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ABSTRACT: Scanning thermal microscopy measurements
reveal a significant thermal benefit of including a high thermal
conductivity hexagonal boron nitride (h-BN) heat-spreading
layer between graphene and either a SiO,/Si substrate or a 100
pum thick Corning flexible Willow glass (WG) substrate. At the
same power density, an 80 nm thick h-BN layer on the silicon
substrate can yield a factor of 2.2 reduction of the hot spot
temperature, whereas a 35 nm thick h-BN layer on the WG
substrate is sufficient to obtain a factor of 4.1 reduction. The
larger effect of the h-BN heat spreader on WG than on SiO,/Si
is attributed to a smaller effective heat transfer coefficient per
unit area for three-dimensional heat conduction into the thick,
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low-thermal conductivity WG substrate than for one-dimensional heat conduction through the thin oxide layer on silicon.
Consequently, the h-BN lateral heat-spreading length is much larger on WG than on SiO,/Si, resulting in a larger degree of

temperature reduction.

KEYWORDS: graphene, hexagonal boron nitride, two-dimensional materials, thermal management, scanning thermal microscopy

1. INTRODUCTION

The high intrinsic electron mobility,' ™ thermal conductiv-
ity,"~® and mechanical strength of graphene have motivated the
exploration of not only this zero-band gap two-dimensional
(2D) material but also other 2D semiconducting materials for
next-generation electronic devices.””'” These atomically thin
2D materials are as optically transparent and flexible as many
plastics, which can potentially allow for the realization of
transformative, flexible electronic technologies.12 However, as
the size of electronic components continues to shrink, the
increased power densities result in localized hot spots that
compromise the reliability and performance of the device.
While thermal dissipation has already become a bottleneck in
devices fabricated on high-thermal conductivity silicon
substrates, the low thermal conductivity and low glass-transition
temperatures of most polymer or glass substrates mandate even
stricter thermal management requirements on flexible plat-
forms.">'* Furthermore, because of the large exposed surface
area of 2D materials, both their electron mobility and thermal
conductivity can be drastically reduced when they are
supported on an amorphous SiO, or polymeric substrate.”>~"”
The reduced mobility, in turn, leads to an increased power
density at the same current, which cannot be dissipated
effectively because of the reduced thermal conductivity. These
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issues have been found to result in high hot spot temperatures
on graphene devices fabricated on both rigid and flexible
substrates.'®"?

Because of its atomic flatness, high-energy surface optical
phonons, chemical inertness, and absence of dangling bonds,
hexagonal boron nitride (h-BN) has recently been identified as
a superior dielectric support for graphene and other 2D
electronic materials. When h-BN was used as a support for
graphene as compared to SiO,, the electron mobility of the
graphene layer was seen to increase by nearly an order of
magnitude”” because of the reduction of electron—hole puddles
and inhomogeneity in the charge carrier concentration.'>”!
Besides enhancing the electron mobility of graphene, h-BN
possesses a room-temperature in-plane thermal conductivity as
high as 390 W m™ K™',** which is more than 2 orders of
magnitude larger than most common dielectrics including SiO,.
However, the cross-plane thermal conductivity of h-BN is only
about 2 W m™! K™'.** Therefore, the thermal benefit of an h-

BN support for 2D electronic devices has remained elusive.
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In this paper, we report high-spatial resolution, quantitative
scanning thermal microscopy (SThM) measurements of the
effect of an h-BN heat spreader for lowering the hot spot
temperature of 2D electronic devices. The representative 2D
devices used in this study are graphene channels fabricated on a
silicon substrate and on a flexible Corning Willow glass (WG)
substrate. Similar to silicon electronic devices where the local
power density can be much higher than the average value for an
entire chip, which is on the order of 100 W cm™%>* the local
power density at the individual micron-scale graphene device is
as high as 16000 W cm™ during the experiments. The
measurement and analysis results show that for equivalent
power densities, an h-BN layer can yield a reduction of the local
hot spot temperature by as much as a factor of about 2.2 and
4.1 for the devices fabricated on the silicon substrate and on the
glass substrate, respectively, mainly because of the heat-
spreading capability of the h-BN layer. This observed reduction
is more than 1 order of magnitude higher than an earlier
measurement that showed lower average temperatures of a
large heater when it was covered by an h-BN/graphene
composite heat-spreading layer.”> The results shown here
clearly demonstrate that an h-BN heat spreader can significantly
reduce the temperature of micron and submicron scale hot
spots.

