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Thermal transportacross solid-solid interfaces is vital for advanced
electronic and photonic applications, yet conventional conduction
pathways often restrict performance. In polar crystals, hybridized

vibrational modes called phonon polaritons offer a promising avenue to
overcome the limitations of intrinsic phonon heat conduction. Here our
work demonstrates that volume-confined hyperbolic phonon polariton

(HPhP) modes can transfer energy across solid-solid interfaces at

rates far exceeding phonon-phonon conduction. Using pump-probe
thermoreflectance with amid-infrared, tunable probe pulse with
subpicosecond resolution, we remotely and selectively observe HPhP
modes in hexagonal boron nitride (hBN) via broadband radiative heating
from agold source. Our measurements ascertain that hot electrons
impinging at the interface radiate directly into the HPhPs of hBN in the near
field, bypassing the phonon-phonon transport pathway. Such polaritonic
coupling enables thermal transport speeds in solids orders of magnitude
faster than possible through diffusive phonon processes. We thereby
showcase a pronounced thermal transport enhancement across the
gold-hBN interface via phonon-polariton coupling, advancing the limits
ofinterfacial heat transfer.

Across nearly all heterogeneous dielectric interfaces, heat is dissi-
pated via conductive processes driven by acoustic phonons or other
vibrational interactions, which limit thermal boundary conductance
(TBC)'*. Bose-Einstein statistics of nearly thermalized phononic distri-
butions dictate that the typical vibrational energies that contribute to
heat transfer across and away frominterfaces are lower-energy, higher
group-velocity acoustic phonons, which, at room temperature, are
onthe order of afew to 10 THz. Owing to their larger heat capacities®,

optical phononbranches play animportant role in mediating thermal
transport’. However, the intrinsically slow group velocities® restrict
these modes’ abilities to spread heat away from interfaces and hot
spots, thereby putting the burden of thermal dissipation back on the
acoustic modes.

In this study, we examine an alternative mechanism to transfer
energy across and away from all-solid heterogeneous interfaces by
harnessing the local evanescent fields resulting from a hot radiating
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source to directly launch volume-confined, hyperbolic phonon polari-
tons (HPhPs) within the frequency range bound by the transverse (TO)
and longitudinal (LO) optical phonons of a polar crystalline material,
which is referred to as the Reststrahlen band’. Hyperbolic polaritons
are supported within spectral ranges where a material or structure
exhibits dielectric permittivity that are opposite in sign along different
crystal axes®. Originally explored in metal/dielectric superlattices in
the form of hyperbolic metamaterials, HPhPs have been of substantial
researchinterest asthey canbe supportedinahomogeneous, low-loss
film, with hexagonal boron nitride (hBN) serving as an exemplary
material in this regard’". Isotopic enrichment can also be leveraged
to tune the Reststrahlen band and increase the phonon lifetimes (and
thus polariton propagation lengths) of hBN and therefore tune the
efficiency of the coupling mechanism'*'>">, which here was employed
to provide optimal propagation lengths. More recently, it has been
demonstrated that natural, low-symmetry (highly anisotropic) crys-
tals, such as orthorhombic MoO; (refs. 14,15) and V,O; (ref. 16) and
monoclinic crystals, such as 3-Ga,0O; (ref. 17) and CAWO, (ref. 18) can
support HPhPs that can be restricted to propagate along a specific
directionin space, with thelatter two supporting so-called hyperbolic
shear polaritons that are not only highly directional, but also exhibita
propagation direction that is frequency dependent. As such, if these
modes canbeinducedto carry heat, similar studies could also be widely
applied to other hyperbolic materials along specific crystallographic
directions via optimal material selection. Specifically, MoO; (ref. 15)
and twisted metastructures” also support highly directional confined
HPhP modes, and heating of such modes would allow for directional
thermal mitigation of hot spots across interfaces.

While optical phonons typically cannot be used to efficiently
conduct heat away from interfaces owing to their slow group veloci-
ties, this seemingly insurmountable intrinsic material limitation can
be overcome by transducing the broadband radiative thermal energy
fromathin metal filmin the near field into the HPhPs supported within
the underlying anisotropic medium, passing this energy across the
heterogeneous interface. Previously, HPhPs in hBN have been dem-
onstrated to have propagation lengths of several micrometres'?°,
enablingapplications, suchas hyperlensing?**and chemical sensing,
to enhance thermal transport beyond phonon-limited processes*, and
aReststrahlenband that can exhibit reasonable emission even at near
room temperatures®. Literature has even suggested that this process
can occur at interfaces between two-dimensional (2D) van der Waal
materials® %, warranting the study of this process at three-dimensional
(3D) contacts, adirect experimental measurement of which would dem-
onstrate the broad applicability of this unique heat transfer process.
Through exploiting time-resolved infrared (IR) pump-probe measure-
ments, we directly measure the picosecond cooling ofindirectly heated
opticalmodes®**°inanearly isotopically pure hBN (h"BN; >99%) flake
after the optical pumping of an adjacent gold contact, thereby demon-
stratingamechanism for interfacial cooling thatis orders of magnitude
faster than typical phonon-mediated processes. Previous works have
demonstrated fast, efficient near-field radiative heat transfer (NFRHT)
across narrow vacuum gaps between metallic and dielectric plates®,
butthisapproachrelies ontheinclusion of ananometre-scale vacuum
gap, thus limiting its utility in certain practices. Our work proves that
TBC across heterogeneous interfaces and thermal dissipation in a
material away from interfaces can be significantly enhanced through
the coupling of abroadband radiating hot spot into propagating PhPs, a
finding that surpassesintrinsic material limitations of thermal coupling
atinterfaces. In doing so, we establish a new paradigm for interfacial
thermaltransport that moves beyond the nearly century-old concepts
and theories of phonon coupling at dielectric interfaces originally
discovered by Kapitza®.

