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ABSTRACT: Dielectric media are very promising for near-field 10y

radiative heat transfer (NFRHT) applications as these materials " 8 Spring ' : e d e W
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frequencies of the two heat-exchanging dielectric media. Here, we G —y
experimentally demonstrate that NFRHT between dissimilar ... '~
dielectric media increases substantially when a graphene sheet is Copper € " Tcuz Coupled SPPs-SPhPs
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enhancement of ~2.7 to 3.2 folds is measured for the heat flux Aluminum heat sink k Jk,

between SiC and LiF separated by a vacuum gap of size ~100—140

nm when LiF is covered by a graphene sheet. This enhancement is due to the coupling of SPhPs and surface plasmon polaritons
(SPPs). The SPPs of graphene are coupled to the SPhPs of LiF resulting in coupled SPhP-SPPs with a dispersion branch
monotonically increasing with the wavevector. This monotonically increasing branch of dispersion relation intersects the dispersion
branch of the SPhPs of SiC causing the coupling of the surface modes across the vacuum gap, which resonantly increases the heat
flux at the SPhP frequency of SiC. This surface phonon-plasmon coupling also makes NFRHT quasi-monochromatic, which is highly
desired for applications such as near-field thermophotovoltaics and thermophotonics. This study experimentally demonstrates that
graphene is a very promising material for tuning the magnitude and spectrum of NFRHT between dissimilar dielectric media.

KEYWORDS: Near field radiative heat transfer, surface phonon and plasmon coupling, dissimilar dielectrics, graphene,
surface phonon polaritons, surface plasmon polaritons

H INTRODUCTION match, resulting in strong coupling between the SPhPs across
the vacuum gap. In the case of dissimilar dielectric media, there

Radiative heat transfer in the near-field regime (i.e.,, when the
is a very weak coupling between SPhPs of the two heat-

separation gap of the heat-exchanging media is smaller than or

comparable to the thermal wavelength) can exceed the far-field exchanging media resulting in subsided and nonmonochro-
blackbody limit by orders of magnitude and be quasi- matic heat transfer. It has been theoretically proposed that
monochromatic."”” The quasi-monochromatic near-field radi- placing a graphene sheet on one the dielectric media can
ative heat transfer (NFRHT) is achieved when the heat- significantly increase the heat flux due to the interplay between
exchanging media thermally emit surface modes, such as the SPPs of graphene and the SPhPs of the dielectric media.”
surface phonon polaritons (SPhPs) and surface plasmon However, the enhancement of near-field radiative heat flux
polaritons (SPPs). The enhanced and quasi-monochromatic between dissimilar dielectric media using graphene has not yet

radiative heat flux in the near-field regime has been capitalized
on for several potential applications such as near-field
thermophotovoltaic energy harvesting and conversion
(e.g.,3), thermal rectification (e.g.,4’5), and near-field photonic
cooling.6 Dielectrics are highly promising for NFRHT
applications, as these materials can thermally emit SPhPs,
which resonantly enhance the heat flux at a given frequency.
However, the enhanced quasi-monochromatic heat flux is
achieved between only similar dielectric media. In this case, the
dispersion relations of the SPhPs of the two media perfectly

been experimentally demonstrated yet. The only experimental
attempt is concerned with measuring the deflection of an
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Figure 1. (a) A schematic of the experimental setup implemented for measuring the near-field radiative heat flux between two planar media. (b)
The thermal circuit between the copper heat spreaders on the emitter and receiver sides.

atomic force microscope probe carrying a silica microsphere
when the probe approaches a silicon carbide (SiC) plate
covered with epitaxial graphene.® This study is concerned with
a microscopic geometry and does not measure the near-field
heat flux. The near-field heat flux has been experimentally
measured for macroscopic planar media.’ *®* However, the
enhancement of near-field radiative heat flux between
dissimilar dielectrics by utilizing graphene’s plasmons has not
been experimentally demonstrated yet. In this paper, we
experimentally show that the near-field heat flux between
macroscopic (surface area of 225 mm?) SiC and lithium
fluoride (LiF) plates separated by a nanoscale separation gap of
size ~100—140 nm increases by ~2.7 to 3.2 times when the
LiF is covered with a graphene sheet. We demonstrate that,
unlike the dispersion relation of the SPhPs of bare LiF which
has a horizontal asymptote, the dispersion relation of the
coupled SPhP-SPPs of the graphene-covered LiF inherits a
monotonic increase with the wavevector, k,, from graphene’s
plasmons. As such, the dispersion relation of the coupled
SPhP-SPPs can reach and intersect with the dispersion relation
of the SPhPs of SiC located at a larger frequency. This
coupling process results in electromagnetic modes with a large
transmission probability and relatively large k,s which
resonantly increase the heat flux at the SPhP frequency of
SiC. The fluctuational electrodynamic simulations of the
spectral heat flux show that while the heat flux for the LiF-
SiC system has several peaks with the same order of
magnitude, the heat flux between the graphene covered LiF
and SiC is quasi-monochromatic at the SPhP frequency of SiC.
The enhanced and quasi-monochromatic heat flux achieved by
utilizing graphene is very promising for future energy
conversion and conservation techniques such as near-field
thermophotovoltaic* and thermophotonic®® systems as well as
thermal management applications such as thermal diodes and
rectifiers.”’

