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Under high electrical current, some materials can emit electromagnetic radiation
beyond incandescence. This phenomenon, referred to as electroluminescence, leads to
the efficient emission of visible photons and is the basis of domestic lighting devices (e.g.,
light-emitting diodes)**2. In principle, electroluminescence can lead to mid-infrared
(mid-IR) emission of confined light-matter excitations called phonon-polaritons®4,
resulting from the coupling of photons with crystal lattice vibrations (optical phonons).
In particular, phonon-polaritons arising in the van der Waals crystal hexagonal boron
nitride (hBIN) exhibit hyperbolic dispersion, which enhances light-matter coupling®®.
For this reason, electroluminescence of hyperbolic phonon-polaritons (HPhPs) has
been proposed as an explanation for the peculiar radiative energy transfer within
hBN-encapsulated graphene transistors™®. However, since HPhPs are locally confined,
they are inaccessible in the far-field, and as such, any hint of electroluminescence has
only been based on indirect electronic signatures and has yet to be confirmed by direct
observation. Here, we demonstrate far-field mid-IR (A = 6.5 pm) electroluminescence
of HPhPs excited by strongly biased high-mobility graphene within a van der Waals
heterostructure, and we quantify the associated radiative energy transfer through
the material. The presence of HPhPs is revealed via far-field mid-IR spectroscopy
due to their elastic scattering at discontinuities in the heterostructure. The resulting
radiative flux is quantified by mid-IR pyrometry of the substrate receiving the energy.
This radiative energy transfer is also shown to be reduced in hBN with nanoscale
inhomogeneities, demonstrating the central role of the electromagnetic environment in

this process.

Electroluminescence is the result of an electronic state
driven strongly out-of-equilibrium which, due to light-
matter coupling, radiates through the modes of its dielec-
tric environment. In this regard, van der Waals materials
are of particular interest as, owing to their extreme di-
electric anisotropy, they naturally sustain low-loss HPhP
modes?, which have long been sought after in metama-
terial design'”, These HPhP modes modify radiative
energy transfer due to their substantial electromagnetic
local density of states (LDOS)*#. Nonetheless, this en-
ergy transfer remains inaccessible outside of the host
material as the large wavevectors of HPhPs (k > w/c)
prevent them from coupling to far-field radiation due to
momentum mismatch. The observation of HPhP electro-
luminescence requires three key ingredients. (i) A nearby

strongly out-of-equilibrium electron gas acting as a radi-
ating source, with this role played here by charge carriers
in high-mobility graphene under large bias. (ii) A high-
quality van der Waals material exhibiting ultra-low-loss
HPhP modes such as hBN. (iii) The presence of scatterers
in the heterostructure to allow HPhP elastic scattering
to the far-field.

The study of graphene as a hot thermal emitter has al-
ready revealed that heat transfer in hBN/graphene/hBN
heterostructures is dominated by HPhP radiative heat
transfer¥ 15, However, in high-mobility graphene (1 >
2 m2.V~1.s71) under large bias, electron-phonon decou-
pling enables graphene’s electrons to reach a non-thermal
state and radiate into hBN with an efliciency that sur-
passes that of Planckian radiative heat transfer. Two
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Fig. 1: Electroluminescence and radiative energy transfer from graphene in an hBN encapsulate. a, Electro-
luminescence from graphene to the far-field results from the emission of small wavevector polaritons of hBN and follows a
5-step process: (Step 1) Electrical Zener-Klein interband pumping under large applied bias. (Step 2) Intraband thermalization.
(Step 3) Emission of a hyperbolic phonon-polariton (HPhP) of hBN by interband electron-hole recombination. (Step 4) HPhPs
propagate through the encapsulating medium. (Step 5) Propagating small-wavevector HPhPs are elastically scattered, leading
to far-field photon emission. b, Energy transfer occurs contemporaneously: (Step 4’) Dissipation of large wavevector HPhPs over
nanometric length scales and heating of hBN. (Step 5’) Heat conduction through hBN results in a local temperature increase of
the SiO2 substrate. (Step 6’) Incandescent emission from the hot SiOs substrate.

processes have been proposed to give rise to HPhP elec-
troluminescence, which are illustrated below.

The first HPhP emission process is due to intraband
electronic transitions: Under large bias, the large electron
drift velocity gives rise to Cherenkov HPhP emission 817,
which corresponds to inelastic electron-HPhP scattering.
The second HPhP emission process is due to interband
electronic transitions: Under large bias, graphene’s elec-
trons are in a strongly out-of-equilibrium distribution
due to electron-hole pair injection®™&19 a5 a result of
interband Zener-Klein (ZK) tunneling. Recombination of
these electron-hole pairs then results in HPhP emission.