Enhanced thermal dissipationinsolids via polaritonic heat trans-
fer has been theoretically predicted®, and the prospect of enhanced
speeds and even directional control of heat transfer is enabled by the

exotic properties of PhPs, such aslong propagation lengths'**°, aniso-

tropic and nonuniform control of their propagation”**~ and speeds
that approach per cent levels of the speed of light**~*°, Experimental
works have shown the ability of HPhPs to enhance thermal conductance
indielectrics**°, however, experimental evidence differentiating the
coupled PhP modes from the thermalized phonon modes intrinsic to
the material is still lacking. Thus, the first major finding of our work
is the ability to both spectrally and temporally resolve the thermally
excited HPhP modes in hBN, providing clear evidence of the more
efficient thermal transport that these hot HPhP carriers can provide.

Second, our results illustrate that HPhP thermal coupling can
occuracrossanall-solid heterogeneous interface, and further that the
HPhP modes do not need to be coherently excited, but rather can be
optically stimulated by agreybody radiating in the near field. The latter
observation s consistent with ref. 41, where thermal radiation from a
heated SiC diffraction grating resulted in the excitation of propagating
SPhPs, which once stimulated were outcoupled via diffraction, giving
riseto spatially coherent IR radiation. It is well known that polaritonic
modes can enhance heat transfer via NFRHT processes between two
radiating bodies separated by a vacuum gap that s less than the Wien
wavelength*>". Our work unlocks the possibility of utilizing thisNFRHT
enhancementat solid-solidinterfaces inintimate atomistic contact by
showing that this broadband radiative cooling effect is driven by PhP
coupling that can delocalize the thermal energy fromaradiating spot
into anadjacent hyperbolic medium. This finding will redefine cooling
of hot spotsin materials and systems limited or dictated by interfacial
resistances, such as high power or high frequency electronics*®, pho-
tonic circuits*’, memory*° and thermophotovoltaics®.

Pump-probe measurements

Our sample geometry is designed to provide a direct observation of
spectrally dependent radiative thermal coupling from a thermally
excited source (50-nm Au pad) into HPhPs supported in hBN, referred
to hence forth at hBN (Fig. 1a). In our pump-probe experiments, we
excite the Au pad (Fig. 1b) with a 520-nm pump pulse (incident flu-
ence upward of 0.3 GW m™) and a200 um 1/e? diameter probe pulse
centred onthe Aupad. The central Au pad acts as the focal point of our
experiment. We first overlap our pump and probe on the Si substrate.
Then, we alter the position of the sample such that the green pump is
focused onthe circular pad. The rectangular pads serve asreflectors for
the polaritons. This configuration creates standing polaritons, similar
toref. 19, in the space spanned by the probing region, which should
increase our pump-probe signal. The different distances were used
to be agnostic to the mean free paths of different HPhP modes. The
thermoreflectance changes, measured by the reflected probe pulses
from the hBN as a function of time after pump absorption by the Au,
aremonitored as afunction of probe wavelength, which are tuned from
below to above the Reststrahlen band of hBN (-1,355-1,610 cm ™)™,
Immediately following the pump absorption onthe surface of the Au,
the Au pad is rapidly volumetrically thermalized via ballistic electron
transport®, which despite the low thermal emissivity of metals within
the mid-IR will radiate efficiently in the near field owing to the large
imaginary contribution to the Au dielectric permittivity or optical
loss. Such near-field radiationis composed of high-momentum evanes-
cent fields that can directly match the momenta of the HPhPs within
the hBN slab. This coupling mechanism is present through the entire
area of the Au-hBN interface, a mechanism that our experiment is
designed to detect with our tunable IR probe energies. The enhanced
coupling between the optical modes and the radiation underneath
the pad giverise to large thermoreflectance optical signals within the
Reststrahlenband and at the TO phonon frequency of hBN, asshownin
the contour plots of the thermoreflectance spectra versus pump-probe
delay time in Fig. 1c. In contrast, in the absence of the Au pad, we do
not observe any such increase in thermoreflectance signal as the hBN
istransparent to the pump wavelength. Thislarge spectral dependence
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Fig. 1| Experimental details and spectral-temporal response of HPhP
modesinhBN. a, Illustration of the proposed mechanism and experimental
measurement. A pump pulse (520 nm) heats agold pad, while asubpicosecond
tunable mid-IR probe pulse measures the modulated reflectivity response of
the hBN patterned flake. After pulse absorptionin the Au, both phonons and
ballistic electrons spread from the hot spot in the Au, depicted by the small blue
particles and the background waves emanating from the hot spot. Radiation
from the hot electrons (red arrows) escapes and couples into the HPhP modes
of hBN (pump and probe spot sizes not to scale). b, The sample geometry. The
reliefsin theimage show the position of Au excitation pads used for both s-SNOM
characterization (Methods), as well as thermal HPhP launching. ¢, The measured
thermoreflectance signal of the 116-nm hBN flake as a function of probe energy
and pump-probe delay time for anincident pump fluence 0f 95.5) m 2 The
strong AR/R response within the Reststrahlen band (indicated by the span of the