B MEASURING RADIATIVE HEAT FLUX BETWEEN
TWO PLANAR MEDIA

Experimental Setup. A schematic of the experimental
setup implemented for measuring the near-field radiative heat
flux between two planar media separated by a vacuum gap is
shown in Figure la. One of the media, referred to as the
emitter hereafter, is heated using a ceramic heater (HT24S,
Thorlabs) which is connected to a power supply (KPS3010D,
Eventek). To ensure uniform heating of the emitter, a 20 mm
X 20 mm copper plate (grade 110, Grainger) with a thickness

4102

of 476 mm is placed between the heater and the emitter. To
estimate the temperature of the emitter, a hole with a diameter
of ~1.5 mm and a depth of ~9.0 mm is drilled laterally into the
copper plate, and a T-type thermocouple is inserted inside the
hole. The emitter is maintained at a distance of D from the
second medium using two paperboard posts with a height of 1
mm for the far-field measurements and 361 SU-8 posts with a
height varying between 100 and 140 nm for the near-field
measurements. The second medium, referred to as the receiver
hereafter, is cooled using a thermoelectric cooler (TEC1—
12706, Hebei L. T.). A heat flux meter (PHFS-01le, FluxTeq) is
placed beneath the receiver. The heat flux meter is calibrated
by the manufacturer using an in-house conduction-based
calibration system. Based on the certification of calibration
provided by the manufacturer, the heat flux meter provides
results that are within 5% of those measured using the
conduction-based system. A copper plate (grade 110,
Grainger) is inserted between the heat flux meter and the
thermoelectric cooler (TEC) to ensure a uniform heat flux
from the meter to the TEC. In the same way as for the emitter,
a T-type thermocouple is embedded in the copper plate
beneath the receiver to monitor the temperature. The T-Type
thermocouples are calibrated using a precalibrated reference
thermocouple, and they are estimated to have an error margin
of +1 °C.** The hot side of the TEC is placed on an aluminum
heat sink to dissipate the excess heat into the body of the
vacuum chamber, where the experiments take place. Thermal
grease (Ceramique 2, Arctic Silver) is applied to all interfaces
to reduce the interfacial thermal resistance. The stack is placed
inside a U-block, which is 3D printed using an Acrylonitrile
Butadiene Styrene (ABS) filament. A 2 mm-thick layer of cork
is placed on the heater to minimize conduction from the heater
to the U-block. A spring, adjustable through screws on the U-
block, is positioned between the cork layer and the U-block.
The applied force from the spring to the cork layer kept the
stack in place. A control system was built to maintain the
emitter and receiver temperatures at preset values during the
experiments by adjusting the current supplied to the heater and
the TEC. The setup is assembled in a cleanroom environment
and placed in a custom-made vacuum chamber (Kurt J. Lesker
Company) pumped down to a pressure between 1 and 9 X
107° Torr using a vacuum pump (Turbo-V 301, Varian).
Measurements. The temperatures of the copper plates on
the emitter and receiver sides are set at the desired values. The
heater and the TEC are turned on, and the system is waited
until it reaches a steady state. Then, the temperatures of the
copper plates, Tc,; and Tc,, and the heat flux, gypy, are
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Figure 2. (a) The total (radiative and conductive) heat flux measured by the heat flux meter, gypy;, versus the difference between the measured
temperatures for the copper plate at the emitter side and the heat flux meter, T¢,, ;- Ty (b) The radiative portion of the measured heat flux, g,,4,
versus the temperature difference between the emitter and receiver, T-Ty. The symbols show the experimental measurements, while the colored
bands represent the theoretically predicted heat flux for a gap size range of D, in the range of 100—140 nm. The dashed lines show the theoretical

heat flux for an average gap size of D = 120 nm.

recorded. The thermal circuit of the system is shown in Figure
1b. The total heat transfer rate through the system can be
found as Q. = qupmAr, Where Ap is the surface area of the
receiver. The total heat rate, Q,, is due to the radiative heat
rate between the emitter and the receiver, Q,,q, as well as the
conductive heat rate, Q.4 through the spacer posts. The
radiative heat rate can be extracted by subtracting the
estimated conductive heat rate from the measured total heat
rate, i.e.,

Q—rad = Q—tot - Q—cond (1)

The conductive heat rate through the spacer posts can be
estimated as
- Ty
cond
Ripgp—p T Rp™" + Rypep_gr

Qcon =
‘ @)

where Ry, g p, Re™ and Ry, pr are the thermal resistances of
the emitter-posts interface, posts, and posts-receiver interface,
respectively, Tt is the temperature of the emitter, and Tj, is the
temperature of the receiver. As seen from the thermal circuit in
Figure 1b, the temperature T} can be found from the measured
temperature for the heat flux meter as

cond cond
Tp = Typm + th(RR )

+ R¢ (3)

where Typy is the temperature of the top surface of the heat
flux meter measured using a T-type thermocouple integrated in
the heat flux meter, RP™ is the conductive thermal resistance
of the receiver, and RE™ is the thermal resistance of the grease
applied between the receiver and the heat flux meter. The
tR
- kRAR)
kg are the thickness and thermal conductivity of the receiver,
respectively. The thermal resistance of the grease layers can be
estimated by using the measured heat flux gypy and the
temperatures of the copper plate on the receiver side, Tc,,,
and heat flux meter, Ty, as

. L d
thermal resistance of the receiver is Rz =

where t; and

cond __ Trm — Teup

G
Q—tot (4)
cond

where Riffy = 1 K/W is the thermal resistance of the heat flux

meter as reported by the manufacture. The thermal resistance
0.5tc,,

kCu,ZACu,l

cond
Cu,2

cond

R - (REM + R

cond __

of the copper plate is Rg,, =

where tc,,, ke, and

4103

Ac, are the thickness (= 4.76 mm), thermal conductivity (=
387 W/mK™®), and surface area (= 400 mm?) of the copper
plate, respectively, and the factor 0.5 accounts for the fact that
the thermocouple is located in the middle of the copper plate.