HPhP emission in hBN may be observed in its two
Reststrahlen bands: the lower-energy type I HPhPs of
Reststrahlen band I (energy range hw; ~ 90—100 meV) oc-
curs as a result of both intraband and interband emission
processes. In contrast, the higher energy type II HPhPs
of Reststrahlen band II (Aw;; ~ 169 — 200 meV) can only
occur via interband emission since electronic drift veloci-
ties in graphene are limited by type I HPhPs, as revealed
by current saturation™. The interband electron-HPhP
energy transfer results in a saturation of the heating of
the electron gas (see Extended Data Fig. 11) as revealed
by monitoring the electronic noise”, a process reminiscent
of electroluminescent cooling®2%,

In this study, we present a direct observation of hy-
perbolic radiative energy transfer by investigating hBN-
encapsulated graphene devices in ambient conditions un-
der large bias. We use mid-IR spectroscopy?"23 to reveal

the spectral signatures of the type II HPhP energy car-
riers scattered to the far-field by discontinuities in the
heterostructure, such as folds and metal contacts (Fig. [th).
Then, we monitor the out-of-plane power transferred
to the device’s SiOy substrate by pyrometry, unequivo-
cally demonstrating radiative energy transfer mediated by
HPhPs (Fig. [Ip). Finally, by measuring graphene’s elec-
tronic temperature via near-IR thermometry, we demon-
strate that the crystalline quality of the hBN encapsulant
has a major impact on the out-of-plane energy transfer
efficiency with limited effect on electronic transport.

Electroluminescence of hyperbolic phonon-
polaritons

When pushed out of equilibrium, graphene’s electrons (in
hBN/graphene/hBN heterostructures) emit HPhPs over a
broad range of wavevectors. Small- and large-wavevector
HPhPs (red and blue boxes in Fig. 7 respectively) can
be schematically distinguished: The small-wavevector
HPhPs are thin film modes of the hBN cavity, which
propagate over micrometric distances (see Fig. SI- E[) In
particular, they convey the coupling between graphene’s
electrons and the far-field via defects in hBN and/or scat-
terers on top of the hBN encapsulant. In contrast, the
large-wavevector HPhPs have a vanishing group velocity
which leads to their dissipation into acoustic phonons and
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Fig. 2: Spectral emission from hBN-encapsulated graphene devices under large bias: identification of the
electroluminescent signal. a, Hyperbolic phonon-polariton dispersion branches within hBN’s second Reststrahlen band
calculated for the device sketched in the central inset (TR1 in panel ¢) and a Fermi energy Er = 30 meV (see supplementary
information, section for full details). Vertical confinement results in the emergence of HPhP modes (labelled M0 and M1, and
indicated by arrows). The small wavevector region (dashed red box) is responsible for the far-field electroluminescence, while
the large wavevector region (dashed blue box) is responsible for near-field energy transfer from graphene’s electrons to hBN.
b, Energy-dependent Purcell factor computed for the geometry described in the inset for an oscillating dipole at a distance
of 3.55 A from each layer. The Purcell factor is normalized by its value at 1,000 cm™! to highlight its enhancement within
hBN’s Reststrahlen band (orange-shaded region). The green-shaded region indicates SiO2’s Reststrahlen band. ¢, Mid-infrared
(mid-IR) emission spectra of two electrically-biased hBN-encapsulated graphene devices near charge neutrality (Fermi energy,
Er ~ 30 meV): the small (L x W = 9.2x15.5 um?) TR1 device (Vys/L = 0.87 V/um) and the large (L x W = 35 x 35 um?) TR2
device (Vys/L = 0.77 V.um™"). A fold in the top hBN layer in TR1 (indicated by a red arrowhead in the top micrograph to the
right of panel ¢) acts as an efficient scatterer of the HPhP modes of the heterostructure (the electroluminescent peak is marked
by a red star). Furthermore, in this smaller device, the edge contacts are visible within the field of view of the mid-IR microscope,
contributing to scattering as well. d, Simulated emissivity of the individual layers of the hBN/graphene/hBN/SiO,/Si
heterostructure for the pristine heterostructure (blue, orange, and green curves) and for the case of a 0.25 pum-wide and
0.1 pm-thick hBN fold in the top layer (red curve, see supplementary information, section for an atomic-force microscopy
characterisation of the hBN fold) displaying a scattering peak at 192 meV (red star) corresponding to the coupling of confined
HPhPs to the far-field.

subsequent conversion into heat over extremely short dis- Ap/47m ~ 11 nm at Er = 30 meV)'El. The quasi-flat
tances (on the order of a fraction of the Fermi wavelength:  dispersion of the large-wavevector HPhPs (see Fig. [2h)



results in a significant boost to the LDOS and conse-
quently to the Purcell factor (Fig.[2b), which is defined
as the ratio between the total power emitted by a dipole
in the structure and the total power emitted by a dipole
in vacuum. The energy transfer associated with such
large-wavevector HPhP modes leads to a heating of the
hBN layer and subsequently to the heating of the under-
lying substrate through thermal conduction, resulting in
incandescent emission from the substrate.

We begin by experimentally revealing the far-field
signature of type II HPhP electroluminescence of high-
mobility graphene devices under large bias. To this end,
we investigate the emission from two hBN-encapsulated
graphene devices, both fabricated on an SiO5/Si sub-
strate, but with different characteristics. The first device
(referred to as TR1) has a rather small graphene channel
(15 x 9 ym?) and a fold in the top hBN layer (see the top
micrograph to the right of Fig. ) The second device
(hereafter referred to as TR2) has a much larger graphene
channel (35 x 35 pm?) and presents a uniform hBN en-
capsulant. The mid-IR spectra of the two devices under
electrical bias are shown in Fig. 2k.