dotted lines) and near the TO phonon frequency of hBN shows the high thermal
activity within the region that can be attributed to ultrafast heating from near-
field radiation emitted by the Au pad. d, For reference, a similar pump fluence of
anuncoated (no Au) hBN flake is provided, noting that in this case, no temporal
thermoreflectance response is observed within the range of the hBN Reststrahlen
band, illustrating the critical role of the Au pad as a thermal transducer in this
experiment. The dark band that appears in the middle of the blank hBN contour
is attributed to polymethyl methacrylate residue, a photo-resistive polymer
inthe lithographic patterning process. e, Waterfall plots of the data showninc
atavariety of pump-probe time delays (80-2,030 ps) following transient Au
heating, indicating more clearly the ultrafast optical response surrounding the
TO phonon mode and within the hBN Reststrahlen band (indicated by the span of
the dotted lines).

onourthermoreflectancesignal clearlyillustrates that the underlying
Si substrate is not playing any meaningful role, as even though it will
absorb the pump photons, it does notinduce astrong transient spectral
response, further demonstrated by supplemental spectral measure-
ments on identical Si substrates (Supplementary Fig. 5).

The observation of a strong thermoreflectance signal within the
Reststrahlen band at picosecond timescales indicates the role that
HPhPs play in this thermal dissipation process. As evidence of this,
when we tune our probe energy to frequencies above the Reststrahlen
band of hBN following the pumping of the adjacent gold pad, we see
minimal temporal changes in the probe thermoreflectance signal
(Fig.1c,e, dashed vertical lines designating the TO phonon mode and
thesurroundingactiveregion). However, as the probe energy is tuned
toenergies within the Reststrahlen band, the thermoreflectance signal
exhibits large increases in the thermoreflectance that is maximized
at the earliest times, indicative of large optical phonon temperature
changes™ (with an additional peak at the TO phonon energy; Fig. 1e,
darkvertical dashed line). This considerable increasein thermoreflec-
tance drops at frequencies below the TO phonon, with the broadening

below this band potentially owing to the deeply subwavelength modes
thatcanalsobestimulatedin hBN due to the exceptionally high refrac-
tive index within this spectral range, as previously discussed for Mie
resonators in 4H-SiC nanopillars®. The hBN dielectric function does
notvary with thicknessin this spectral region®>*°. To support this posit,
similar observations were made when we performed measurements
on hBN flakes with varying thicknesses ranging between 89 nm and
195 nm, anexample of whichis presented in Supplementary Fig. 6, and
as expected, no size effects are observed.

The sample was constructed such that only ~6% of the probed
regionis covered with gold (Fig. 1b), effectively diminishing any effect
thatit might have on the measured thermoreflectance. Yet we observe
aspectrally local thermal event occurring in the Reststrahlen band of
hBN. Our lock-in detection scheme isolates any optical effects of the
probe. Further, the polaritonic modes in the hBN cannot be launched
directly owing to the lack of a momentum-matching condition from
the 520 nm pump. Owing to the long time constant of phonon conduc-
tion (thousands of picoseconds) compared with the decay time of our
observed modal heating, we posit that the Au-to-hBN interfacial heat
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Fig. 2| Spectral response of hBN after heating from radiating Au pad.

a, The spectral cross sections from the contour of the 116-nm flake (Fig. le)
fitted with and without a polaritonic coupling layer for apump-probe delay
time of 45 ps. The spectral-temporal range is representative of the entirety of
the activity surrounding the TO phonon mode and shows the improvement of
the ‘Polaritonic’ model compared with the standard ambient model (‘Air’). The
inset plot highlights the advantage of using the high-index layer for momentum
matchingin the TMM calculation. This ‘high-index layer’is abetter analogue

to the near-field radiation from the central gold pad, effectively increasing
sensitivity to the TO phononband and the polaritons therein. b, The calculated
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spectral heat flux per unit wave vector between Au and hBN layers in contact.
Theinset shows aschematic of the simulated stack. The dotted white lines show
the dispersion relation of HPhPs in hBN, and the horizontal blue lines show

the upper and lower limits of the hBN Reststrahlen band. The fluctuational
electrodynamic-derived contour directly shows that the majority of radiative
heat flux across the interface is dominated by modes at the same momentum as
HPhPs and thus satisfying our proposed launching condition. This plot begins at
anormalized wave vector of 1, which means that all representative momenta are
considered in the evanescent regime.

