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Suspended graphene has the highest measured thermal conductivity of any material at room
temperature. However, when graphene is supported by a substrate or encased between two
materials, basal-plane heat transfer is suppressed by phonon interactions at the interfaces. We have
used frequency domain thermoreflectance to create thermal conductance maps of graphene con-
tacts, obtaining simultaneous measurements of the basal-plane thermal conductivity and cross-
plane thermal boundary conductance for 1-7 graphitic layers encased between titanium and silicon
dioxide. We find that the basal-plane thermal conductivity is similar to that of graphene supported
on silicon dioxide. Our results have implications for heat transfer in two-dimensional material sys-
tems, and are relevant for applications such as graphene transistors and other nanoelectronic devi-
ces. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4889928]

I. INTRODUCTION

Two-dimensional (2D) materials have motivated
extensive study because of their unique electronic and ther-
mal properties.! Graphene,? the 2D form of graphite,
has the highest measured thermal conductivity of any
material at room temperature—using a Raman thermome-
try technique, Balandin and co-workers measured a
basal-plane (in-plane) thermal conductivity, x, for one
suspended atomic layer of graphene in the range of
2000-5000 W m~' K~' depending on the size of the flake.?
The high thermal conductivity, which arises from
extremely strong sp? bonding in the basal plane and unusu-
ally large phonon mean free path (MFP) of the long-
wavelength phonons,“’5 makes graphene attractive for
nanoelectronic device applications such as transistors,
interconnects, and heat spreaders.ﬁ’7 However, in these
applications, graphene is in contact with other materials,
and previous measurements have reported that the heat
flow in graphene is suppressed not only through the gra-
phene channel,g’9 but also across metal contacts'® due to
phonon interactions at the interfaces.

Based on a thermal bridge method, Seol et al. and
Sadeghi et al. reported 600 W m~' K~ for x of single-layer
graphene supported by SiO, at room temperature and the
value increased with additional layers, up to 34 layers,
approaching but not reaching the value of the graphite exfoli-
ation source.®!' Measurement of x for encased graphene is
more challenging due to the lack of direct access. Using me-
tallic heaters, Jang ef al. showed that for graphene encased
by SiO,, the top oxide layer further reduced x to below
160W m~' K12 In the cross-plane direction, the thermal
boundary conductance (TBC) across graphene interfaces was
measured to be 20-30 MW m 2 K~' by Koh ef al. based on
time-domain thermoreflectance (TDTR),'® lower than that of
metal/dielectric interfaces. However, despite the importance
of graphene-metal contacts in device design,' the thermal
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conductivity of metal-coated graphene has not been
measured.

In this paper, we describe frequency domain thermore-
flectance (FDTR) imaging'? of encased graphene, using ther-
mal waves from 100kHz to 50 MHz to image sub-surface
graphitic multilayers and create micron-scale maps of the in-
plane thermal conductance and TBC of two mechanically
exfoliated graphene flakes encased between Ti and SiO,.
The obtained values indicate that depositing Ti has no signif-
icant impact on the thermal conductivity of graphene exfoli-
ated on SiO».

Il. EXPERIMENTAL

Figure 1 shows a schematic of our sample configuration
and experimental setup. Graphene flakes were encased
between a metal layer and a thermally oxidized p-type silicon
wafer. A periodically modulated continuous-wave laser (the
pump beam) is focused to a Gaussian spot with a 1.6 um 1/e?
diameter while a second, unmodulated laser beam was used to
measure the surface temperature through a proportional
change in reflectivity. We vary the pump beam modulation
frequency and measure the phase lag of the probe signal using
a lock-in amplifier. Unknown thermal properties of the sample
are extracted by minimizing the error between the phase data
and an analytical solution to the heat diffusion equation. Our
multilayer diffusion model, described in Ref. 14, calculates
the frequency response of the surface temperature to the
pump beam, and includes cross-plane and radial transport as
well as the TBC between each layer. Because our model is
based on Fourier’s law of heat conduction, the property values
we obtain are effective diffusion transport properties. The
room temperature phonon MFP has been estimated with the
2D kinetic theory to be 775 nm for suspended single-layer gra-
phene,"” and 10-50 nm for graphene encased between SiO,.”
Since this is significantly smaller than our pump laser spot di-
ameter, a diffusive model is suitable.