2. EXPERIMENTAL METHODS

SThM was employed in this work to study the effect of h-BN as a
lateral heat-spreading layer between graphene and a 300 nm SiO,/Si
substrate as well as between graphene and a flexible Corning WG
substrate, as shown in Figure lab, respectively. The h-BN flakes were

(2)

Figure 1. Optical images of the measured devices on the SiO,/Si
substrate (a) and the Corning WG substrate (b). The white dashed
line in (b) shows the location of the full graphene strip. The scale bars
are 25 pym.

exfoliated from high-purity h-BN powders, which were synthesized
under high-temperature and high-pressure conditions using barium
boron nitride as a solvent.’® The graphene sample was grown with
low-pressure chemical vapor deposition on an acetic acid pretreated
copper foil at 1035 °C for 10 min with flow rates of 5 SCCM for CH,
and 5 SCCM for H,. The pressure during the growth was held
constant at 100 mTorr. A poly(methyl methacrylate) (PMMA)-
assisted wet-transfer technique was used to transfer the graphene to
the target substrate, where the final rectangular graphene strip was
patterned by electron-beam lithography (EBL) and etched by an O,
plasma. Electrodes were defined by a second EBL step and deposited
by evaporation of S nm Cr and 50 nm Pd. After liftoff in acetone, the
final device was annealed at 350 °C in air for 10 min in an attempt to
burn off residual PMMA. The Joule-heated graphene channels under
study measured 5 um across and 10 pm long. For the h-BN/SiO,/Si
sample shown in Figure la, Joule heating was applied to the graphene
section between the fourth and fifth electrodes from the top only, such
that the underlying h-BN was of uniform thickness. Thermal scans
performed perpendicular to the electrodes showed similar temperature
profiles above the fourth electrode and below the fifth electrode, which
can be attributed to a greater amount of heat flowing into the Pd

electrode heat sinks rather than beyond them into other sections of the
h-BN with variable thickness.

Thermal maps of the graphene channels were obtained using an
SThM probe (TSP Nanoscopy) with a Cr/Au thermocouple junction
fabricated on the SiO, tip of a SiO, cantilever. Under ambient
measurement conditions, the local thermal signal due to heat transfer
through the tip-sample solid—solid contact and the surrounding liquid
meniscus is masked by a nonlocal signal from conduction through the
air. Similar to several recent e}(periments,27_29 a triple-scan procedure
was used in this work to eliminate the nonlocal signal measured in the
lift mode from the signal obtained in the contact mode, so that the
corrected signal is due to local heat transfer through the sub-100 nm
tip-sample contact. In this method, the thermovoltage of the tip is
recorded three times for each scan line, once while the tip is in direct
contact with the sample and again with the tip lifted to 300 and 100
nm above it. Because the temperature rise in the tip due to conduction
through the air increases approximately linearly with decreasing lift
height,” the two lift profiles can be extrapolated to obtain the thermal
signal at a theoretical lift height of 0 nm where the tip is lifted just
enough to be out of contact from the sample. At this position, the
thermocouple junction reading would contain only the contribution
through the air. The local tem})erature rise at the tip can then be found
according to a prior study as”™®

ATy = AT + (AT, — ATy) (1)

where AT and AT are the thermocouple junction temperature rise
when the tip is in contact with the sample and with the tip lifted just
enough to be out of contact, respectively, ATg is the sample
temperature rise, and the parameter ¢ depends on the thermal
resistance for local heat transfer across the tip-sample solid—solid
contact and the surrounding liquid meniscus.