transfer mechanismis driven by evanescent pumping of the hyperbolic
modes in the hBN flake from the radiating Au pad. This mechanism is
mediated by the excited carriersinthe Au pad. Owingto the short time-
scale of our observed modal heating (tens of picoseconds), we assert
that these carriers are the ballistic electronsin the Au that release their
heat radiatively at the Au-hBNinterface, initiating the ATrequired for
radiative transfer.

To further explore the role of HPhPs in the ultrafast interfacial
thermal transport between Auand hBN discussed above, we examine
the thermoreflectance changes as a function of probe energy meas-
ured at short (45 ps; Fig. 2a) pump-probe delay times. We employ
the transfer matrix method (TMM?¥, details in the Supplementary
Information) to simulate the thermoreflectance spectrain the vicin-
ity of the Reststrahlen band using two models. First, we simulate this
differential reflectance spectraby employing a plane wave excitation
(‘Air’), which lacks the high-momenta modes sufficient to launch
HPhPsin hBN (Fig. 2a, dashed blueline). In contrast, we also perform
these TMM calculations using a fictional high-index prism toincrease
the momentum of optical modes to enable the direct launching of
HPhPs (Fig. 2a, red line)*®. This bending of the light line is effectively
a simulation of the reflectivity from an attenuated total reflection
module of aFourier transforminfrared system, which has been experi-
mentally shown to launch polaritons®’ . This simulation is therefore
anapproximation of the reflectivity of a system while there are active
polaritonsinthe system. A full list of fitted parameter perturbations
is available in the Supplementary Information. While no prism is
employed in the experiments, this is employed as a simple method
for simulating the role of the dramatically increased momenta of
light, akin to using local dipole coupling toillustrate the role of polari-
tonic modes within this process. Note that this polaritonic-driven
model provides a substantial improvement in the fit as compared
with the same model without the momentum-matching conditions
(‘Air’), providing further evidence for the role that HPhPs play in this
thermal dissipation process. This effect is heavily muted at longer
timescales, whereby other thermal dissipation processes, such as

phonon-mediated conduction across the Au-hBN interface begin
todominate (Supplementary Information).

Radiative transport calculation

To determine the exact radiative conditions at the Au-hBN interface
exploredinFig.2b, we explored the distribution of the spectral radia-
tive heat flux over different momenta. Using the framework of the
fluctuational electrodynamics®, the radiative heat flux between the
Au pad and hBN slab can be calculated as

m/a
)y (/ ko€ (Kp, ) dkp)’ o
y=TETM \Y 0

where k, is the parallel component of the wave vector, O is the mean
energy of anelectromagneticstate, ais the lattice constant of hBN and
T\.and Tgyare thetemperatures of the Auand hBN layers, respectively.
Additionally, & is the energy transfer function, representing spectral
radiative heat flux per unit k,, between gold and hBN for y (TE or TM)
polarization. Assuming one-dimensional (that is, infinitely long) lay-
ered media, the energy transfer functionis numerically calculated using
scattering matrix method and dyadic green’s functions®. The contour
inFig. 2b shows the energy transfer function between the gold and hBN
layers. The dotted whitelines in Fig. 2b show the dispersion relation of
the HPhPs in hBN, found from the following equation™

4

v _ 0w, Tay) — O (W, Thpn)
o 4m2

€Au

k, = Re{—a tan‘1<8l¢)+tan‘l(2—ol;)+nl”, (2)
where
g
T SJ_, ®

where €,,and &g, represent the dielectric function of gold and silica,
respectively, g,and €, are the parallel and perpendicular dielectric func-
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Fig. 3| Results from thermal analysis of IR thermoreflectance. a, The
thermoreflectivity response of hBN as a function of the pump-probe delay time
after Au pad heating near the TO resonant frequency (black squares, 7.4 pm) of
hBN alongside the analytical model fit to the on-resonance data (solid red line).
The best fit for the on-resonance data shown resulted ina HPhP-mediated TBC
of >500 MW m2K™. The standard model (dashed blue line) shows the calculated
thermoreflectance signal expected at the surface of the Au pads assuming
literature thermal parameters as well as an Au-hBN phonon-phonon TBC of