© 2014 AIP Publishing LLC
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FIG. 1. Sample configuration and experimental setup. (a) Sample configuration of encased graphene flakes during FDTR imaging. The sample consists of four
layers: a 50-100 nm metal coating, an exfoliated graphene flake, 300 nm of thermal SiO,, and a p-type silicon substrate. (b) Schematic of our FDTR micro-
scope. A digitally modulated pump laser heats the sample while a probe beam monitors the surface reflectivity. A balanced photodetector is used to improve
the signal to noise ratio. A piezo stage is used to raster scan the sample for imaging.

A. Sample preparation

We prepared two graphene samples by mechanical
exfoliation of bulk graphite onto thermally oxidized p-type
silicon substrates. The target thickness of the SiO, layer
was chosen to be ~300 nm to maximize the contrast of gra-
phene flakes under an optical microscope. After mechanical
exfoliation, the two samples were annealed at 400 °C for 2
hours in forming gas to remove adhesive residue from the
tape.'® Optical images of the samples are shown in Figs.
2(a) and 2(b). The number of graphene layers within the
flakes, labeled on each flake image, was determined by opti-
cal contrast and atomic force microscopy (AFM). For flake

@)

1.8 nm Y

0 10 20
Position (um)

1, the substrate was fresh. For flake 2, the substrate was
used for mechanical exfoliation multiple times and between
each exfoliation we cleaned the substrate with oxygen
plasma ashing and piranha solution (sulfuric acid and
hydrogen peroxide, 3:1). AFM images of the flake sub-
strates showed similar surface roughness, but flake 2 had a
significant amount of debris with a root mean square (RMS)
roughness of ~1 nm, shown in the AFM image of Fig. 2(b).
After AFM characterization, we deposited a thin layer of
metal with electron-beam evaporation. Flake 1 was coated
with a 10nm Ti adhesion layer followed by 46 nm of Au
without breaking vacuum, while flake 2 was coated with
65 nm of Ti.

FIG. 2. Graphene samples. (a) Optical
image of flake 1 together with an AFM
image of the region indicated with a
red box. The height profile along the
dashed line shows one, two, and three
layers of graphene sheets. (b) Optical
image of flake 2 together with an AFM
image of the oxide region showing
contaminant particles. The number of
graphene layers is labeled on the
flakes.

Flake 2
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lll. RESULTS AND DISCUSSION

We acquired thermal phase images by scanning the sam-
ple stage in two dimensions while recording phase data from
the lock-in amplifier at six frequencies simultaneously. Maps
of the in-plane thermal conductance, GH, and the TBC were
created by performing a two-parameter fit of our diffusion
model to the six phase data points at each pixel, after the
properties of the other layers in the stack had been deter-
mined with additional measurements on reference samples.
Here, we use flake 1 as an example to show the measurement
procedure.

A. Parameter fitting

The configuration of flake 1, shown in Fig. 3(a), includes
four layers: Au/Ti, graphene, SiO,, and p-type silicon. We
treat graphene as a layer with zero heat capacity, because the
thermal time constant of the graphene layer is much shorter
than the heating period in our measurements.” We also
neglect the interface between Au and Ti and treat them as a
single layer, since the TBC for metal-metal interfaces has
been measured to be an order of magnitude higher than that
for semiconductor and dielectric interfaces.!” Figure 3(b)

(@)
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[pep ki Ky d]2 Graphene G
[pcp ki k‘H d]S 300nm SiO, 28
Gy
[oep ko ky d], si

T T T T T T L T
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FIG. 3. Sample configuration and sensitivity. (a) Flake 1 consists of four
layers: Au/Ti, graphene, 300nm SiO,, and p-type Si substrate. Each layer
has five physical parameters: the volumetric heat capacity, pc,, the cross-
plane and in-plane thermal conductivities, x| and K|, the layer thickness, d,
and the TBC to the next layer, G. (b) Calculated sensitivity to the thermal
conductivity of Au/Ti, xaymi, the thermal conductivity of SiO,, ksio,, the
thermal conductivity of silicon, ks;j, in-plane thermal conductance, and the
TBC of graphene layer, G| , and G,.

J. Appl. Phys. 116, 023515 (2014)

shows the calculated sensitivity of the phase signal to G| and
the TBC of graphene layer and the next three most dominant
parameters in the thermal model. The sensitivity to a prop-
erty x was calculated from d¢/0lnx, where ¢ is calculated
with the thermal model using pump and probe spot radii of
0.8 um and 0.7 um, respectively.