The ¢ parameter was obtained from a calibration experiment for the
same SThM tip used in the thermal imaging. A 1 ym wide, 100 ym
long Pd line similar to the second line in Figure la was used as a
resistance thermometer to calibrate the SThM probe. During this
calibration, the measured four-probe current—voltage (I-V) curve of
the Pd line was used to calculate its electrical resistance increase due to
Joule heating. The resistance increase is converted to the temperature
rise with the use of the separately measured temperature coefficient of
resistance of the Pd line. Because of the high aspect ratio of the heated
line on the thinly oxidized Si, the sample temperature rise (ATy) at the
center of the Pd line is closely approximated by the average
temperature of the line.*® The thermovoltages of the tip immediately
before and after contact with the center of the line were then recorded
and converted to the corresponding temperature rises ATy and AT
using the specified 20.5 4V K™' thermopower of the thermocouple tip.
Equation 1 was then used to obtain ¢ = 40.6 + 8.3 based on the
measured ATg, AT, and AT¢. Finally, the variation in ¢ due to
variable sample surfaces was found to be within the calculated
uncertainty and can be attributed to similar surface conditions caused
by polymer residue left from the lithography process on the sample
surface.”” The variation between surfaces has been included in the
overall uncertainty of ¢. The calibration procedures are discussed in
detail in the Supporting Information.

3. RESULTS AND DISCUSSION

Figure 2a—c shows the SThM results for graphene channels
fabricated on a SiO,/Si substrate. The images in Figure 2a,b are
the thermal maps of graphene supported by SiO,/Si and by h-
BN/SiO,/Si, respectively, and are plotted on the same 0—7 K
scale. Both channels are subjected to a 2000 W cm ™2 Joule-heat
power density. The location of the maximum temperature in
each section is indicated by the red “0” and “x”. The yellow,
horizontal bars indicate the location of the Cr/Pd electrodes
and the insets show three-dimensional (3D) representations of
each map. The temperature of a second spot several microns
away from the contact and indicated by the red square in Figure
2a was chosen as the characteristic hot spot temperature for
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Figure 2. Thermal images of graphene supported on SiO,/Si (a), h-BN/SiO,/Si (b), WG (d), and h-BN/WG (e) substrates. The insets in the
thermal images are 3D temperature contours of the graphene channels. Each graphene channel was subjected to 2000 W cm™ of Joule heating

except for (d), where the power density is 1600 W cm™ The open circles “0” and

« »

‘x” mark the locations of the hottest temperature in each image.

The horizontal scan lines through each hot spot in (b,d,e) are shown by the solid lines in figures (c,f). An expanded view of the main figure in (c) is
shown in the inset for clarity. The open square in (a) is a different hot spot removed from the contact, whose horizontal scan line is plotted in the
inset of (c) as the solid red line alongside a third scan line (dashed pink line) whose location toward the center of the channel is indicated by the
pink triangle. The scale bar is S gm. The blue to yellow color bars range from 0 to 7 K for figures (a,b) and from 0 to 4S K for figures (d,e). The
black to white color bars for the 3D insets range from 0 to 3 K, 0 to 7 K, S to 20 K, and 10 to 45 K for (a), (b), (d), and (e), respectively.

that device to avoid any possible effect of contact heating.
Although it is difficult to see this hot spot at the 2 kW/cm?
power density, this spot was clearly visible in the SThM image
obtained at the 16 kW/cm? dissipation density, as shown in
Figure S6 of the Supporting Information. Figure 2c shows the
thermal line scan through each respective characteristic hot
spot indicated in Figure 2a,b. An expanded view is shown in the
inset for clarity, where a third scan through the spot indicated
by a pink triangle in Figure 2a near the center of the channel
has also been shown. Similarly, Figure 2d,e shows the thermal
images for graphene on WG under 1600 W cm ™ power density
and graphene on h-BN/WG under 2000 W cm™. The
temperature rise scale in these figures is 0—45 K. Figure 2f
displays the line scans through the hot spots in these two
devices. Figure 2¢f is plotted on the same scale to clearly
illustrate the difference in thermal magnitude and distribution
between the two substrates.

