant reduction in κ in both G1 and G2 occurs after
annealing. At room temperature, κ is ∼322 ± 18 and ∼111 ± 15
W m−1K−1 for G1 and G2 respectively, which represents a
23–33% and 57–68% decrease from the respective unannealed
thermal conductivity for G1 and G2.

In addition to decreasing the level of resist residues on the
top surface of graphene, annealing has been shown to cause
greater conformity and consequently closer interaction with
the SiO2 substrate.

52,57 The changes in the Raman spectrum of
graphene after annealing observed in our samples are consist-
ent with these reports. If the doping level, inferred from
Raman spectroscopy, is used as a proxy for the level of confor-
mity of graphene with the SiO2 substrate, we observe that the
conformity is higher after annealing at 400 °C compared to
annealing at 300 °C. Surprisingly, we observe that a G1 sample
annealed at 300 °C has thermal conductance overlapping with
another sample annealed at 400 °C, indicating that beyond a
point increased interaction with the substrate does not detri-
mentally affect thermal conductivity of supported graphene.
This contrasts with electron mobility in back-gated graphene
transistors, which continues to decrease with annealing temp-
erature above 200 °C due to increased charged impurity scat-
tering and carrier–carrier scattering.52

Our measurements show that the absolute decrease in κ

after annealing is larger in G2 than in G1, at all measured
temperatures. Specifically, the decreases in κ in G1 and G2
after annealing is 126 ± 27 W m−1K−1 and 188 ± 26 W m−1K−1,
respectively, around 300 K; and is 35 ± 27 W m−1K−1 and 69 ±
21 W m−1K−1, respectively, around 150 K. According to MD
simulations, substrate scattering decreases the relaxation time
of all phonon modes, with near zone-center, low-frequency
(<20 THz) acoustic phonons being most affected.16 Non-equili-
brium Green’s function computations have shown that low fre-
quency phonons are least affected by grain boundary scatter-
ing.63 Thus, in supported polycrystalline graphene, the combi-
nation of substrate and grain boundary scattering affects all
phonon frequencies.

With increasing polycrystallinity, it is reasonable to expect
that the contribution of any given phonon mode to total
thermal conductivity will either decrease, or remain the same.
The cumulative effect of this is the decrease in κ with increas-
ing polycrystallinity. If the mode-specific substrate scattering
rate of phonons after annealing is independent of polycrystalli-
nity, we would expect a smaller decrease in κ in G2 compared
to G1. On the other hand, if the coupling of phonons in gra-
phene to the substrate is facilitated by the grain boundaries,
that could explain the greater decrease in κ in G2 after anneal-
ing. While considering heat spreading abilities, the stronger

phonon–substrate coupling enabled by grain boundaries—
even without annealing—could prove beneficial in decreasing
interfacial thermal resistance to the substrate, and could com-
pensate for the lower κ due to polycrystallinity.

To test how low thermal conductivity is due to the deliber-
ate introduction of defects in the graphene lattice, and hence
to obtain a scale of comparison with respect to the reduction
observed due to annealing, we fluorinated unannealed G2
samples by XeF2 exposure.45 This method to fluorinate gra-
phene does not affect the metal or SiO2 in our micro-bridge
device. Fluorination was the last step in the fabrication of
fluorinated graphene devices. The Raman spectrum of fluori-
nated graphene (Fig. 6a) shows strong broadening of D, D′ and
D + D′ peaks, and suppression of the 2D to G intensity ratio,
all indicators of the high levels of disorder introduced by fluor-
ination.45 The spectrum compares well with those observed on
CVD graphene monolayers on SiO2 after five minutes of fluori-
nation by Robinson et al.,45 and corresponds to ∼10–20 atom
percent of fluorine, as determined from a subsequent study by
Stine et al.64

The thermal conductivity of partially fluorinated graphene,
while significantly lower than that of unannealed graphene it
was produced from, is comparable to annealed graphene
(Fig. 5d and 6b). We observe that κ(T ) for annealed G2 has not
peaked in the temperature range of our measurements, much
like fluorinated graphene (Fig. 6b). We did not observe a sig-
nificant change in κ of a fluorinated graphene sample
measured 25 days after the first measurement, during which
time the sample was stored under nitrogen, leading us to con-

Fig. 6 Comparing annealed and fluorinated graphene of small grain
size (G2). (a) The average Raman spectra of graphene annealed at
400 °C in Ar/H2, and of fluorinated graphene are shown here. The level
of fluorination is estimated to be between 10–20 atoms percentage of
fluorine by comparison to literature.45,64 A large amount of disorder and
rehybridization from sp2 to sp3 results. (b) Thermal conductivity (κ) (8 μm
long, 3 μm wide strips on SiO2) after annealing is surprisingly found to
be comparable to κ after fluorination by exposure to xenon difluoride
(XeF2) gas. The most conductive samples after annealing and fluorina-
tion, shown as dashed lines, lie within each other’s error bars; the
thermal conductivity after fluorination is only ∼26 ± 21 W mK−1 lower at
300 K. The thermal conductivity of this fluorinated sample (filled
inverted triangle) is found to change insignificantly when measured after
25 days (unfilled inverted triangle). Any loss of fluorine during that
period did not result in a recovery in thermal conductivity. Unlike in the
unannealed sample (green inverted triangles in Fig. 5c), no flattening of
κ(T ) is observed around room temperature for either the fluorinated or
annealed samples of type G2.
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clude that any defluorination64 that may have occurred does
not result in recovery of thermal conductivity (Fig. 6b).
Considering the degree of fluorination, and the highly poly-
crystalline graphene source used for fluorination, κ ∼83 ± 11
W m−1K−1 at 300 K is still high.