To determine the thermal properties and thicknesses
of all layers other than graphene, we co-deposited several
reference samples of fused silica (thermal diffusivity
=8.46 x 107" m?/s at 300K, Ref. 18), and pieces of the
p-type silicon wafer with thermal oxide that was used for
our graphene samples. The total thickness of Au/Ti on
flake 1 is 62nm, while the thickness of Ti on flake 3 is
65 nm, measured by AFM on reference glass slides. The oxi-
dized p-type silicon wafer was purchased from University
Wafer, Inc. The thickness of SiO, was measured to be
296 nm by ellipsometry. The x of the p-type silicon was
measured by FDTR. We first etched away the oxide by
immersing one piece of the substrate in buffered oxide etch-
ant (BOE, 6:1) for 3 min. The substrate was left in air over-
night and then coated with 74nm of Au by electron-beam
evaporation. The thermal conductivity was then measured to
be 80Wm 'K ™.

Because the metal thermal conductivity is the most criti-
cal parameter, we took several steps to determine it as accu-
rately as possible. We first measured the in-plane thermal
conductivity, «, and electrical conductivity, o, of the Au/Ti
film on the reference samples by FDTR with three spot sizes

@ 62 nm Au/Ti G,
296nm SiO,
GQ
Si
b) 16
1.55)
1.5}
—~ 1.45}
X
£ 14}
=3
< 135}
1.31 ® 50X |
m 10X
1.25} ®4x
0 50 100 150 200 250 300

Gy (MW m2K")

FIG. 4. Thermal conductivity measurement of SiO,. (a) Sample configura-
tion of the reference sample. Included are also the TBC between Au/Ti and
Si0,, Gy, and the TBC between SiO, and silicon, G,. (b) k of SiO, vs. G;
measured with 50x, 10x, and 4x objectives.
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TABLE 1. Fitting parameters for graphene samples.

Material pep (10°] m K™ b k(Wm™ 'K d (nm)
Au/Ti 2.49 (Ref. 18) 140 =4 62
Ti 2.38 (Ref. 18) 5.8+04 65
SiO, 1.63 (Ref. 18) 1.4 296
P-type silicon 1.65 (Ref. 18) 80 5x10°

and a four-point probe, respectively. An effective Lorenz
number was calculated using the Wiedemann-Franz law:
L=rx/oT =243 x 10°* QWK 2, where T is the absolute
temperature.'® This Lorenz number was then used to convert
four-point probe electrical conductivity measurements from
the oxide regions of flake 1 to a thermal conductivity of
140 +4Wm™! Kil, based on 23 measured values of o.

The thermal conductivity of SiO, was measured by
FDTR on a p-type silicon reference sample using the deter-
mined x values of Au/Ti and p-type silicon. Figure 4(a)
shows the reference sample configuration. The x of SiO,
and the top and bottom TBCs, G and G,, contribute to the
thermal resistance of the SiO, layer. Based on the reported
thermal interface resistance values of thermally grown
Si0, on silicon,”® we took G, to be 120MW m > K.
To separate x of SiO, and G,, we performed FDTR on the
sample with three spot sizes using a 50x objective
(NA =0.55), 10x objective (NA =0.25), and 4 x objective
(NA=0.1). The pump and probe spot radii were 0.8 um
and 0.7 um, respectively, for the 50x objective, and

J. Appl. Phys. 116, 023515 (2014)

2.8 um and 1.6 um, respectively, for the 10x objective,
while those for the 4x objective are 6.8 um and 3.6 um,
respectively.

By fitting the data from all three measurements simulta-
neously, there is sufficient sensitivity to determine both x of
SiO, and G,. Alternatively, we can fit the data set at each
spot size with a series of x — G pairs obtained with single-
parameter fitting. For any two spot sizes, only a single
Kk — Gy pair will match both sets of data. This is shown in
Fig. 4(b), where G, was varied from 30 MW m 2K !t
300MW m™ K~' for data at three spot sizes and the
corresponding x values of SiO, were obtained by
single-parameter fitting. The intersection gives k=14W
m~" K™ for SiO, and G; =80 MW m > K~'. Our « value
agrees to better than 3% with the reported value in Ref. 9
and G is consistent with the measured value in Ref. 10.