The large and uniform device TR2 presents a pre-
dominant emission from SiOy’s Reststrahlen band (see
Fig. , blue curve) which arises due to the heating of
the heterostructure under large bias. This incandescent
emission results from the finite emissivities of SiOo and
hBN which are computed in Fig. 2d, and is exploited
in the next section to perform mid-IR pyrometry (the
reader is referred to supplementary information, section
VII for an advanced discussion of the spectral features).
However, emission in hBN’s type II Reststrahlen band is
limited as expected from numerical simulations. Contrary
to TR2’s emission, TR1’s measured spectrum (Fig. ,
red curve) is characterised by an increased spectral flux
in hBN’s second Reststrahlen band (orange-shaded region
IT). Emission in this spectral band can be decomposed into
two regions: At the lower bound of the Reststrahlen band
(167—180 meV), emission originates both from hBN’s bulk
incandescence at the transverse optical phonon frequency
(Fig. [2d, orange curve) and from the scattered type II
HPhPs as confirmed by the calculated emissivity of hBN
and graphene within the heterostructure (see supplemen-
tary information, section [VII)). The upper bound of hBN’s
Reststrahlen band exhibits a solitary peak emerging at
192 meV (marked by a red star in Fig. k), which is un-
ambiguously attributed to type II HPhPs scattered to the
far-field by the fold in the top hBN layer?%, as revealed by
the emissivity simulation plotted in Fig. (red curve).
Finally, a small peak at ~ 100 meV is also observed in the
measured spectra, which is due to type I HPhPs, and is
routinely observed in other devices as well (see Extended
Data Fig. [§ and [9)*7.

The large spectral flux observed at 192 meV in com-
parison to the relatively small computed emissivity peak
amplitude at that energy qualitatively indicates the elec-
troluminescent nature of this emission. To prove that the
type II HPhP emission at 192 meV in TR1 is due to electro-

luminescence, we experimentally rule out its incandescent
origin using the framework of the generalized Kirchhoff
law? (see Methods). We first compared the device’s emis-
sion under bias to its thermal emission when heated to the
temperature of hBN’s optical phonons, which was found
to be ~ 75°C by Stokes anti-Stokes Raman thermometry
(see Methods and Extended Data Fig. [5)). The polariton
peak around 190 meV was markedly absent from the mea-
sured thermal radiation spectrum (see Extended Data
Fig. @, indicating that the device’s measured emission un-
der bias is uncorrelated with hBN’s incandescence. Then,
we estimated the mid-IR incandescence from graphene’s
hot electrons using a Planck law fit, which was determined
from near-IR measurements of graphene’s electron tem-
perature as a function of applied bias (see Extended Data
Fig. @ The device’s measured signal as a function of
increasing bias was found to increase about 2 times faster
than that of the Planck law fit in the bias range between
6 — 8 V, effectively ruling out graphene’s incandescence
as the source of emission.

We finally mention here that while a fold in hBN is suf-
ficient to reveal HPhP electroluminescence in the far-field,
we have found that for a small device, the device’s edge
contacts naturally act as scatterers (see Extended Data
Fig. E[) It is also possible to use intentionally deposited
scatterers, such as gold pillars that are either randomly
distributed (see Extended Data Fig.[8)) or organized in a
periodic latticd”. However, systematic numerical simula-
tions (see Fig. SI- indicate that water /hydrocarbon
bubbles, which are frequent in van der Waals heterostruc-
tures and can be observed in TR2 (see green bubbles in
the bottom micrograph in Fig. ), are inefficient scatter-
ers, which explains why TR2 only displays a faint emission
peak at 190 meV.

Pyrometry of the electroluminescent en-
ergy transfer

A direct indication of out-of-plane radiative energy trans-
fer (Fig. 1b) in high-mobility graphene devices with an
Si04/Si back-gate can be readily obtained by monitoring
the device’s substrate far-field mid-IR emission as a func-
tion of electrical bias. Indeed, a fraction Pyyt—of—plane Of
the total electrical power injected into the device reaches
the SiOy back-gate via electroluminescent energy trans-
fer from graphene to the first few nanometers of hBN
and subsequently, via thermal conduction through the
heterostructure. This results in a slight temperature in-
crease of the heterostructure, which is then signaled by
incandescent mid-IR emission from the SiO5 substrate as
depicted schematically in Fig. Bh.

We use a HgCdTe photo-detector with maximal de-
tectivity centred at SiOs’s Reststrahlen band (green
shaded region in Fig. to quantify the incandescent
emission. Within this spectral range, emission from
hBN and graphene is overshadowed by SiOs’s incandes-
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Fig. 3: Monitoring the out-of-plane energy transfer in a graphene device through its mid-infrared incandescent
emission. a, Schematic depiction of out-of-plane energy transfer in a high-mobility graphene field-effect device with an
SiO2 back-gate (substrate). The back-gate warms up slightly due to this out-of-plane energy transfer and subsequently emits
mid-infrared (mid-IR) thermal radiation. One can directly observe the device’s out-of-plane energy transfer by monitoring the
substrate’s mid-IR emission. b, Microscope image (top) and spatial scan (bottom) of the spectrally integrated mid-IR signal
(Pwir, integrated over the detector’s spectral bandwidth, A = 6 — 14 num) emitted by the TR2 device under bias. The dashed
white box indicates the orientation of the device’s graphene channel (black box in the top micrograph) in the image. The
bright emission spot, between the source and drain electrodes (left and right gold pads in the top micrograph), indicates that
the signal is most intense in that region, revealing that the emission originates from beneath the device channel. By contrast,
the device’s gold electrodes appear dark due to their low emissivity. ¢, Scan of Puir as a function of electrical bias. The
white dashed curve indicates the device’s Zener-Klein (ZK) tunneling threshold. d, Measured temperature increase in the SiO2
substrate as a function of bias. The temperature increase is determined by calibrating the detected mid-IR signal as a function
of sample temperature (see Methods and Extended Data Fig. El for full details). e, Measured out-of-plane power Pout-of-plane as
a function of applied bias. f, Ratio between Pout-of-plane and the total electrical power (Poiec = Vislas, where Vys and Iqs are
the drain-source bias voltage and current, respectively) injected into the TR2 device.