A comparison between the two substrate types reveals
fundamental differences in both the magnitude of the
temperature rise and the heat distribution. Figure 2¢,f shows
that the maximum temperature rise of graphene on the thick,
flexible WG substrate is an order of magnitude larger than that
on the silicon substrate. For power densities of 1600 and 2000
W cm™?, the maximum temperature rise of graphene on WG is
43.0 + 6.1 K and the temperature rise at the characteristic hot
spot on SiO,/Si is 4.0 + 1.4 K. Similarly, the maximum
temperature rises for graphene/h-BN/WG and graphene/h-
BN/SiO,/Si at 2000 W cm™ are 16.0 & 1.8 and 2.9 + 0.3 K,
respectively. The much lower temperatures on silicon are
attributed to the high thermal conductivity of the silicon
substrate and relatively small thickness of the oxide layer
compared to the channel width.’’ Consequently, heat is
dissipated almost vertically through the SiO, and into the Si
heat sink, as shown in Figure 2a—c, where the temperature
quickly drops to ambient within a couple microns laterally from
the graphene edge. In contrast, Figure 2d,e shows elevated
temperatures extending beyond 20 ym from the graphene edge
on WG. Vertical heat transfer is therefore no longer dominant

in the 100 um thick WG, leading to a greater degree of lateral
heat spreading and much hotter temperatures.

Because breakdown of graphene on WG was observed
beyond the relatively low power density of 1600 W cm™, a
direct comparison at an equal 2000 W cm ™ density for all
devices was prohibitive. Moreover, the small temperature rise of
graphene on h-BN/SiO,/Si when dissipating less than 2000 W
cm™ was difficult to measure accurately. The study was
therefore extended over multiple power densities. Figure 3
shows that the hot spot temperatures increase linearly with the
increasing power density and reveals that inclusion of an h-BN
layer reduces the hottest spot temperature by a factor of about
2.2 and 4.1 for the devices fabricated on the silicon and WG
substrates, respectively.

It is necessary to discuss whether the observed reduction by
the h-BN layer can be caused by the elimination of localized
Joule heating, the heat-spreading capability of the h-BN layer,
or a combination of both factors. It is reported that an h-BN
support can suppress electron—hole puddles'**° and change
the Dirac point and carrier type in the graphene channel.’” The
four-probe resistance of the h-BN-supported graphene channel
on SiO, was 3320 € compared to the 970 € resistance of the
graphene on bare SiO,. Similarly, the four-probe resistance of
the h-BN-supported graphene channel on WG was 4250 Q
compared to the 1150 € resistance of the graphene on bare
WG. The resistance increase with the h-BN layer is indicative of
reduced electron—hole puddles and carrier concentration, as
well as a shifting of the Dirac point toward 0 V. However, it is
unclear whether electron—hole puddle suppression can
potentially lead to increased uniformity of the Joule heat
generation and thus reduced localized Joule heating.

The concentrated hot spots observed in the devices without
the h-BN can, in principle, be caused by localized Joule heating
because of contact heating, nonuniform charge carrier density,
or nonuniform defect concentration along the graphene
channel, %3735 a5 well as Peltier cooling and heating at the
contacts. On the basis of the measured two-probe and four-
probe resistances of the graphene channel and the two-probe
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Figure 3. Maximum hot spot temperatures as a function power
density. The light blue dotted line indicates the analytical solution of a
graphene device on h-BN/WG with the same 80 nm h-BN thickness
as for the h-BN/SiO, case, while the h-BN thickness used to calculate
the dark blue dashed line is the 35 nm of the actual sample. Values of
2.8, 4.0, 4.0, and 5.3 ym for r,, the characteristic hot spot radius, were
used to fit the data for SiO,/Si, h-BN/SiO,/Si, WG, and h-BN/WG,
respectively and are comparable in magnitude to the experimental r,
values of 2.43, 3.69, 3.75, and 7.8 um, respectively. The inset shows the
dimensionless parameter z, as a function of r,.