The laser spot radii are also sensitive parameters in our
thermal model. We fit the effective spot radii to match
phase data from the fully characterized reference samples.
By using the piezo z-stage, we could repeatably focus the
pump and probe spot radii to within 10 nm by maximizing
the thermal signal. Values were similar to 2D knife-edge
measurements but had ~5 times less variation. The fitted
spot sizes, together with x of the metal coating and all the
other measured parameters, were then used to fit the gra-
phene thermal conductance images. All the parameters for
the graphene samples are summarized in Table I. The ther-
mal conductivity of the 65nm Ti on flake 2 was measured
by FDTR directly on flake 2 in the regions without
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FIG. 5. Sensitivity analysis. (a) Optical image flake 1. (b) FDTR data acquired after metal coating from the three regions of flake 1 indicated in (a): SiO, sub-
strate, single-layer graphene and seven-layer graphene. (c) Difference between phase data from single-layer and seven-layer graphene (green squares), and
between single-layer graphene and the SiO, substrate (blue circles). (d) Phase data of single-layer graphene from (b) and typical best fit of our thermal model.
(e) Calculated phase sensitivity to graphene in-plane thermal conductance, G|, and to the TBC, G, of the Au/Ti/graphene/SiO, interface. The six frequency

points used for imaging are shown as red squares.
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FIG. 6. Phase images of flake 1 acquired simultaneously at six frequencies: 550 kHz, 7.1 MHz, 8.1 MHz, 10.3 MHz, 26 MHz, and 43 MHz. The image contrast

between the layers follows the sensitivity to G| shown in Fig. 5(e).

graphene, using the previously measured values of SiO,
and silicon.

B. Imaging graphene

In order to analyze the sensitivity of our measurement to
the graphene layer, we performed single-point FDTR meas-
urements using 20 frequencies at several locations on the
flakes. The microscope objective was 50x with pump and
probe 1/e* spot radii of 0.8 um and 0.7 um, respectively. In
Fig. 5(b), we plot the phase data acquired from three regions
on flake 1: the SiO, substrate without graphene, single-layer
graphene, and seven-layer graphene. To highlight the differ-
ences between the three sets of data, we plot the difference
between substrate and single-layer graphene data, and the
difference between single-layer and seven-layer graphene
data, in Fig. 5(c). The phase difference at each frequency
between different regions can be represented as

Zivz | d‘gﬁw) Ax;, where Ax; is the change in property x; and N
is the total number of parameters in the thermal model.
When there is a dominant change in one thermal property
within the sample, the shape of difference data will match
the phase sensitivity to that property. In Fig. 5(e), we plot the
calculated phase sensitivity to the in-plane graphene con-
ductance and to the cross-plane graphene conductance. The
close agreement between the shapes of the curves in Figs.
5(c) and 5(e) shows that the change in signal from single-
layer graphene to the substrate is primarily from the change
in cross-plane conductance, while the change from single-
layer to seven-layer graphene is mainly due to the in-plane
conductance, consistent with previous cross-plane measure-
ments that showed a minimal change due to additional gra-
phene layers.'®

Figure 5(d) shows a typical best fit of our model to a
region of single-layer graphene, where we have used nonlin-
ear least squares minimization to simultaneously determine
the thermal conductivity to be 617W m™" K™' for single-
layer graphene (assuming a thickness of 0.35 nm for a mono-
layer of graphene') and the TBC to be 22 MW m 2 K~ for
the Au/Ti/single-layer graphene/SiO, interface.
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FIG. 7. Phase image comparison between flake 1 and flake 2. (a) Phase
image of flake 1 at 7.1 MHz. (b) Phase image of flake 2 at 7.1 MHz. (c)
Phase profiles along the two dashed lines in (a) and (b), showing enhanced
sensitivity to radial transport in graphene due to the low thermal conductiv-
ity of the Ti film.
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To generate thermal property maps, we simultaneously
acquired phase images at six frequencies for each graphene
sample, selected based on the sensitivity to G| as shown in
Fig. 5(e). In Fig. 6, we show the six phase images taken for
one portion of flake 1. The trend of image contrast between
graphene layers agrees well with the calculated sensitivity to
G|: contrast is low at the lowest frequency, arrives at a peak
at 10.3 MHz, then decreases at the highest frequency.