cence. Concordantly, the measurements presented in this
section primarily serve as a pyrometric analysis of the
SiO, substraté?®, which is obtained from the spectrally-
integrated mid-IR signal emitted by the large TR2 device
under bias. Although the electroluminescence signal from
scattered HPhPs also contributes to the integrated signal,
it lies at the periphery of our photo-detector’s spectral
range of maximal detectivity, thus minimally impacting
the current measurements, amounting to about 11% of
the integrated signal of the TR2 device.

We first verify through a spatial scan of the detected
mid-TR signal (Pyr), that the signal is most intense at
the channel location (see Fig. [Bp, bottom map), indicating
that the detected signal indeed originates from the heated
SiO2 substrate beneath the device channel. We then quan-
tify the contribution of out-of-plane energy transfer to

the device’s total power budget. The total power balance
is given by FPelec = Hn—planc + Pout—of—plan07 where Pejec =
Vas Ias (Vas, drain-source bias voltage; 145, drain-source
current) is the electrical power and Poyi-of-plane (Pin-plane)
is the power transferred in the out-of-plane (in-plane)
direction. The power transferred in the out-of-plane direc-
tion is computed from Ppyyi-of-plane = ATsi0,/ Rin, Where
Ryp is a thermal resistance obtained by solving the heat
equation of the heterostructure (see supplementary in-
formation, section m) The temperature increase of the
SiOg substrate ATgio, is determined by comparing the
device’s spectrally-integrated mid-IR signal under bias
(Fig. k) with the device’s signal at null bias and known
substrate temperature (see Methods and Extended Data
Fig. , where we equate the apparent radiation tem-
perature to the temperature of the SiOy substrate (see



supplementary information, section . As a result,
we obtain the distribution of the temperature increase
as a function of electrical bias, which is on the order of
ATsio, ~ 20 — 40 °C beyond the Zener-Klein threshold
(see Fig. B{).

Following this model, Pyyt-of-plane and the ratio of
the out-of-plane transferred power to the total electrical
power injected into the device (Pout-of-plane/Peicc) can be
computed as a function of electrical bias and doping, and
the result is presented in Fig. [3p and f. The maps reveal
that the investigated out-of-plane energy transfer mech-
anism amounts to a significant portion of the device’s
total power budget, with a maximal contribution of about
71%. We underscore here that this corresponds to an
out-of-plane power per surface area of ~ 19.5 kW.cm™2.
This value is three orders of magnitude larger than the
highest cooling power experimentally reported for a par-
ent mechanism, namely the electroluminescent cooling in
conventional semi-conductors 4%,

Finally, we emphasize here that the behaviour of
Pout-ot-plane s & function of bias and gate voltage
(Vasand Vy) in the large TR2 device is exemplary of
electroluminescent energy transfer. Firstly, the onset
of out-of-plane energy transfer matches the threshold
of Zener-Klein interband tunneling extracted from DC
transport measurements (see supplementary information,
section , as indicated by the dashed line in Fig. .
In fact, Pout-of-plane follows the same trend as that of
the radiated power (Pyir, Fig. ), whose onset is also
given by the Zener-Klein tunneling threshold. In contrast,
the electrical power shows the expected decrease near
the charge-neutral point at large bias (see supplemen-
tary information, Fig. SI-[4h). Secondly, the out-of-plane
power is largest at large bias near the charge-neutral point
(Vg =0 V) and falls off away from it due to Pauli block-
ing in the interband tunneling process. This is in stark
contrast to the intraband mechanism, for which emission
is more efficient at finite doping. This demonstrates the
interband origin of type II HPhP electroluminescence in
strongly biased hBN-encapsulated graphene devices.

Engineering the hyperbolic energy transfer

Having demonstrated hyperbolic radiative energy transfer
from graphene to hBN, we show in this section how to
engineer this mechanism. To do so we consider two differ-
ent sources of hBN crystals with contrasting properties:
The first hBN source consists of crystals synthesized at
high pressure and high temperature® (denoted by HPHT-
hBN in the following). The second hBN source consists
of hBN crystals synthesized through a specific method
at lower pressure, the polymer-derived ceramics route=!
(denoted by PDC-hBN). HPHT and PDC crystals show
comparable crystalline quality with yet a higher density
of crystal defects in the latter, presumably involving car-
bon or oxygen interstitial atoms32. The presence of such
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Fig. 4: Engineering the energy transfer efficiency by
tuning hBN crystalline quality. Comparison of graphene’s
electron temperature, obtained from its near-IR emission ver-
sus surface Joule power (details are outlined in Ref*?), for a
device made with PDC-hBN (Lyonl) and another made with
HPHT-hBN (F161) [see Extended Data Tablel].

defects is expected to affect the radiative energy transfer.
Notably, devices made with PDC-hBN on a gold-coated
substrate present similar transport properties to those
made with HPHT-hBN, and feature, in particular, a large
electronic mobility (up to 8 m2.V~1.s~! in ambient condi-
tions) which is necessary to reach the electronic interband
pumping regime.