12.5 MW m2K™" measured with TDTR (see the Supplementary Information for
details); the inset shows a comparison of the raw signal magnitude on resonance
(black squares, 7.4 um) with off resonance (red triangles, 6 pm). The inset
represents the difference in magnitude and curvature between the off-resonance
and on-resonance data past time zero, highlighting the strong response from the
hBN when compared with the Si substrate as well as the extended duration that

the hBN remains heated for. b, The current state of experimentally measured
bulk TBCs across 3D/3D material interfaces (filled blue squares)*as well as
predicted 2D/3D interface conductances (open red circles region)” and the best
fit Au-hBN HPhP TBC measured in this work with error bars derived from the +5%
contour uncertainty presented in Supplementary Fig. 9, all plotted against a film
to substrate ratio of Debye temperatures. ¢, The phonon density of states (pDOS)
for hBN was reproduced from a figure in ref. 13 using density functional theory
plotted with the occupied density of states the at two temperatures showing the
lack of activity in the TO phonon mode 150 K above the ambient temperature,
implying that the measurementsin this work are due to optical phonon activity
measured via IR probing, and not from thermally excited phonon modes from
conduction alone. Lit. meas., literature measurements; Lit. calc., literature
calculations; Dia., diamond.

tion of hBN, respectively, and /is an integer number corresponding to
the order of the HPhP modes. Figure 2b shows that the radiative heat
emitted by gold is predominantly received by HPhPsin hBN as the heat
flux mostly occurs at wave vectors that precisely match the dispersion
of HPhPs. As such, the radiative heat flux at any temperature differential
between gold and hBN will be carried predominantly through HPhPs.
Beyond the spectral response, it is also critical to quantitatively
analyse the temporal relaxation of the thermoreflectance signals within
and outside of the Reststrahlen band to delineate the role that HPhPs
play in this process. The stark contrast between the time-dependent
thermoreflectance signals under these two distinct conditions are
provided asafunction of pump-probe delay ata probe energy approxi-
mately ‘on resonance’ (Fig. 3a, black squares) with the TO phonon
(probe energy of 7.4 pm, 0.17 eV, 1,351 cm™) compared with the signal
with a probe energy ‘off resonance’ (Fig. 3a, pink triangles), which is
spectrally separated fromthe Reststrahlenband of hBN (probe energy
of 6 pm, 0.21eV, 1,667 cm™), where hBN is nominally transparent to
the probe beam (Supplementary Fig. 3). Additionally, at these pho-
ton energies, the thermoreflectance changes in Au provide nearly an
order of magnitude smaller thermoreflectance signal compared with
that measured from the hBN within the Reststrahlen band, thereby
precluding any non-negligible transient response from Au in driving
the observed response. Thus, as the large bandgap of hBN (-5.95 eV)

precludes direct absorption of theincident pump energy (2.38 eV), the
measured thermoreflectance signal is instead driven by the changes
inthe temperature of the hBN that are the result of thermal transport
from the heated gold across the interface. The dominant signatures
at picosecond timescales occur within the Reststrahlen band of hBN,
illustrating the strong correlation of these excitations with thermal
transport mediated by optical phonons and HPhPs. Further, our con-
trol measurement of pumping and probing directly on the hBNin the
absence of Auresultsin anegligible response (Supplementary Fig. 4),
clearly indicating that the measured signal (Fig. 3a) isdue to aremote
heating effect initiated via pump absorption within the Au pad. Thus,
the correlation between the ultrafast heating of Au with the dramatic
changesinthe hBN thermoreflectance within the Reststrahlen band at
picosecond timescales clearly illustrates that the mechanismis medi-
ated through the launching of HPhPs via near-field thermal radiation
fromthe heated gold pads. Our results therefore qualitatively suggest
thatthe Au-hBN TBC can be substantially influenced by energy transfer
acrossthe Au-hBN interface at ultrafast timescales (subnanosecond)
mediated by HPhPs.

Determination of polaritonic conductance rate
The dataonresonance with the hBN Reststrahlenband showninFig. 3a
exhibit an exponential decay with a time constant of 1,300 ps. After
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laser pulse absorption of the gold and the resultant electron-phonon
equilibration and thermalization, the majority of the temporal thermal
decay is driven by the discharge of energy from the thermalized Au
padsinto near-field thermal radiation and direct launching of the HPhPs
inthe hBN. The TBC across the Au-hBNinterface from this process can
be approximated by C,dt~'=100 MW m2 K™, where C, is the heat capac-
ity of the gold, d is the Au film thickness and 7 is the time constant of
the thermal decay®. While this calculationis approximate, it suggests
that the heat transfer mechanisms that describe the on-resonance data
take place atarate thatisnearly an order of magnitude faster than the
phonon-phonondriven TBC across the same Au-hBN (12 + 2 MW m2K™
onthe same hBN sample) measured using time-domain thermoreflec-
tance (TDTR; details the Supplementary Information). To quantify this
Au-PhP hBN TBC morerigorously, we solved the analytical solution to
the cylindrical heat equation commonly used to fit standard TDTR
data® and fit this solution to our data. This solution predicted a TBC
of atleast 500 MW m2K™, restricted to alower bound owing to sensi-
tivities (detailsin the Supplementary Information). This Au-PhP hBN
TBC s roughly one to two orders of magnitude higher than phonon-
phonon TBCs measured across a plethora of 3D and 2D material inter-
faces (Fig. 3b).