The temperature of the emitter T} in eq 2 can be found from
the measured R, as

d d d
Ty = Toy1 = Quu(REyT + R™ + Rg™) (s)
where RE! is the thermal resistance of the copper plate on the
emitter side, RE™ is the thermal resistance of the grease
applied between the copper plate and the emitter, and R{™ is

the conductive thermal resistance of the emitter. The thermal

resistance of copper plate RE can be found in the same way
. o t

as RS, The thermal resistance of the emitter is Rgond ==

§ kgAg

where tg, kg, and Ay are the thickness, thermal conductivity,
and surface area of the emitter, respectively.

B RESULTS

Far-Field Radiative Heat Transfer between Two
Blackbodies. In this subsection, we use the implemented
experimental setup to measure the radiative heat flux between
two planar blackbodies separated by a vacuum gap of size 1
mm. We compare the measured heat fluxes with the theoretical
predictions. For this purpose, two copper plates, each having a
surface area of 20 X 20 mm? and a thickness of 4.76 mm, are
painted with a blackbody paint (SP102, VHT). The temper-
atures of the thermometers embedded in the copper plates are
set to Tc,; = 50 °C and T¢,, = 20 °C. Two paperboard posts
with a low thermal conductivity of kp = 0.12 W/mK [34], a
total cross-sectional area of Ap = 12 mm?, and a thickness of tp
= 1 mm are placed between the two blackbodies to create a 1
mm gap between the two media. The vacuum chamber is
pumped down to a pressure of 6.4 X 107° Torr. Heat is
transferred from the hot blackbody to the cold one via
radiation as well as conduction through the paperboard posts.
The heat flux was measured twice. For each measurement, the
heater and the TEC are turned on and wait until the system
reaches a steady state, at which point the heat flux meter is
read. Then, the heater and the TEC are turned off, and it is left
until the setup reaches the ambient temperature. After thermal
equilibrium is achieved, the second round of measurements is
taken in the same way as the first one. The recorded heat fluxes
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are qupy = 219.2 and 219.5 W/ m?, which are shown versus the
difference between the measured Tc,; and Tygy in Figure 2a.
L
TE;
is found using eq 1 and by estimating the heat conduction
through the paperboard posts, Q..,q, using eq 2. The thermal
resistance of the grease is found using eq 4 as R§™ = 26.35 and
26.43 K/W for the first and second experiment, respectively.
The thermal resistances of the emitter and receiver blackbodies
are found using the thermal conductivity, surface area and
thickness of the copper plate as reported before. The
temperatures of the blackbodies are found as Ty = 47.56 K
and Ty = 24.81 K for the first measurement and Ty = 47.69 K
and Ty = 24.62 K for the second measurement. The interfacial
thermal resistances between the blackbodies and the paper-
board posts, Ry, g.p and Ry, g, Which is less than 0.8 K/W,*
are negligible compared to the thermal resistance of the posts
(Re™ = 694.4 K/W) and thus are neglected. The conductive
heat transfer through the paperboard posts is found using eq 2
as Q.ong = 0.0327 and 0.0331 W for the first and second
measurements, respectively. Using the estimated Qg the
radiative heat flux between blackbodies, g4, is found using eq
1 as 141.5 and 1407 W/m? for the first and second
measurements, respectively. The measured radiative heat flux
versus the temperature difference of the emitter and receiver,
Tg-Tg, is shown in Figure 2b. To compare measurements
against the theory, the far-field radiative heat flux between the
4 4

“J{:(_ETR)“J 2 In
€E FE-R €R
this equation, 6 = 5.67 X 107 Wm> K™ is the Stefan—
Boltzmann constant, &; and & are the emissivities of the
blackbodies, and Fg y = 0.9079 is the view factor between the
two blackbodies found using the equations presented in ref.’”
Considering an emissivity of 0.99 for the blackbodies, g4 is
calculated for a temperature difference, AT = Ty-Ty, in the
range of 5 to 60 °C and is compared with the experimental
data points in Figure 2b. The predicted radiative heat fluxes for
AT = 23.07 and 22.75 °C are q,,4 = 136.1 and 138.1 W/m?,
respectively, which are different from the experimentally
measured values by 4.0 and 1.9%, respectively. This small
difference between the theoretical and experimental data shows
the capability of the experimental setup for estimating radiative
heat transfer between the two planar media.