The influence of defects on the investigated energy
transfer is confirmed by a near-infrared (near-IR) de-
termination of graphene’s electron temperature (Fig.
experimental details are outlined elsewhere in Ref?), in
which the electronic temperature is noticeably higher in
the PDC-hBN device at a given electrical power dissi-
pation per unit area. From this measurement, we ob-
serve that reaching a temperature of T' ~ 600 K requires
34.3 kW.cm~2 with the HPHT-hBN device, and only
6.5 kW.cm~2 in the PDC-hBN device, the two devices
having similar dimensions. This corresponds to a whop-
ping 5.3-fold decrease in the out-of-plane energy transfer.
This behaviour is also corroborated by 1 — 10 GHz noise
thermometry measurements (see Methods and Extended
Data Fig. , in which we compare the electronic noise
temperature of a device made with PDC-hBN and another
made with HPHT-hBN.

Interestingly, far-field measurements performed on
both hBN crystals revealed similar far-field optical proper-
ties in the investigated mid-infrared spectral range, which
suggests that scattering sites in PDC-hBN are present
on a subwavelength scale. Beyond mean-field, it has
been shown that, in strongly disordered media, multi-
ple scattering can result in a strong modification of the
electromagnetic LDOS?*¥ leading to drastic changes in
energy transfer. In isotropic materials, this effect leads



to an increase in the Purcell effect. In contrast, we ob-
serve a reduced out-of-plane energy transfer in hyperbolic
hBN, highlighting the need for a re-evaluation of this
phenomenon in the context of hyperbolic materials. By
enabling the suppression of out-of-plane energy transfer,
such materials with nanoscale inhomogeneities open the
door to new regimes with extremely out-of-equilibrium
electronic distribution.

Conclusion

In summary, we have directly observed the type II HPhP
electroluminescence of hBN-encapsulated graphene de-
vices under large bias as a result of scattering by disconti-
nuities. We have also shown that this electroluminescence
is responsible for the large out-of-plane energy transfer
to the substrate, as revealed by its key features (electron-
hole injection threshold and gate voltage dependence).
Through pyrometric measurements, we quantified the ef-
ficiency of the electroluminescence-driven energy transfer
for a 35 x 35 um? transistor. Remarkably, our findings in-
dicate that this process contributes to as much as ~ 71 %
of the device’s total power budget.

These two phenomena illustrate the dual nature of a
single fundamental mechanism in high-mobility graphene,
as they both arise from the non-equilibrium electronic
pumping of the electron gas and its subsequent radiative
recombination through the emission of phonon-polaritons.
Notably, this mechanism holds promise for the develop-
ment of novel bright sources of phonon-polaritons and is
not necessarily limited to the encapsulant’s Reststrahlen
bands: Through nano-photonic engineering, it should be
possible to evoke electroluminescence — and potentially op-
tical gain and lasing — in the far-field at other wavelengths
where damping is absent.

Finally, we demonstrated the engineering of the ra-
diative energy transfer by tuning the local disorder in
the hyperbolic hBN encapsulant and as such the LDOS
of HPhPs. This effect was confirmed by comparing the
electronic noise thermometry and near-IR thermometry
profiles of two hBN sources of different crystalline quality.
The control of energy transfer by engineering material
disorder is appealing from a technological point of view,
e.g., it has been shown that the acoustic turbidity of a
material enables the control of its thermal conduction
without altering its macroscopic properties®*2%. Our ex-
periments demonstrate the same concept for radiative
energy transfer and could find interesting applications in
nano-thermal management.

Methods

Sample fabrication and electrical characterisation

The  hexagonal-boron-nitride = (hBN)-encapsulated
graphene heterostructures are fabricated with the
standard pick-up and stamping technique, using a
polydimethylsiloxane (PDMS) / polypropylene carbonate
(PPC) stamp. When needed, the gate electrode is first
fabricated on a high-resistivity Si substrate covered by a
285 nm-thick SiO5 layer. It consists of a pre-patterned
gold pad (80 nm thick) designed by laser lithography
and Cr/Au metalization. The hBN/Graphene/hBN
heterostructure is then deposited on top of the back-gate.
This is followed by acetone cleaning of the stamp residues,
Raman spatial mapping, and an atomic-force microscope
characterisation of the stack. Graphene edge contacts are
then created by means of laser lithography and reactive
ion etching, securing low contact resistance S 1kQ.um.
Finally, metallic contacts to the graphene channel are
designed via a Cr/Au Joule evaporation.