We also measured the thermal conductivity of graphene
(G2) covered by a ∼10 nm thick layer of fluorinated polymer—
formed by XeF2 exposure of PMMA on graphene, as described
earlier (Fig. S4†). This layer on top, along with the SiO2 sub-
strate below, effectively encases the graphene by a facile
process, without introducing additional defects (Fig. 7a). A
thermal conductivity of 242 ± 27 W m−1K−1 at 300 K, which is
∼11–33% lower than that of the more conductive of two unan-
nealed G2 samples was observed (Fig. 7b). This indicates that
the additional scattering due to the polymer top layer is
modest. This is a promising finding for flexible electronics
applications where graphene lies on, or is encased by, poly-
mers. To place this in context, the thermal conductivity of exfo-
liated monolayer graphene encased in SiO2 has been measured
to be below 160 W m−1K−1 around room temperature,15 which
is ∼74% lower than the value of κ when the top surface is
free.5 However, the low κ measured in that study might have
also been caused by a combination of defects introduced
during SiO2 evaporation on top of graphene—which the
authors also suspected,15 and the unaccounted effect of
annealing on κ. This deserves further investigation.

Thermal contact resistance plays a significant role in nano-
scale thermal transport measurements. Using 3D finite
element modeling of our suspended micro-bridge devices with
material properties fit to experimental data, we investigated

the effect of the interfacial thermal resistance (Rint) between
graphene and the platinum contacts, as well as the SiO2 sub-
strate, on our measurements. Details are given in ESI.† We
find that there is a systematic under-estimation of the thermal
conductance of graphene by 11 to 13% for the most conductive
sample, and by 9 to 11% for the least conductive sample at
300 K. The magnitude of this systematic under-estimation is
∼10–12% at 150 K. These values have been calculated by
varying the Rint of relevant interfaces by two orders of magni-
tude, encompassing a range of expected values measured in
previous studies of thermal transport across interfaces of gra-
phene with metals,22,23,65 and with SiO2.

66 The small relative
error for a specific sample despite the large variation of Rint,
and the decreasing absolute error in conductance with
decreasing conductance of graphene, indicates that the
decrease in κ we observe due to annealing is not due to
measurement errors brought on by unaccounted for changes
in interfacial thermal resistances after annealing—which are
likely to occur—but rather due to increased phonon scattering
by stronger interaction with the substrate. In the case of fluori-
nated samples, the combination of significantly lower level of
saturation of fluorination on metal compared to on SiO2,

64

and the unchanged Rint with metal even after fluorination,23

support the explanation that our observation of a decrease in κ

after fluorination is due to increased disorder rather than
unaccounted changes in thermal contact resistance.

Conclusions

The basal plane thermal conductivity of SiO2 supported gra-
phene monolayers of two significantly different grain sizes,
grown by chemical vapor deposition on copper, was investi-
gated using the suspended micro-bridge technique. At room
temperature, κ for large grain (>1 μm) low defect density gra-
phene was found to be ∼450 W m−1K−1, ∼25% lower than κ for
exfoliated graphene on SiO2. Higher level of polycrystallinity,
with average grain size around 0.2 μm, resulted in an even
lower κ ∼300 W m−1K−1. Annealing in Ar/H2 at 400 °C caused a
suppression of κ by 23–33% and 57–68% of the respective
unannealed values, for the large and small grain samples
respectively. This was due to the increased substrate scattering
of phonons, facilitated by the greater structural conformity of
graphene to the substrate after annealing. The larger decrease
in κ after annealing for graphene with smaller grain size,
points to the role of grain boundaries, and the defects sur-
rounding them, in promoting substrate scattering of phonons.
Partially fluorinated graphene, with κ ∼80 W m−1K−1 around
300 K, is found to possess quite high thermal conductivity for
a 2D electrical insulator. This is promising in considering the
use of patterned fluorination to create electrically insulating
pathways in graphene45 without severely limiting heat spread-
ing properties. The XeF2 based release process we employ can
enable investigations of thermal transport in graphene and
other 2D materials in contact with polymers, relevant for flex-
ible and wearable, electronic and optoelectronic applications.

Fig. 7 Comparing unannealed small grain graphene samples (G2) with
free top surfaces to a nominally identical sample with top surface
covered by a ∼10 nm thick film of fluorinated polymer. This film was
formed on the top layer of resist protecting the graphene strip from
fluorination during XeF2 etching of Si, collapsed onto graphene when
the underlying resist was stripped away in solvent, and adheres firmly to
graphene after drying, thereby covering its top surface. This form of
encasing is not expected to damage the graphene lattice in any way.
(a) The average Raman spectra, of graphene with a free top surface, and
with the top surface covered, show that the ID/IG ratios remain compar-
able, at ∼0.35 for both samples. The major difference in the spectra is
the lower I2D/IG ratio in the covered sample. (b) Thermal conductivity of
samples with free top surfaces (triangles) are compared to a nominally
identical sample with top surface covered (circles) by a film of fluori-
nated polymer. At 300 K, a small reduction of ∼22% ± 11% in thermal
conductivity, compared to the more conductive sample with a free top
surface (dashed green line), is measured in the covered sample.
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