Near-Field Radiative Heat Transfer Between Two SiC
Plates. In this subsection, the experimental setup is utilized for
measuring the near-field radiative heat transfer between two
similar dielectric media, namely, two SiC plates, separated by a
nanoscale vacuum gap. The measurements are compared
against theoretical predictions using fluctuational electro-
dynamics. The SiC plates have a surface area of 15 mm X
15 mm and a thickness of 0.43 mm. A total of 361 SU-8 posts
with a height varying between 100—140 nm and a cross-
sectional area of 9 um? are fabricated on one of the SiC plates
to maintain a nanoscale gap between the hot and cold sides
(see Methods for the fabrication process). Six temperature
differences across the vacuum gap, AT, ranging from ~5 to 60
K are considered for the experiments. The experiment is
repeated four times for each considered temperature differ-
ence, resulting in a total of 24 data points. The pressure of the
vacuum chamber for these measurements is kept between 1 to
9 x 107° Torr. The first round of the measurements is done
consecutively for all considered temperature differences,
starting from the smallest to the largest. Then, the heater

The radiative portion of the measured heat flux, q_, =

two blackbodies is modeled as q4.4=

4104

and the TEC are turned off, and the setup is allowed to reach
thermal equilibrium with the environment. Next, the heater
and the TEC are turned on, and the second round of the
measurements is taken for all considered temperature differ-
ences. After the second round of measurements, the setup is
allowed to cool down. Then, the setup is removed from the
vacuum chamber and is completely disassembled. The setup is
reassembled, and the third and fourth rounds of the
measurements are conducted in the same manner as the first
and second ones. The measured heat fluxes are shown versus
the difference between the measured T¢,; and Tygy in Figure
2a.

The near-field radiative heat flux, g4, is found from the
measured heat flux, gy, using eqs 1-5. When predicting the
thermal resistances of the receiver and emitter, a thermal
conductivity of kg = 320 W/mK is considered for SiC.** A
thermal conductivity of kp = 0.2 W/mK® and an average
thickness of 120 nm are assumed for the SU-8 posts when
estimating their thermal resistance. Since the SU-8 posts are
fabricated on the receiver, Ry, pr = O is assumed.”’ The
contact thermal resistance at the emitter-post interface, Ry, g.p,
depends on the thermal conductivities of the emitter and posts,
as well as the smoothness of the surfaces and the applied
pressure. As such, Ry, g p is considered as a fitting parameter.'”
The fitted value for Ry, gpis 1 X 107° m*K/W, which is within
the range reported in the literature.” For each of the six
considered temperature differences, four thermal resistances
are found for the grease layer at the copper-heat flux meter
interface (eq 4) corresponding to the four repetitions of the
experiment. The thermal resistance of the grease at the copper-
emitter and receiver-heat flux meter interfaces are then
assumed to vary within the range spanned by these four
estimated values. The near-field radiative heat flux, found using
the measured heat flux and eq 1, is shown versus the
temperature difference in Figure 2b. The uncertainty
associated with the thermal resistance of the grease, which
affects the estimation of Ty and Tf as found using eqs 3 and 4,
is shown by error bars in Figure 2b. The theoretical near-field
heat flux predicted using fluctuational electrodynamics for gap
sizes ranging from D = 100 to 140 nm are also shown in Figure
2b (see Methods for details of the theoretical model). The
dielectric function of SiC is modeled using the Lorentz

2 2 .
. o — oo +ile
oscillator as ¢.(w) = &, . ———>——
"( ) 104t — 0l +ilw’

]

= 18.30 X 10" rad/s, and wro = 15.01 X 10" rad/s.** A
phonon scatterin4g rate of " = 8.97 X 10" rad/s is assumed for
the SiC samples.”' Figure 2b shows that the near-field radiative
heat flux between SiC plates exceeds the blackbody limit by
16.7—26.5 times (depending on the temperature difference,
AT), which, as will be explained later, is due to the strong
coupling of SPhPs thermally excited at the SiC-vacuum
interfaces.

Near-Field Radiative Heat Transfer between LiF and
SiC. In this subsection, we utilize the implemented
experimental setup to demonstrate that the near-field radiative
transfer between two dissimilar dielectric media, namely, SiC
and LiF, can be enhanced by placing a graphene sheet on the
LiF substrate, which supports the SPhPs at a lower frequency
than SiC. SiC and LiF are selected for this study for a few
reasons. First, both materials support SPhPs in the mid-
infrared, where these modes can be thermally excited at low to
moderate temperatures. Additionally, the coupling of SPhPs of
these two materials with SPPs of graphene, and thus heat flux

where €, ., = 6.46, W
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Figure 3. (a) The spectral heat flux, g,,q,, theoretically predicted for LiF-LiF, SiC-SiC, and LiF-SiC systems. (b) The spectral heat flux per unit k,
mediated by the TM-polarized electromagnetic waves, q.q w, for (b,c,d) LiF-LiF, (c) SiC-SiC, and (d) LiF-SiC systems. The receiver is assumed

at 296.6 K while the emitter has a temperature of 328.5 K. An average vacuum gap size of D = 120 nm is assumed. The dispersion relations are also
plotted in Panels b-d. The unit for the color bars in Panels b-d is sz_(rad/ s)_lm.

enhancement, can be achieved with small chemical potentials
of graphene, thus eliminating the need for gating or doping
graphene. Finally, research grade SiC and LiF can be
purchased from commercial suppliers. The SiC sample on
which the SU-8 posts are fabricated serves as the receiver for
this experiment, while the LiF plate is considered as the
emitter. Two LiF samples (Stanford Advanced Materials and
Biotain Crystal) were used for the measurements. Both LiF
samples have the same surface area of 15 mm X 15 mm as the
SiC sample. One of the LiF samples (Stanford Advanced
Materials) is 0.53 mm thick, while the other (Biotain Crystal)
has a thickness of 0.5 mm. The heat flux between the two
samples is measured in the absence and in the presence of a
monolayer graphene sheet (Product#: ME0613, MSE supply)
for seven temperature differences ranging from AT =~ 5 to 60
K. The graphene sheet is transferred onto the LiF substrate
using the standard wet transfer method (See Methods for the
details of the transfer technique). Similar to the SiC-SiC case,
the heat flux is measured four times for each of the seven
considered temperature differences. After the first two rounds
of measurements, the setup is removed from the vacuum
chamber and disassembled. Then, a new graphene layer is
transferred onto a new LiF sample for the third and fourth
rounds of the measurements to ensure the proper transfer
process as well as the reproducibility of the measurements. The
measured heat fluxes are shown versus the difference between
the measured Tc,; and Tygy in Figure 2a.