The transistors’ dimensions were optimized to ob-
tain the highest optical signal, while their high mobil-
ity at room temperature ensures a moderate channel
electric field E = V/L 2 10° V.m~! for the threshold
of electroluminescent near-field radiative energy trans-
fer. The DC electrical measurements were performed
using a Keithley 2612 voltage source to apply gate and
bias voltages and measure the bias current. Gate po-
larization V; controls the electron charge density via

n = €y [(enBn/theN) '+ (€510, /tsi0,) '] ~(V,— Voe),
where Vonp is the charge-neutral point of the channel,
then and tgio, are the thicknesses of the bottom hBN layer
and the SiOg layer, and eppy = 3.4 and egi0, = 3.7 are
the static out-of-plane dielectric permittivities of hBN=7
and SiOs, respectively. The properties of the various de-
vices utilised in this study are summarized in Extended
Data Table [l A comparison of the mid-IR spectral re-
sponse of the various hBN crystals used here is shown in
Extended Data Fig.

Pyrometric and spectroscopic signatures of elec-
troluminescent energy transfer: mid-infrared ex-
perimental techniques

The far-field mid-IR emission of the devices investigated
here is collected via an infrared microscope fitted with a
Cassegrain objective (NA = 0.78, angular collection inter-
val € [33°,52°]). The collected signal is modulated before
reaching a liquid nitrogen-cooled HgCdTe detector and
the detected signal is demodulated by a lock-in amplifier
at the frequency of modulation. Two signal modulation
techniques are used. The first technique is an infrared
spatial modulation technique, in which the sample is lat-
erally modulated by a piezoelectric translation stage. The
second technique employs an optical chopper as sketched
in Extended Data Fig. 2] Spectroscopy or integrated
signal mapping is then performed on the detected signal,



as outlined in Ref!®3.

The spectral response function of the setup is ob-
tained by measuring the blackbody thermal emission of
a reference gold substrate patterned with emissive car-
bon black ink squares of known emissivity (ecp) at vari-
ous sample temperatures. The response function is then

S, T2)—S(,T1) - )
ECBUM(V?Tz)—M(;,Tl)], where v = 1/ is

the wavenumber, S(v,T1) and S(v,T3) are the measured
spectral fluxes at the sample temperatures 77 and 15
(Ty > T1), and M (v, Ty) and M (v, Ty) are the correspond-
ing Planck blackbody spectral radiance integrated over
the field of view of the microscope and the collection
angles of the Cassegrain objective (see supplementary
information of Ref®#). The spectral response functions
of the two detection techniques used here are shown in
Extended Data Fig. 3|

The mid-IR spectrum of the TR1 device was mea-
sured via infrared spatial modulation spectroscopy (IR-
SMS)2H23 as described in Ref3 while that of TR2
was measured with the optical chopping detection tech-
nique. The latter was subtracted by a baseline spectrum
to remove the contribution of the optical chopper to the
detected signal. The imaging resolution of the spectrally
integrated signal spatial map (Fig. [3b) measured via the
setup with the optical chopping scheme is estimated to be
~ 15.7 pm (see supplementary information, section .

The out-of-plane radiative power of the device
Pout-of-plane is determined from the device’s detected mid-
IR signal as a function of electrical bias (Extended Data
Fig. ) This is done by calibrating the amplitude of
the detected mid-IR signal with respect to the sample
temperature by placing the sample on a hot sample holder
and measuring its thermal emission at various tempera-
tures (see Extended Data Fig. [4h and b). As a result of
this calibration procedure, we find that the temperature
increase of the SiOy substrate as a function of bias in
HPHT-hBN devices ranges between ATgio, ~ 20 — 40°C
beyond the Zener-Klein threshold (see Extended Data

Fig. [4d).

given by r(v) =

Demonstration of the electroluminescent origin of
the mid-IR signal

We demonstrate the electroluminescent nature of the mid-
IR signal emitted by the devices, following the approach
adopted in Ref®?. Namely, we experimentally rule out
the possibility that the detected signal originates from the
incandescence of hBN’s optical phonons or graphene’s hot
electrons. To do so, we measure the temperature of the
two aforementioned quasi-particles, which is then used to
estimate their blackbody emission. The temperature of
hBN’s optical phonons is determined via Raman Stokes-
anti-Stokes thermometry? (see Extended Data Fig. .
We then compare the mid-IR spectrum of the device under
electrical bias with that of its mid-IR thermal emission
when the whole device is heated via a hot plate to the
temperature of hBN’s optical phonons (see Extended Data
Fig. @ As mentioned in the main text, the polariton peak

around 190 meV is absent from the measured thermal
radiation spectrum (Extended Data Fig. @, green curve),
effectively ruling out hBN’s incandescence as the source
of the measured emission. As such, the measured signal
originates from the graphene layer.

Having identified that emission results from graphene,
we now use the theoretical expression for electrolumines-
cent emission as given by the generalized Kirchhoff law
(outlined in Refd): 2fe — aabs(fur,w)w&l where

% is the spectral radiance per unit volume, oaps(—t, w)

is the absorption cross-section of the graphene layer and

2 . . . .
I(T,w) = 152 hf‘juc is a modified Bose-Einstein
exp (%542 ) -1

distribution that accounts for the electrochemical poten-
tial imbalance between the conduction and the valence
band p., which represents the out-of-equilibrium character
of the electronic distribution with respect to the thermal
state. To demonstrate electroluminescence at 192 meV,
we can simply compare the experimental and thermal
emission (obtained by setting p. = 0 meV and hw = 192
meV in the above formula): if an excess emission is de-
tected, it proves the role of out-of-equilibrium electrons
in the emission, and therefore of the electroluminescent
nature of the detected signal.