It is of note that our model (Fig. 3a) predicts a -300x increase in
effective in-plane polariton conductance in the hBN, consistent with
the literature showing enhanced thermal transport in the in-plane
direction of hBN owing to polaritonic coupling® . These relative
increasesinlocal polaritonic conduction can be reasoned on the basis
of examining the maximum allowed near-field heat flux, g;,,,, whichis
predicted as®®

k(%)

q;r/mx = T (Tzemitter - Tzabsorber) > 4)

where the maximum flux allowed in the near field for a Au-hBN inter-
—max ) 0f 2.5 GWm 2K,
Tau—TheN
Thus, with the coupling of emitted Au energy into hBN hyperbolic
modes and non-ideal transfer within this process, the predicted TBC
of 500 MW m K isreasonable. In the same regard, the group velocity
ofthelocal phonon modes, which harbour HPhPs, is given by the slope
of the dispersion®, which is near zero at the zone centre. In contrast,
the velocities of the launched hyperbolic modes can be approximated
similarly from their dispersion”. From kinetic theory®, the thermal
conductivity of a system is directly proportional to these velocities,
and as the group velocities of hyperbolic modes approach large per-
centages of the speed of light, the radiative energy flow within these
modes will be transferred by the polaritons, thusincreasing heat trans-
fer. This enhanced TBCis also supported using a fit to the solution of
the one-dimensional heat equation described previously (Supplemen-
tary Information)®, further supporting that the value for Au-hBN TBC
is quantifiably larger than that owing to phonon-phonon conduction
alone,andisnot aderivative of the assumptions used in our datareduc-
tion. Werepeat these measurements and calculations on three differ-
ent Au patterns across two different hBN samples, with a consistent
enhancement in Au-hBN thermal conductance observed among all
‘on-resonance’ data.

Measurements of polaritonic launching are often performed
directly with the use of a scattering-type scanning near-field micros-
copy (s-SNOM), which allows for the direct excitation and meas-
urement of polaritonic modes''***°% However, by the nature of
measurementsin the near field, the system requires careful alignment
andinterpretation toisolate the effect of the tip launching and nearby
reflectingsites. Using far-field optics, our measurement schemeis able
to lock-in to the thermal event in the Au pad and probe the thermal
trace of the polaritons through changes in reflection of the Brillouin
zone centre TO optical modes and neighbouring scattering sites

face canlead to amaximum TBC (G, =

(Supplementary Information). Thus, our measured signal is isolated
temporally fromany optical effect caused by the probe and, owing to
the high Debye temperature of hBN?, the TO phonon would be frozen
outateventhe maximum lattice temperature predicted by conduction
(Fig.3b). This confluence of factors point directly to the launching of
heat carrying thermally excited polaritonic modes.

Our solutionto the heat equation predicts amaximum tempera-
ture rise in the hBN of approximately 150 K under these experimen-
tal conditions. While the absolute value of this increase is certainly
prone to uncertainties in assumed input values, it is still orders of
magnitude lower than temperatures required to thermally activate
a substantial portion of the high frequency TO phonon and HPhP
modes. Thus, during the experimental measurements, the optical
modes are nearly entirely frozen out from conductive lattice heating
alone (Fig. 3c). Thus, thisimplies that the HPhPs are not excited simply
by laser-induced changes in the thermal populations, and instead are
stimulated nonthermally through direct launching from near-field
radiationemitted from the hot Au pad, further supporting our obser-
vations of indirect polaritonic coupling, and resultant energy transfer
viaHPhP-driven TBC.

Ultrafast heat sink effect

To further confirm this conclusion, we measured the near-IR pump-
probe response of the Au surface. Figure 4aillustrates the normalized
magnitude of the data taken from a pump probe scan on the surface
ofthe gold in the cases of a silicon substrate and an hBN flake. The Au
seems to be dramatically coolerinthe case of the hBN substrate at early
times, strengthening the evidence for the ultrafast cooling mechanism
described above. The models outlined in the insets are similar to those
used inthe case of the mid-IR probe, where the two temperatures (T, and
T.) of the Au transducer couple to the temperatures in the substrate. In
the case of silicon, whenthere is no polaritonic couplinginthe substrate,
only one temperature (7,) is considered for the substrate, resulting in
atwo-temperature model (TTM). For a hBN substrate, however, it was
found that the early time curvature could not be fit unless a third temper-
ature (T,ppp) to reduce the heat was considered to account for the polari-
tonic coupling, henceleadingto athree-temperature model 3TM). The
insets further illustrate the coupling mechanisms for which the model
was fitted. Figure 4b shows the raw data in the same scans as in Fig. 4a
for a comparison of raw magnitude showing that overall the surface
was cooler at all times when comparing the two substrates, indicating
the superior heat sink capabilities of hBN in the ultrafast time regime.
Figure 4cillustrates the relative sensitivity of the near-IR and mid-IR
measurement techniques to the polaritonicinterface resistances. We can
see thatthe mid-IR experimentis an order of magnitude more sensitive
to the mechanismthan the surface of the Aubeyond 10 ps, whereas the
Ausurface dominates sensitivity before 10 ps asitisin this time regime
that the heat from the electrons is being sunk to the polaritons.