The near-field heat flux is found from the measured heat flux
data using egs 1-5. When using eqs 1-5, a thermal conductivity
of ky;r = 13.89 W/mK"* is assumed for the LiF sample, and an
interfacial thermal resistance of Ry, pp = 3 X 107% m*K/W is
found at the interface of LiF and SU-8 posts. Graphene
reduces the interfacial thermal resistance.*>** As such, Riypp =
1 X 107° m*K/W is assumed for the case when graphene is
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present. The measured near-field radiative heat flux in the
absence and presence of graphene is shown in Figure 2b. The
horizontal error bars are associated with the uncertainty in the
thermal resistance of grease, which is predicted in the same
manner as that explained for the SiC-SiC case. The near-field
heat flux is also theoretically predicted for a gap size range of
100—140 nm in the presence and absence of graphene (see
Methods for details) and is presented in Figure 2b. The
Lorentz oscillator model is used for the dielectric function of
LiF. In the Lorenz model, €, ., = 1.90, oo = 12 X 103 rad/s,
wro = 5.83 X 10" rad/s, and T = 8.97 x 10" rad/s are
assumed.”> When graphene is hosted by polar dielectric
materials, the Fermi level of the graphene can shift away from
the Dirac point due to the charged impurities in the dielectric
substrate.”® For this reason, for the theoretical predictions of
near-field heat flux in the presence of graphene, the chemical
potential of graphene, p,, is considered as the fitting parameter
and is found as 0.17 eV. The scattering rate of the electrons in
graphene, y, can then be found using the chemical potential as

_ 9% 4748

Iy

velocity”** and a carrier mobility of g, = 5000 cm?®/(V s) is
assumed based on the manufacture data. The potential sources
of differences between theory and experiment are the
uncertainty in the exact values of the thermal conductivity
and height of the SU-8 posts, the thermal conductivity of the
grease, and the uniformity of the temperature of the surfaces.
These errors can be reduced or mitigated by using spacer posts
with known thermal conductivity,”* a more advanced vacuum

9.5 X 10° m/s is the Fermi

where v

gap system such as a nanopositioner,” thermal pads instead of
thermal grease,”' and an average temperature taken over the
surface, respectively. Nevertheless, it is seen from Figure 2b

https://doi.org/10.1021/acsphotonics.4c00963
ACS Photonics 2024, 11, 4101-4110


https://pubs.acs.org/doi/10.1021/acsphotonics.4c00963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c00963?fig=fig3&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.4c00963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

that overall, the measurements are in good agreement with the
theoretical predictions.

B DISCUSSION

Figure 2b shows that the near-field radiative heat flux in the
case of dissimilar dielectrics, i.e., for the LiF-SiC system, is
much smaller than that between two similar SiC plates. The
near-field heat flux for the LiF-SiC system is even smaller than
the far-field heat flux between the two blackbodies. The near-
field radiative heat flux between LiF and SiC increases by 2.7 to
3.2 times (depending on the temperature difference), exceed-
ing the blackbody limit, when LiF is covered with a graphene
sheet. To understand the physics underlying the enhancement
of heat flux in the presence of the graphene, the spectral heat
flux, q,.4.» and the spectral heat flux per unit k), grq0, are

modeled for two LiF plates, two SiC plates, and a LiF and a
SiC plate. The emitter is assumed at Ty = 328.5 K, while a
temperature of Ty = 296.6 K is assumed for the receiver. The
heat flux is computed for an average gap size of D = 120 nm.
Figure 3a compares g,,q,, for the three cases, while Gradr, 1
presented in Figures 3b-d for the LiF-LiF, SiC-SiC, and LiF-
SiC systems, respectively. It should be noted that g4,