resistance of the electrical leads to the contacts, the contact
resistance for the graphene/SiO, device of Figure 2a is only
about 60 Q, which is much smaller than the four-probe
resistance of 970 Q for the graphene channel and typical for
such devices. Thus, the small contact resistance is not expected
to be sufficient to generate the hottest spot near the drain
contact for this device. However, to eliminate any ambiguity of
the origin of the hot spot, only the temperature of the spot
several microns away from the contact and indicated by the red
square in Figure 2a is reported in Figure 3. For the graphene/
WG device shown in Figure 2d, the hottest spot centers at a
distance of about 2 ym away from the actual contact, suggesting
that the hot spot cannot be attributed to contact heating either
in this device.

In addition, the electron concentration of an n-type graphene
channel is higher near the grounded source contact than near
the drain contact where a positive drain-source voltage is
applied, so that the resistivity and local Joule heating would be
higher near the drain than near the source. The situation is
reversed for a p-type graphene channel. Gate field-dependent
current—voltage (I—V) measurements of the graphene channel
on h-BN/SiO,/Si showed that the channel is p-type
(Supporting Information). Despite being p-type, Figure 2b
does not reveal the presence of a hot spot near the source
electrode where the hole concentration is expected to be the
lowest in this device. However, current leakage between a
bonding pad and the silicon back gate through the 300 nm SiO,
layer of the device without h-BN occurred after several ramping
cycles of the gate voltage. The gate leakage was caused mainly
by the damage of the thin oxide layer by a combination of a
large mechanical force of the wire bonding tool and the large
gate fleld. The leakage prevented determination of the majority
carrier type of the graphene/SiO, channel (Supporting

Information). Hence, it is unclear whether the hottest spot
found near the drain electrode for this device is caused by
nonuniform carrier concentration, nonuniform defect concen-
tration, or Peltier effect.

In spite of this uncertainty, it is apparent from the two
thermal images in Figure 2a,b that most areas of the graphene
channel without the h-BN layer are considerably hotter than
the hottest point of the graphene channel with the h-BN layer
at the same average power density. The dashed line in the inset
of Figure 2c shows that the temperatures even at locations far
away from the concentrated hottest spot in the graphene/SiO,
device are in general higher than the hottest point in the h-BN
channel. This comparison clearly suggests that the temperature
reduction is mainly caused by the heat-spreading effect of the h-
BN layer instead of the presence of localized Joule dissipation
only in the device without the h-BN layer but not in the device
with the h-BN layer. A similar comparison can be made
between the two devices on the WG substrate with and without
the h-BN layer to reveal the heat-spreading effect of the h-BN
layer.

To better understand the main cause for the hot spot
temperature reduction, an analytical model is established to
gain physical insight into the heat-spreading capability of the h-
BN layer on the two different substrates. The cross-plane
thermal conductivity of h-BN is in the range of 1.5 to 2.5 W
m~! K™ at room temperature. Thus, the cross plane thermal
conductance of the h-BN layer is approximately 5 X 10’ W m™
K™!, which is close to the interface thermal conductance
between h-BN and graphene in a recent work.”**° In
comparison, the cross-plane thermal conductance through the
300 nm SiO, is about 4 X 10° W m™> K™, which is already
much larger than the spreading thermal conductance of the 100
um thick WG. Therefore, the temperature drop across the
thickness of the graphene/h-BN stack is expected to be small
compared to the temperature drops across the SiO, layer and
the WG substrate. Consequently, both the graphene and the
graphene/h-BN stack are assumed to act as a heat transfer fin
with a uniform temperature across the thickness, such that the
governing equation is

l i(r d_T) — #(T_ To)
r dr\ dr Kgty + Ky pNth-BN
q',/,tg
Kote + Ky pnthoaN
=0 (2)