The above observations coupled with the prior demonstrations of
directlaunching of propagating phonon polaritons via thermal emis-
sionreported by ref.41and later by refs. 71,72 indicate a different model
whereby HPhPs serve as the dominant thermal transport mechanismat
early timescales. Specifically, we propose the following process. First,
the ultrafast visible pumpis absorbed by the gold pad, which increases
itstemperature causing it to radiate. Consistent with phonon polariton
launching viathermalradiation*"? the localincoherent dipole moment
ofthe thermalradiation provides the energy matching and momentum
matching to directly launch HPhPs within the hBN flake. This in turn
stimulates a broad spectrum of HPhP (and TO phonon) modes. Once
launched, owing in part to the optical phonon and in part to the light
nature of the HPhP quasiparticles, these modes can carry the thermal
energy away from the heat source owing to the high heat capacity of the
former and the high group velocity (with respect to acoustic phonons)
of the latter. A similar mechanism has recently been demonstrated in
ref. 73, where under steady state conditions, the thermal conductivity
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Fig. 4| Ultrafast pump-probe response of Au onsilicon and hBN substrates
using a 520-nm pump and 2.1-pm probe. At this probe wavelength, the Drude
response in the thermoreflectivity of the probe results in sensitivity to the lattice
temperature changes in the Au®*”. a, The solid squares and open circles show
the measured transient lattice temperature changes in Auwhen on a Si substrate
and hBN substrate, respectively. The Au lattice temperature changes on hBN
during and after the 520 nm pump heating is suppressed at shorter pump-probe
delay times and takes longer to rise and equilibrate when coupling to the excited
electrons inthe Auas compared to the case when Auis on a Sisubstrate. Thisis
owing to an additional energy loss pathway of the hot electronsin the Auto the

Delay time (ps)

hBN substrate, the trends of which we capture with a3TM that accounts for agold
electron to hBN HPhP-optical phonon energy transport pathway (Ap,p), Shown
asasolid blue line assuming this pathway’s TBC is 500 MW m2 K. Note, these
ultrafast Authermoreflectance trends are not captured witha TTM, which shows
amuch faster lattice temperature rise when this Au electron to substrate TBCis
not considered and only electron-phonon couplingin the Au (G,,,) is considered,
indicated by the red solid line. b, Un-normalized thermoreflectance signal from
the data presented in a, where the reduced magnitude in the signalindicates

the overall enhanced cooling of the Au surface. ¢, The relative sensitivity of the
presented measurements to the HPhP interface coupling.

is enhanced by to surface confined PhPs in silicon carbide. Our work
extends these findings to volumetric hyperbolic modes and into the
ultrafast regime. This ultrafast mechanism is of critical importance,
as while the HPhPs will eventually decay back to conductively heat,
thelocal hBN lattice and, thus, thermalization of the energy will result
in uniform heating of the flake. At ultrafast timescales, this provides
opportunities for extracting the heat from localized hot spots before
catastrophic processes occur (such as device failure). Our results
should lay the groundwork for a new generation of photonic sources
and an efficient transport mechanism for mode specific heat sinks in
high frequency electronics.

Here, we have experimentally established the potential for ultra-
fast, thermal transport across solid-solid interfaces via the transduc-
tion of thermal energy from a transiently heated gold pad into HPhPs
supported within hBN. This mechanism provides insight into the role
that polaritonic modes can offer in the realm of interfacial heat transfer,
overcoming the traditional limitations of phonon-dictated TBC. Spe-
cifically, we demonstrate that polaritonic coupling can facilitate the
optical modes to move heat across and away fromaAu-hBNinterface
over an order of magnitude faster than acoustic phonon conduction
in the same system. These investigations serve as the initial explora-
tion into our understanding of the fundamental guiding principles of
such ultrafast transport phenomena. Thus, through further studies
of polariton-phonon scattering rates and a quantification of energy
tunnelling through different interlayers, we hope to elucidate the
effectiveness of this energy transfer, including quantifying the maxi-
mum heat flux and capacity. The mechanism demonstrated in this
work holds pronounced potential for cooling interconnects viaradia-
tive absorption. Subsequent research endeavours can leverage this
study as a basis for expanding thermal transport toinclude transducer
cooling, as well as enhancing interfacial flow through more precise
nonequilibrium experiments. The impact of this new mechanism has
two main features that stand out, namely speed and controllability.