plotted in Figures 3b-d only includes the contribution from
the transverse magnetic (TM) polarization, as the heat flux in
all three cases is driven by the TM-polarized electromagnetic
waves.”*” The dispersion relations of the SPhPs are also
plotted in Figures 3b-d (see Methods for details). It is seen
from Figure 3a that the heat flux for LiF-LiF and SiC-SiC
cases, where emitter and receiver are made from similar
materials, is quasi-monochromatic and is completely domi-
nated by the contribution from a small spectral band around
@sprpir = 1.03 X 10" rad/s and @gppp ic = 1.79 X 10'* rad/s,
respectively. The origin of these peaks, which is well
understood, is thermal excitation of SPhPs supported by LiF
and SiC plates. The dispersion relations of the SPhPs for single
interfaces of LiF and SiC (i.e., for vacuum-LiF and vacuum-SiC
interfaces) as well as for the LiF-LiF and SiC-SiC systems are
plotted in Figure 3b and 3c. For LiF-LiF and SiC-SiC systems,
the dispersion relations of the SPhPs of the emitter and
receiver overlap, resulting in a strong coupling between the
SPhPs of the two media. Due to this strong coupling, the
dispersion relations of the SPhPs split into a symmetric and an
antisymmetric branch, which converge to the asymptote of the
dispersion relation for a single interface (i.e., to @ = @gpyp) at
large wavevectors. Due to the very strong contribution of
SPhPs to the heat flux at @gpyp, the heat flux is monochromati-
cally enhanced at this resonance frequency. It should also be
mentioned that the heat flux spectra for both SiC-SiC and LiF-
LiF systems have an additional peak around wrq. This peak,
which has a magnitude much smaller than that of the SPhP
peak, is due to a local maximum in the imaginary part of the
dielectric function, Im[e,], at this frequency. Based on
fluctuational electrodynamics, the spatial correlation of the
thermally generated stochastic current density is directly
proportional to Im[e,].”" The spectral heat flux for the LiF-
SiC case, where the emitter and receiver are not made from
similar materials, is shown in Figure 3a. It is seen that the heat
flux between these dissimilar dielectric media is significantly
(more than one orders of magnitude) smaller than that
between the similar dielectric media. Additionally, the heat flux
between LiF and SiC plates is not quasi-monochromatic and
has four peaks with comparable magnitudes at 5.56 X 10",
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1.02 X 10, 1.46 x 10* and 1.79 X 10** rad/s corresponding
to W1oLip @sphpLie @rosicr and Ogpupsicy respectively. The
reason for the small and nonmonochromatic heat flux can be
explained by considering the dispersion relations of SPhPs for
the LiF-SiC system as shown in Figure 3d. It is seen from
Figure 3d that there is only a weak coupling between the
SPhPs of SiC and LiF which occurs at small frequencies (@ < 1
X 10" rad/s) and wavevectors (k, < ko). The LiF branch of the
dispersion relation for the LiF-SiC system is only slightly
different from the dispersion relation for a single interface of
LiF. Both LiF and SiC branches of the dispersion relation for
the LiF-SiC system maintain their horizonal asymptote at @ =
®sprprir and Wgpppsic, respectively. Due to the weak coupling
between the SPhPs of the LiF and SiC, the heat flux for the
LiF-SiC case is significantly lower than that for LiF-LiF and
SiC-SiC cases and is not monochromatic.

The spectral heat flux in the presence of a graphene sheet on
LiF (LiFG) is compared with the one in the absence of
graphene in Figure 4a. The spectral heat flux per unit k, for the
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Figure 4. (a) Spectral radiative heat flux, q,,4,, theoretically predicted
between LiF and SiC plates in comparison with that predicted
between graphene-covered LiF (LiFG) and SiC. The inset shows the
spectral heat flux versus frequency in a linear scale. (b) The spectral
heat flux per unit k,, g i, mediated by the TM-polarized

electromagnetic waves for the LiFG-SiC system. The dispersion
relation for the LiF-SiC and LiFG-SiC systems is also plotted in Panel
b. A receiver (SiC) temperature of 296.6 K, an emitter (LiF and
LiFG) temperature of 328.5 K, and an average gap size of D = 120 nm
are assumed. The unit of the color bar in Panel b is Wm*~(rad/s) 'm.

LiFG-SiC system and the dispersion relations of the SPhPs are
shown in Figure 4b for both the LiF-SiC and LiFG-SiC cases.
The magnitude of the heat flux at wgpppgic increases by ~44
times when LiF is covered with the graphene sheet. There is
also a broadband enhancement for the heat flux in the spectral
range of ~1 X 10" to 1.9 X 10" rad/s compared to the case
with no graphene sheet. However, the heat flux for the LiFG-
SiC system is completely dominated by the contribution from
SPhP modes located around @gpppsic and is quasi-mono-
chromatic at this frequency (see the inset of Figure 4a for q,,q,
versus @ in a linear scale). The reason for the enhancement of
heat flux in the presence of graphene can be explained by using
Figure 4b. It is seen from this figure that the SPhPs of LiF
couple to the SPPs of graphene and they split into two
branches. The upper branch, unlike the SPhP branch of LiF for
the LiF-SiC system, does not have a horizontal asymptote and
inherits monotonically increasing behavior from graphene
plasmons.” The dispersion branch associated with the SPhPs of
SiC, however, retains its horizontal asymptote at @gpypsics
since the vacuum gap prevents a strong coupling with the SPPs
of graphene. The monotonically increasing dispersion branch
intersects the SiC branch of SPhPs at relatively large k,s (~60
ko), resulting in a region of highly contributing modes at
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Wspppsic- This coupling process enhances the heat flux at
Wspppsic by 44 times, causing a monochromatic heat flux at this
frequency. It is also seen from Figure 4b that the broadband
enhancement from 1 X 10" to 1.9 X 10'* rad/s is due to the
upper branch of the coupled SPhP-SPPs associated with LiFG.
The spectral heat flux in Figure 4a demonstrates that covering
the dielectric medium with the smaller SPhP frequency with a
graphene sheet can substantially and quasi-monochromatically
increases the heat flux due to the strong coupling of surface
plasmon and phonon polaritons.

The enhancement of the heat flux between LiF and SiC in
the presence of the graphene sheet, which has a chemical
potential of . = 0.17 eV, is measured to be between 2.7 and
3.2 times depending on the temperature difference. The
maximal enhancement of the heat flux for these two materials
is between 7.4 and 7.7, depending on the temperature
difference, which is achieved for an optimal chemical potential
of 0.29 eV. When . = 0.29 eV, the upper dispersion branch of
the coupled SPP-SPhPs acquires an optimal slope and intersect
the dispersion branch associated with the SPhPs of SiC around
the wavevector of the surface modes with the largest
contribution to the heat flux, k,,,.. When the misalignment
between the resonances of the emitter and receiver increases,
the k.., decreases. As such, a greater slope for the upper
branch of the coupled SPhP-SPPs associated with graphene-
on-substrate is required to intersect the SPhP dispersion
branch of the material across the vacuum gap around k, ,,,. To
increase the slope of the upper branch of the coupled SPhP-
SPPs, a larger chemical potential is needed. (See Section A of
the Supporting Information for more details).