The spectrum of the excess mid-IR emission with re-
spect to the null bias condition is measured via IR-SMS
as a function of increasing bias and the resulting spectral
flux at the polariton peak, marked by an asterisk in Ex-
tended Data Fig.[7h, is compared with a Planck blackbody
distribution (see Extended Data Fig. [7p) using the tem-
perature of graphene’s hot electrons, which was measured
by characterising the device’s near-infrared incandescence
as outlined in Ref3. This comparison shows that the
measured spectral flux with increasing bias is about two
times larger than that expected from incandescence in
the bias range 6 —8 V (see Extended Data Fig. [Tp, inset),
thus precluding graphene’s incandescence as a possible
source of the measured signal. We emphasize here the
fact that this fitting procedure represents a worst-case
scenario, in which it is assumed that the measured mid-IR
flux at a low value of bias (4.3 V) is equal to that of the
incandescence flux and the evolution of the two fluxes is
compared as a function of increasing bias.

We conclude from the analysis above that the mid-
IR signal emitted by the device under electrical bias is
electroluminescent in nature.

In addition to the spectra of TR1 and TR2 shown
in the main text, the mid-IR spectra of two additional
electroluminescent devices made with HPHT-hBN are
presented in Extended Data Fig.[§and[0] In these devices,
the scattering of HPhPs to the far-field occurs due to gold
discontinuities.

Description of TR1 and TR2

The TR1 and TR2 devices serve two different purposes.
TR1 is smaller with contacts proximal to the channel,
and a fold in the top hBN that can be observed in Ex-



tended Data Fig. [1} such features contribute to a more
pronounced outward coupling of HPhPs compared to TR2.
The design of TR2, with its channel size matching the field
of view of the infrared microscope, was specifically chosen
to simplify the analysis of out-of-plane energy transfer,
minimizing scattering and thus the electroluminescence
signal from HPhPs. Additionally, TR2 contains bubbles,
which appear as green spots on the micrograph. These
bubbles are common in nanofabrication, they can be due
to hydrocarbons or water and do not perturb electronic
transport at room temperature. However, these bubbles
can be responsible for the emission peak due to the scat-
tering of the SiOs SPhPs that occur at the bubble-SiOq
interface. Finally, the two devices have different hBN
layer thicknesses which are summarized in Extended Data
Table [l

Noise temperature measurements

Following the approach described in Refs ™8 we per-

formed a noise thermometry characterisation of hBN-
encapsulated graphene transistors under large bias to
quantify the efficiency of near-field radiative energy trans-
fer. Noise temperature measurements were performed at
room temperature in a cryogenic probe station adapted
to radio-frequency measurements up to 67 GHz, using a
Tektronix DPO71604C ultra-fast oscilloscope for measure-
ments up to 16 GHz. The high-frequency signal coming
from the device is amplified by a CITCRYO1-12D Cal-
tech low noise amplifier in the 1 — 10 GHz band, whose
noise and gain have been calibrated against the thermal
noise of a 50 Q) calibration resistance measured at vari-
ous temperatures between 10 K and 300 K in the probe
station. Electronic noise thermometry measurements of
the investigated devices are presented in Extended Data

Fig. [[1]

Raman Stokes-anti-Stokes thermometry

In order to precisely and unequivocally determine the
temperature of hBN’s optical phonons, we performed
Stokes-anti-Stokes thermometry. We used a Renishaw
Raman spectrometer with a notch filter that allows simul-
taneous measurement of Stokes (S) and anti-Stokes (AS)
peaks. The graphene device is excited with a A = 532 nm
laser (P = 5 mW). We relied on the intensity ratio be-
tween the S and AS peaks at a temperature T given
by IIA—SS = 67’”'73797", where 7€) is the energy of the optical
phonon mode (for the hBN optical phonon mode Es,,
the energy is 1,365 cm™! = 169 meV). The measurement
at zero bias voltage allows for an absolute calibration.
By comparing the AS/S ratios at zero bias and non-zero
bias, we deduced the temperature of the optical phonons
of hBN as a function of doping and bias voltage (see
Extended Data Fig. [5)).

A Stokes-anti-Stokes characterisation of a graphene
device made with PDC-hBN is presented in supplementary
information, section [[V] in which hBN optical phonon

temperature was found to be similar to that of HPHT-
hBN.

Numerical methods

Figures and d of the main text were generated using
the open-source numerical electromagnetic solver Reticolo,
developed by Jean-Paul Hugonin and Philippe Lalanne?
and using the hBN and SiOs dielectric permittivity models
described in the supplementary information (section .
In Fig. 2d, we presented the layer-by-layer emissivity
of the TR1 layer geometry, integrated over the mid-IR
microscope objective aperture. The red curve gives the
emissivity of the graphene layer in the heterostructure
with a fold in the top hBN layer. Figure 2p shows the
normalized Purcell factor computed for a horizontal dipole
source situated 3.5 A above a 30 nm thick hBN slab and
3.5 A below a 52 nm thick hBN slab, chosen to mimic
the cutoff wavevector emission of the interband electronic
transitions involved in type IT HPhP electroluminescence.