where T, is the ambient temperature, & is the effective heat
transfer coefficient between the ambient and the sample, £, and
K, are the thickness and in-plane thermal conductivity of the
monolayer graphene, respectively, f,py and kupy are the
thickness and in-plane thermal conductivity of the h-BN layer,
respectively, and ¢” is the volumetric Joule heating in the
graphene. The volumetric heating is assumed to take a Gaussian

shape such that

2
L/ p— r
enef-2)

"o
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where r, is the Gaussian radius of the hot spot and is used as a
fitting parameter. The coefficient A is calculated such that the
total amount of heat generated within the hot spot is equal to
the experimentally applied power. Assuming a vanishing
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gradient at the center of the hot spot and lim,_,,T(r) = T,, the
solution for the maximum temperature rise in eq 2 has been
derived as**’

AT = —lim ( ATP(Z) ]

max

zZ— 00 IO(Z) (4)
where
z At 2
Ko@) e(-53)
AT(2z) = Ij(2) -
P 0 —I,(2)K,(z) — Ko(2)I(z)
0
‘ At 2
1@ exp(-53)
— Ky(2) >
’ —Iy(2)K,(2) — Ko(2)L(z)
0
©)
Kgte + Kn-pnth-BN 0.5 .
z = r/lL, L= (”T) is defined as the heat-

spreading length, I, and I, are the zeroth- and first-order
modified Bessel function of the first kind, respectively, and K,
and K; are the zeroth- and first-order modified Bessel functions
of the second kind, respectively.

The surface heat transfer coefficient, h, consists of a series
combination of heat diffusion into the substrate and the
interfacial thermal conductance between the sample and the
substrate. Heat diffusion into the substrate is calculated
differently for each case and is reflective of the physical
structure of the underlying support. With respect to the silicon
substrate, vertical heat dissipation through the oxide is assumed
based on the thermal scans shown in Figure 2a—c. The surface
heat transfer coefficient per unit area is therefore calculated as

—1
t 1
hsio, = | = + =
Kew G (6)

where f, is the SiO, thickness, k., is the SiO, thermal
conductivity, and G is the interface thermal conductance at the
interface with SiO, per unit area. In contrast to the thin oxide
layer, the isotropic, 100 ym thick WG substrate is much thicker
than the width of the graphene channel. Therefore, the first
term in eq 6 is replaced with a 3D thermal spreading resistance
term for a circular hot spot above a semi-infinite medium,

Ry, = L% which is normalized by the area of the hot spot
4Kwalo
to yield
T
r,
hwe = [ =~ + —]
4w G (7)

where Ky is the WG thermal conductivity. In these models, a
typical value of G = § X 10" W m > K™ reported in the
literature was assumed.””* Values for r, of 2.8, 4.0, 4.0, and 5.3
pum were used to fit the data for SiO,/Si, h-BN/SiO,/Si, WG,
and h-BN/WG, respectively, and are comparable in magnitude
to the experimental r, values of 2.43, 3.69, 3.75, and 7.8 um,
respectively. The corresponding calculated values of AT, are
plotted in Figure 3 as dashed and solid lines and are in good
agreement with the experimental data. Equivalent to the
effective hot spot thermal resistances per unit area, the slopes of
these lines are 2.76 X 1074, 0.67 X 107, 0.26 X 107, and 0.12

X 107 m* K W! for WG, h-BN/WG, SiO,/Si, and h-BN/
SiO,/Si, respectively.

According to these calculation results, the heat-spreading
capability of the h-BN layer alone is able to yield a reduction in
the hot spot temperature by a factor of 4.1 and 2.2 on the WG
and SiO,/Si substrates, respectively. Hence, the observed hot
spot temperature reduction can be mainly attributed to the
heat-spreading effect of the h-BN layer, instead of the
suppression of the localized Joule heating by the h-BN layer.