While LiF and SiC are selected for this study, the enhanced
and quasi-monochromatic heat flux obtained using graphene is
not limited to these two dielectric materials. For example, we
studied the maximal enhancement factor that can be obtained
between LiF and 11 other materials supporting SPhPs at
various frequencies (see Section B of Supporting Information).
The maximal enhancement factor is plotted in Figure S3a of
the Supporting Information. Figure S3a shows that the
enhancement factor varies between 1.1 and 25.4 depending
on the misalignment of the SPhP frequencies of the emitter
and receiver. The smaller enhancement factors belong to the
cases where the dispersion relation of the SPhPs of the receiver
is located between the two branches of the coupled SPhP-SPPs
of the graphene-covered LiF (LiFG), and thus cannot intersect
any of these two branches (e.g., see the dispersion relation for
LiFG-InP in Figure S3b of the Supporting Information). The
greater enhancement factors are obtained for cases where there
is a large mismatch between the SPhP resonances of the two
materials and the SPhP branch of the receiver intersects one of
the two branches of the coupled SPhP-SPPs associated with
LiFG at large wavevectors. (e.g., see the dispersion relation for
LiFG-GaN and LiFG-BaF, in Figures S3c and S3d of the
Supporting Information, respectively).

While a single layer of graphene is used in this study, larger
enhancement factors can be achieved by using multiple layers
of graphene. When the number of graphene layers increases,
the lower branch of the dispersion relation associated with
LiFG also acquires a positive slope (see Figure S4c in
Supporting Information). The positive slope of the lower
dispersion branch enables its coupling with the dispersion
branch of the SPhPs of SiC, increasing the heat flux at the
resonance frequency of SiC (See Figure S4c in Supporting
Information). It should also be mentioned that the enhance-

4107

ment factor eventually saturates when the number of graphene
layers increases. As the number of graphene layers increases,
the contribution of graphene layers adjacent to the LiF emitter
to the heat transfer decreases and eventually vanishes (see
Section C of the Supporting Information for more details).

Bl CONCLUSIONS

We experimentally measured the near-field radiative heat flux
between two macroscopic planar media made of dielectric
materials separated by a vacuum gap of size ~100—140 nm.
The experiments were performed for two SiC plates, a SiC and
a LiF plate and a graphene covered LiF and a SiC plate. The
measurements showed that the near-field radiative heat flux
between dissimilar dielectric media (i.e., between LiF and SiC)
is significantly smaller than that between similar dielectric
media (i.e., between SiC and SiC). This is due to the mismatch
of the surface phonon polariton (SPhP) frequencies of SiC and
LiF, which does not allow for strong coupling between the
SPhP modes of these two media across the vacuum gap. We
experimentally demonstrated that the near-field radiative heat
flux between LiF and SiC increases by ~2.7 to 3.2 folds,
depending on the temperature difference, when LiF is covered
with a graphene sheet. In this case, the surface plasmon
polaritons (SPPs) of graphene couple to the SPhPs of LiF,
resulting in a branch of coupled SPP-SPhPs that monotonically
increases with the wavevector and intersects the SiC branch of
the dispersion relation. This coupling process results in highly
efficient electromagnetic modes with relatively large wave-
vectors that increase the heat flux compared to the LiF-SiC
case, where a very weak coupling between SPhPs exists. It is
also seen that the heat flux between LiF and SiC in the
presence of graphene is quasi-monochromatic at the SPhP
frequency of SiC as opposed to the case when no graphene
sheet is used. Our study demonstrated the potential of
graphene for achieving enhanced and quasi-monochromatic
near-field heat flux between media with mismatching surface
resonances, which can benefit thermal management applica-
tions and energy conversion technologies such as thermopho-
tovoltaics and thermophotonics.

B METHODS

Fabricating SU-8 Posts on a SiC Plate. A nanoscale
vacuum gap is maintained between the two planar dielectric
media for near-field radiative heat transfer measurements. The
gap is generated by fabricating a total of 361 SU-8 posts each
with a cross-sectional area of 9 ym? and a nanometer scale
height on the surface of the receiver (a 6H-SiC chip). To
fabricate the SU-8 posts, 6H-SiC wafers (430-um-thick, MSE
Supplies) are diced into 15 mm? chips and cleaned in piranha
solution. SU-8 3005 (Kayaku Advanced Materials) is diluted
with SU-8 Thinner in a 1:4 ratio, filtered to 0.45 ym, and spin-
coated onto the SiC at 3500 rpm. The chip is soft-baked at 95
°C for 60 s. Then, a layer of anticharging solution (Dischem,
DisCharge X2) is spin-coated at 6000 rpm. The 9 ym? features
are exposed in a Thermo Fisher Nova NanoSEM 450 equipped
with Nabity Pattern Generation System (NPGS) using a 30 kV
acceleration voltage, 30 ym aperture and 660 pA beam current.
The exposure dose is S0 uC/cm’. The individual posts are
patterned in a square array with a pitch of 760 pm. The 330
um edge region of the chip is left unpatterned. After exposure,
a postexposure bake, also at 95 °C for 60 s, is performed to
reveal the patterns. The sample is then developed in SU-8
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developer for 60 s, using ultrasonication in the last 10 s to
reduce residue, rinsed in isopropanol, and dried with nitrogen.
The heights of several fabricated posts are measured using an
atomic force microscope probe. The measured heights for the
posts located at the center of the SiC plate vary between 100
and 140 nm, while the posts located at the corners and edges
have a height between 133 and 208 nm.