Oncethe thermalenergyisbeing carried by apolariton, itistravelling at
ultrasonic speeds, which means that, for high-power or high-frequency
electronic devices thataccumulate heat viajoule heating, this mecha-
nism can remove heat faster than it is accumulated. This would help
next-generation devices to maintain safe operating temperatures,
evenat higher current densities or near local defect-induced hot spots.
The ability to design polaritonic modes through selection of materials
and patterning of optical devices also allows for several advancements
in novel computers, and thermal management. This new mechanism
also serves to employ thermal energy to launch polaritons, meaning
that photonic circuits may be able to have a useful nanoscale source
for photons. Thermally, these results let us design and optimize new
devices ‘shielded’ from evanescent radiation by polaritonic absorbers.
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Methods

Device preparation

The hBN flakes were prepared from 11B isotopically enriched source
crystals by the standard mechanical exfoliation process onto oxygen
plasmatreated siliconsubstrates. Asreportedinref.12 andrefs. 76,77,
the hBN source crystals were produced by precipitation fromamolten
metal solution using isotopically enriched precursors (nominally 99.4%
11B) provided by a commercial source. To fabricate the samples, the
hBN flakes were initially exfoliated onto a bilayer resist transfer wafer
where they were imaged optically and via AFM to down select the ideal
flakes for these experiments. Transfer of the flakes onto a standard
thermal SiO, film on a silicon substrate was performed via standard
approachesinahome-built 2D material transfer microscope. The gold
pads were patterned using electron beam lithography, development,
electron beam deposition of a 50-nm-thick gold film, followed by a
standard liftoff procedure in N-methyl pyrrolidone. The flake sizes
were characterized by atomic force microscopy and patterned using
electron beam lithography, followed by electron beam deposition of
a50-nmgold film.

IR pump-probe measurements

The IR thermoreflectance measurements were performed using a
Spectra-Physics 30-W Spirit laser (369 fs pulses at 1,040 nm with a
repetition rate of 500 kHz) to seed a 16-W Spectra-Physics Spirit One
OPA foruse asatunable (2-16 pm) probe pulse, as well as an 8-W HIRO
SHG box acting as our visible pump. These two laser lines are directed
through a standard pump advancing pump-probe system (Supple-
mentary Information). The pump is then focused through a 125 mm
focal-lengthborosilicatelens to a30-pm spot size. This is then spatially
and temporally overlapped with probe pulses that have been focused
through a 50 mm CaF2 to a 100-um spot. The reflected probe is then
spectrally filtered to eliminate pump bleed through and collected
by a Vigo Photonics mercury cadmium telluride photodetector. The
signal voltage is then passed to a Zurich Instruments UHFLI 600 MHz
lock-in amplifier, which amplifies the voltage with via signal boxcar and
demodulated by the pump modulation frequency (optically chopped
at 301 Hz) into X and Y'signals, which are then recorded alongside the
amplified boxcar auxiliary voltage as a change in reflectance and raw
reflectance, respectively.

Polariton characterization

Near-field nano-imaging experiments were carried outinacommercial
Neaspec s-SNOM based around a tapping-mode atomic force micro-
scope. A metal-coated Si tip of apex radius R = 20 nm that oscillates at
afrequency of Q=280 kHz and tapping amplitude of about 100 nm
was illuminated by a monochromatic quantum cascade laser beam at
afree-spaceincident wavelengthA=6.9-6.6 pmand at an angle 60° off
normaltothe sample surface, withtheincidentlight being p-polarized.
As s-SNOM predominantly couples to the p-polarized component, the
signal detected is dominated by HPhP signals, which can only emerge
fromp-polarized light”. Scattered light launches HPhPs in the device and
thetip thenrescatters light for detectionin the far field’®. Similar to previ-
ousstudies of HPhPs using s-SNOM, the presence of the metallic tip will
lead to the presence of a tip-launched mode. Background signals were
efficiently suppressed by demodulating the detector signal at the third
harmonicofthetip oscillation frequency and using pseudo-heterodyne
interferometric detection. Ins-SNOMimages, HPhPs canbe observedin
two ways: first, polaritons launched by light scattered from the s-SNOM
tip propagate radially away from the tip and reflect back from sample
boundaries, forexample, aflake edge, creating interference fringes with
spacing App divided by two (as in refs. 11,79,80), which are scattered
backtofree space by thetip and detected. Alternatively, polaritons can
bedirectly launched from the edge of h11BN flakes and then propagate
across the surface andinterfere withthe incident field at the tip, produc-
ing fringes with spacing A,y (refs. 12,59,60). The simulated dispersion

plotis generated using a TMM to determine the reflection coefficients
from Fresnel’s equations using the reported dielectric function from
refs.12,57 (Supplementary Information).

Data availability

The source data for Figs. 2-4 are provided with this paper. Any other
data supporting the findings in this manuscript are available in the
Supplementary Information or fromthe corresponding authors upon
reasonable request. Source data are provided with this paper.
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