In addition, it is necessary to note that the experimental h-
BN thickness on WG was 35 nm compared to 80 nm on SiO,/
Si. An additional analytical model for an 80 nm h-BN layer on
WG is therefore included in Figure 3 as the dotted light-blue
line. The thermal resistance per unit area for this curve is 0.39 X
107% m*> K W', which predicts hot spot temperature reduction
by a factor of 7.1 as compared to bare WG. The larger benefit
of h-BN on WG compared to SiO,/Si can be understood from
the effect of the substrate-dependent heat transfer coeficient
on the heat-spreading lengths. The generated heat needs to be
conducted through the substrate to the heat sink.””*' As a
result, it had been suggested that increasing the interface
conductance, G, should be a key focus in improving thermal
performance. However, for devices fabricated on a flexible
substrate or a silicon substrate with an oxide layer thicker than
~100 nm where the substrate conductance is much smaller
than the interface conductance, increasing G has a negligible
effect on reducing hot spot temperatures.”” In the experiments
performed here, the first terms in eqs 6 and 7, which represent
the substrate through-thickness thermal resistances, are both
more than 1 order of magnitude greater than the second term,
1/G, which is associated with thermal resistance of the
interface. As a result, the analytical results found that even
varying G to be as low as 1 X 10’ W m™ K" or as high as 10 X
10" W m™ K™ did not significantly affect the overall findings.
Through-thickness dissipation is therefore dominated by the
diffusive resistance of the substrate instead of the interface
resistance.

Increasing the lateral footprint of the hot spot, however, can
have a significant impact by enabling through-thickness
dissipation over a larger area. In particular, increasing the
heat-spreading length relative to the hot spot size such that z, =
to/Ly is less than about 10 is an effective method to reduce hot
spot temperatures.”” This approach remains effective as long as
the heat-spreading length is not much larger than the distance
between adjacent hot spots such that thermal cross talk is
prevented. The inset of Figure 3 plots z, as a function of the
hot spot size for both substrates. This figure shows that
inclusion of an assumed 50 nm h-BN heat-spreading layer can
reduce the hot spot temperature effectively when the hot spot
size on SiO,/Si is less than 10 ym. Because of a lower h value
for 3D heat conduction through the WG layer compared to
vertical heat conduction through the thin SiO, layer on the Si
substrate, the z, value is much lower for WG than for SiO,/Si.
Consequently, the z, value for the h-BN/WG case is still below
1 when the hot spot size is as large as 20 ym, such that the h-
BN heat spreader is still expected to be effective if the
separation between hot spots is larger than this length. The
relatively large benefit of h-BN heat spreading on WG for larger
hot spots follows naturally from eqs 6 and 7, where it can be
seen that the heat transfer coefficient per unit area (k)
decreases even further with the increasing hot spot size on the
WG substrate but not on the silicon substrate. As a result, the
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heat-spreading length scales with the hot spot size on the WG
substrate but not on the SiO,/Si substrate.

4. CONCLUSIONS

The experimental and analytical results show that for equivalent
power densities, inclusion of an h-BN layer between a graphene
channel and its underlying substrate can result in a large drop in
localized hot spot temperatures. Besides increasing the electron
mobility, reducing electron—hole puddles, and shifting the
Dirac point, an h-BN dielectric layer below graphene serves as a
highly effective lateral heat spreader and leads to a reduction of
hot spot temperatures. The effective heat transfer coefficient
per unit area is lower for 3D heat conduction through a low-
thermal conductivity glass substrate than for one-dimensional
vertical heat conduction through SiO, and decreases with the
hot spot size for the WG substrate but not for the SiO,/Si
substrate. As a result, the effect of the h-BN heat spreader is
more pronounced for devices fabricated on a flexible glass
substrate than on a SiO,/silicon substrate because of a much
larger heat-spreading length. While localized heating inside
individual 2D devices has been observed because of the
presence of local defects or inhomogeneity in the charge carrier
concentration, h-BN dielectric supports can reduce peak device
temperatures by spreading hot spots laterally over the area
between them.
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