Although the different layers are quite clear in Fig. 6, the
difference between the highest and lowest phase in each
image is only 2.5°. To explain the small phase difference
between layers, we temporarily neglect heat transfer in the
substrate and approximate in-plane heat transfer in the metal
film and graphene with a one-dimensional thermal resistance
network composed of two parallel elements R = (Kd)fl,
where « is the in-plane thermal conductivity and d is the
thickness of the layer. Putting in our measured numbers for
the AuTi film (d=62nm, x=140W m~' K™ ') and the
reported values for single-layer graphene on SiO,
(d=0.35nm, k=600W m~' K~', Ref. 8), we see that only
2.4% of the heat is conducted through the graphene, while the
remainder is conducted through the Au/Ti film. To enhance
the heat flow in the graphene layer, and consequently decrease
our experimental uncertainty, flake 2 was coated with 65 nm
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FIG. 8. Thermal conductance maps of the two samples. (a) G map of flake 1. (b) Histograms of the thermal conductivity for single-layer graphene and bi-
layer graphene analyzed from the polygons in (a). (¢) TBC map of flake 1. (d) Histograms of TBC of single-layer graphene and bi-layer graphene, analyzed
from the polygons in (c). (¢) G| map of flake 2. (f) TBC map of flake 2. The upper limit of the color bars for (c) is set at 50 MW m 2K 'to highlight the gra-
phene flake, although the measured value of TBC for Au/Ti/SiO, for this sample was closer to 100 MW m 2 K!. The solid red lines in (b) and (d) are normal
distribution fits.
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of Ti. The Ti film had a thermal conductivity of 5.8 W m™"
K™, as shown in Table I. Repeating the calculation with the
Ti values, we find the percentage of heat conducted in the gra-
phene layer is increased to 36%. Enhanced sensitivity to radial
transport is confirmed by comparing phase images from flake
1 and flake 2 at the same frequency in Fig. 7. Although the
signal-to-noise ratio is lower for flake 2 (due to the lower
coefficient of thermoreflectance of Ti compared to Au at
532 nm), the increased sensitivity significantly reduced uncer-
tainty in determining x of encased single-layer graphene.

The thermal conductance maps for the two samples are
shown in Fig. 8. The in-plane thermal conductance values
for each layer were converted to thermal conductivities using
K= GH/nt, where 7 is the number of layers and = 0.35nm
is the thickness of monolayer graphene.>’ We used pixel sta-
tistics to calculate error bars, selecting regions with constant
layer thickness and fitting the resulting histograms with nor-
mal distributions. This accounts for all sources of statistical
noise in the measurement.

To account for the additional uncertainty introduced by
the values of physical properties in our thermal model, we fit
the property maps three times using the upper bound, aver-
age, and lower bound of the metal layer thermal conductivity,
which was by far the largest factor affecting the fitted values.
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In addition, we found that fitting effective spot sizes with the
thermal model on the well calibrated silicon reference sample
reduces the uncertainty in graphene values. We first fit three
sets of effective pump and probe spot radii for our 50 x objec-
tive with our thermal model on the silicon reference sample,
using 136 Wm 'K~ ', 140Wm 'K~ ', and 144Wm ' K™
as the thermal conductivity of the Au/Ti layer. Figure 9(a)
shows the fitted in-plane thermal conductance maps corre-
sponding to the three sets of x and spot sizes. The pixel data
from the selected regions, such as the single layer labeled by
the dashed boxes in Fig. 9(a), were converted to thermal con-
ductivity values by dividing with the thickness of monolayer
graphene. The three thermal conductivity data histograms,
shown in Fig. 9(b), are very close to each other, indicating
that statistical noise dominates the uncertainty. The three his-
tograms were then combined in Fig. 9(b) to get the total dis-
tribution. We define the average as the measured value and
twice the standard deviation as the uncertainty. All the data
analyses for flake 1 and flake 2 including the oxide regions
without graphene were performed based on this procedure.
The resulting values for the TBC and thermal conductivity of
the two flakes are summarized in Fig. 10.
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FIG. 9. Uncertainty analysis. (a) In-plane thermal conductance G| maps of
flake 1 fitted with three k values of Au/Ti. The images are labeled from left
to right as 1, 2, and 3. (b) The thermal conductivity data histograms con-
verted from the conductance pixel data in the labeled polygons of (a). The
grey histogram is the total data distribution by combining all three histo-
grams together. The colored lines are fits to the normal distribution.
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C. Discussion

Considering first the TBC values in Fig. 10(a), for flake
1, the presence of graphene significantly reduces the TBC
compared to that of the metal/SiO, interface of the surround-
ing substrate (zero layers). For flake 2, the zero-layer TBC is
almost an order of magnitude lower than that for flake 1. This
is likely due to the contaminating nanoparticles shown in
Fig. 2(b), since a surface roughened by nanoparticles has been
shown to reduce the TBC between a metal and a substrate.>
In this case, the graphene improved cross-plane heat transfer.
A possible explanation for the enhancement is that graphene
conformed to the contours of the contaminated surface,*?
increasing the thermal coupling between Ti and SiO,.