Theoretical Modeling of Near-Field Radiative Heat
Flux Using Fluctuational Electrodynamics. The near-field
radiative heat flux through the vacuum gap is modeled using
fluctuational electrodynamlcs and by utilizing the scattering
matrix approach.”” The schematic considered for theoretical
modeling of the system is shown in Figure 5. The emitter

(s)
Emitter  (E) | | tg
©0)
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i

Receiver (R) i tr
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Figure S. Schematic considered for theoretical modeling of near-field
radiative heat transfer for the system. A graphene-covered emitter
(medium E) with a thickness of t; is separated from a receiver
(medium R) with a thickness of tz by a vacuum gap (medium 0) of
the size D. The emitter and the receiver have temperatures T and Tk,
respectively, and are in contact with semi-infinite copper substrates
(medium s).

(medium E) with a thickness of t; is separated from the
receiver (medium R) with a thickness of #; by a vacuum gap
(medium 0) of size D. The temperatures of the emitter and
receiver are Ty and Ty, respectively. The copper plate on the
emitter side is optically thick and thus is modeled as a semi-
infinite medium (medium s). The receiver is placed on the
heat flux meter, which is encapsulated in copper. As such, a
semi-infinite copper substate (medium s) is also assumed for
the receiver. The temperatures of the semi-infinite copper
plates are approximated to be the same as those of the emitter
and receiver. The heat flux can be obtained by integrating the
spectral (i.e, frequency-dependent) heat flux, g4, aS qpq =
/ 0 Grad, » 4w, where @ is the angular frequency. The spectral
heat flux can be found using the transmission functions of
propagating and evanescent waves as’’
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where k; is the magnitude of the wavevector in the vacuum, k,
is the parallel (to the interface) component of the wavevector,
© is the mean energy of an electromagnetic state,"” TE (TM)
stands for the transverse electric (transverse magnetic)
polarization, and 5, ({a,) is the transmission function for
propagating (evanescent) waves with a polarization. The

transmission functions (5, and (., are calculated as"’
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where ky, is the z-component of the wavevector in the vacuum,
subscripts E and R refer to the emitting and receiving medium,
respectively, and Ro; and T§; are, respectively, the reflection and
transmission coefficients of medium j (j = E or R) when
illuminated by an incident electromagnetlc field from the
vacuum gap. Rj; and T§; can be found using*
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where k,z denotes the z-component of the wavevector in
medium j (j = E or R), £; is the thickness of medium j, subscript
s refers to the copper plates serving as the substrates for the
emitter and receiver, and 5, and tj,, are the Fresnel reflection
and transmission coefficients at the interface of media m and n

for @ polarization, respectively, which are found as*’
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In eqs B4a-d, & and y are the permittivity and permeability
of the vacuum, respectively, ¢,,, (¢,,) is the dielectric function
of medium m (n), and o, is the electrical conductivity of
graphene sheet covering medium 7 (6, = 0 if medium # is not
covered with a graphene sheet), which is found using the Kubo
formula.*”**

Transferring Graphene to a LiF Plate. A 60 mm X 40
mm monolayer of graphene CVD-grown on a copper foil and
protected with a 60 nm layer of PMMA (Product#: ME0613,
MSE supply) is transferred on a LiF plate using the standard
wet transfer method’"** in a class 1000 cleanroom environ-
ment. For this purpose, the purchased graphene monolayer is
cut into 1S mm X 15 mm pieces using a sharp razor blade.
Then, the copper substrate is etched away by floating the
sample on a 50% (by weight) solution of FeCl; in deionized
(DI) water for approximately 1S min. Next, the PMMA-
graphene film is washed in a DI water bath to remove the
residual FeCl; solution from the sample. The washing process
is repeated twice, after which the LiF plate is used to fish the
PMMA-graphene film out of the bath. The sample is let to dry
in the air for 2 h and is then annealed in a hot chamber at a
temperature of 150 °C for 1 h. The annealing process helps
with the removal of the water droplets and increasing the
adhesion of graphene to the LiF substrate. To remove the
PMMA coating, acetone is applied on the surface of the
sample, and then the sample is rinsed with isopropyl alcohol
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(IPA) to wash the residual acetone away. The sample is
washed in DI water and is allowed to dry in the air. The dried
sample is then baked for 2 h at 90 °C to remove the residual
IPA and increase adhesion to the LiF plate.

Dispersion Relation of Coupled Surface Phonon and
Plasmon Polaritons. The dispersion relation of the coupled
surface phonon and plasmon polaritons for a graphene covered
dielectric medium (medium E) separated by a gap of size D
from a second dielectric medium (medium R) can be found as

eDKn(“?_,R + L)(i;_ﬁ ).53 In
E

5 Ko

. op 1

+ i _) _ e_DKo(‘g'_'R _ 1
5 Ko

wWE, Ko

this equation, subscripts E and R refer to the emitting and
receiving medium, respectively, and x_j = —ik;,.
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