From TDTR measurements from 50 to 500 K, Koh et al.
found that heat flow across the graphene interface is gov-
erned by the Kapitza thermal resistances of the metal/
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FIG. 10. Property values of single-layer graphene and few-layer graphene.
(a) TBC for our samples and literature values for TBC of Au/Ti/graphene/
SiO, (up triangles).m (b) K of the two samples as a function of the number
of atomic layers. The layer coordinates have been offset slightly for clarity.
For comparison, literature values are also shown for highly ordered pyrolytic
graphite (dashed line),'® suspended single-layer and few-layer graphene
(inverted triangles),22 single-layer graphene supported on SiO, (left trian-
gles),® few-layer graphene supported on SiO, (right triangles),'" and single-
and few-layer graphene encased between two SiO, layers (up triangles).g
Error bars indicate 95% confidence based on three pixel histograms.
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graphene and graphene/SiO, interfaces acting in series:
t::tlal = r:létal/gmphene + Gg_rixphene/SiOZ'lO By approximating
Gmetal/graphene with Gmelal/graphite =46 MW m72 Kils which
we measured with FDTR for Ti deposited on our natural
graphite source, we estimate G of the single-layer graphene/
SiO, interface to be 42 MW m 2K ' and 31 MW m 2 K~!
for flake 1 and flake 2, respectively, comparable to values
reported in Refs. 26 and 27. For the two samples, TBC of the
single-layer graphene/SiO, interface is higher than that of
few-layer graphene/SiO, interfaces, i.e., 30% higher for flake
1 and 7% higher for flake 3. Prasher has shown theoretically
that the TBC of a van der Waals (vdW) contact depends pos-
itively on the adhesion energy of the interface,” implying
that the adhesion energy between single-layer graphene and
SiO, is larger than that between few-layer graphene and
Si0O,, consistent with the measurement in Ref. 25 that adhe-
sion energy between multilayer graphene and SiO, drops
from 0.45J m~2 to 0.31J m~2 when the layer number
increases from one to two or more.

Turning to the in-plane results in Fig. 10(b), our values
are similar to those reported for single- and few-layer gra-
phene supported on SiO, (Refs. 8 and 11) and higher than
values reported for single- and few-layer graphene encased
by two layers of SiO»,” suggesting that depositing Ti on gra-
phene that had already conformed to the SiO, substrate®**>
has no significant impact on the basal-plane thermal
conductivity.

We estimated the phonon MFPs in single-layer gra-
phene and few-layer graphene for our graphene samples
using the 2D kinetic theory: k = (1/2)CvA, where « is the
thermal conductivity, C is the volumetric heat capacity, v is
the averaged phonon velocity, A is the phonon MFP, and
the factor 1/2 is due to the 2D nature of graphene.'> This
simplified expression is based on the gray approximation
that all phonons have the same group velocity and lifetime.
Because the transverse acoustic (TA) and longitudinal
acoustic (LA) phonon modes in graphene have linear dis-
persions near the zone center” and our measurement tem-
perature is well below graphite’s Debye temperature
(~2000K in-plane®®), this simple kinetic theory is suitable
for estimating the phonon MFPs in graphene. We used
C=157x10°J m* K ' at 300K from the volumetric
heat capacity of graphite.'® v is an average of LA and TA

phonon velocities in graphene using %:% %-l—% ,31
v Via V1A

where vp o =21.3km s~ and vp5 = 13.6km s~ were taken
from Ref. 29. Using these literature values and our meas-
ured x values, we derived the room temperature A and sum-
marized the results in Table II.

TABLE II. Estimated room temperature phonon MFPs in our graphene
samples.

Phonon MFPs

Sample Single-layer (nm) Few-layer (nm)
Flake 1 55 42
Flake 2 34 51

J. Appl. Phys. 116, 023515 (2014)

IV. CONCLUSIONS

In conclusion, we have described a method for imaging
sub-surface graphene in multilayer systems, and we have
presented quantitative maps of both in-plane and cross-plane
thermal conductance for single-layer graphene and few-layer
graphene encased between a metal and SiO,, obtaining defi-
nite values for x of encased single-layer graphene. We found
that graphene decreased the TBC between Ti and SiO, for
clean interfaces, but enhanced the conductance for a conta-
minated interface. Comparison with reported x for graphene
supported on SiO, suggests a minimal impact from the de-
posited Ti on the thermal conductivity of graphene encased
by Ti and SiO,.
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