The reflection coefficient of the TR1 heterostructure,
whose imaginary part is depicted in Fig. [2p, was ana-
lytically derived in the supplementary information (sec-
tion and numerically evaluated using MATLAB. All
corresponding codes are available in the Zenodo repository
linked below.

Data availability

Data are publicly available on Zenodo at the doi
10.5281 /zenodo.10625437
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Extended Data Fig. 1: Optical microscope images of transistors TR1 (left) and TR2 (right) resolved with a x50

objective.
SN 0
|
N

IR microscope

Cassegrain T
objective
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A chopper
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Source \‘\ Drain P

Parabolic mirror MCT detector
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Extended Data Fig. 2: Schematic illustration of the detection technique used for characterising the mid-IR
signal (Puir, integrated over the full spectral range of the detector) of an hBN-encapsulated graphene device (left, TR2 device
with L x W = 35 x 35 um?) due to the radiative emission of the SiO2 back-gate. The setup is utilised to perform the pyrometric
characterisation of Fig.[3]of the main text.

Device L | W |tuBN,top |thBN,bottom iz R.

(pm)|(pm)| (nm) (nm) (m* Vs ()
TR1 (HPHT-hBN) 9.2 | 15.5 52 30 6 250
TR2 (HPHT-hBN) 35 35 82 65 10 150
TR3 (HPHT-hBN) 9 8 54 30 9 190
TR4 (HPHT-hBN) 8.1 | 12.6 91 41 5.6 220
F161 (HPHT-hBN) 6 10 54 152 16 45
Lyonl (PDC-hBN) 9 9 49 142 4 230
KSU-hBN 10 16 191 151 1.4 800

Extended Data Table I: Geometrical and electronic properties of the various graphene transistors investigated
in this study. L and W are the length and width of the graphene channel, th8N,top and thBN,bottom are the thicknesses of hBN
encapsulates, p is the zero-bias electronic mobility and R. is the contact resistance of the sample.
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Extended Data Fig. 3: Spectral response function (r) of the mid-IR setup for the two detection techniques
utilised in this study. a, Spectral response function for modulation with an optical chopper. b, Spectral response function of
the infrared spatial modulation spectroscopy (IR-SMS) technique.

Vas(V) Te (K)

4.3 480
5.2 510
6.2 550
7.5 600
8.2 625

Extended Data Table II: Measured electron temperature (7.) as a function of drain-source voltage (V) in the
TR1 device.
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Extended Data Fig. 4: Calibration of the pyrometric technique. a, Comparison between the mid-IR spectra of the
hBN-encapsulated device TR2 with an SiO2 back-gate under electrical bias and by heating the device via a hot plate at various
temperatures 7. The mid-IR signal is measured using an optical chopper (see Extended Data Fig. . The plotted spectra are
corrected by a reference measurement, which removes the contribution of the chopper to the detected signal, and then normalized
by an instrumental response function (see supplementary information of Ref.m). b, Linear fit of the spectrally-integrated signal
Sint obtained with the hot plate as a function of temperature. Sin¢ is found by integrating the spectra S from panel a over
the detector’s spectral bandwidth. From the comparison of panel a we find that the temperature of the SiO2 back-gate varies
between ATsio, ~ 0 — 40 °C when the device is electrically biased. ¢, Scan of the mid-IR spectrally-integrated power Puir
emitted by the TR2 device as a function of bias. d, Increase in the temperature of the device’s SiO2 back-gate (ATsi0,) as a
function of electrical bias, obtained from the mid-IR signal to sample temperature calibration.
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Extended Data Fig. 5: Raman Stokes-anti-Stokes (SAS) thermometry of the TR1 device. The temperature of
hBN optical phonons measured by SAS thermometry (see Methods) is plotted as a function of bias for three different dopings

(Vg = 1.5 V corresponding to charge neutrality). At charge neutrality, the temperature of hBN’s optical phonons is found to be
S 75°C.
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Extended Data Fig. 6: Electroluminescence vs hBN incandescence. Comparison between the IR-SMS spectral flux of
TR1 under electrical bias (red curve) and its incandescence when heated via a hot plate to the temperature of hBN’s optical
phonons (~ 75°C, green curve). This comparison reveals that the main polariton peak at ~ 190 meV, which is involved in the
electroluminescence process, is notably absent from the thermal emission spectrum (green curve). Thus, incandescence from
hBN'’s optical phonons can be dismissed as the origin of the mid-IR signal.
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Extended Data Fig. 7: Electroluminescence vs graphene’s hot electron incandescence. a, Sweep of the mid-infrared
spectral emission of the TR1 device (inset) under electrical bias, measured via IR-SMS. b, Spectral flux at the HPhP resonance,
marked by an asterisk in panel a, as a function of applied bias. Both experiments were performed at V; = 0 V. The hollow grey
triangles are the Planck law fit given by AE?/[exp (E/kgT.) — 1], in which A is a fitting constant, E = 192 meV is the polariton
energy, and T, is the electron temperature given in Extended Data Table [} A is determined by equating the spectral flux at
Vis = 4.3 V to the value of the measured spectral flux at the same point. The magenta and grey curves are a second-order
polynomial fit and a linear fit, respectively, corresponding to the data points. The inset shows the ratio of the measured spectral
flux to that obtained from the Planck law fit. The measured spectral flux with increasing bias is about two times larger than
that expected from incandescence in the bias range 6 — 8 V, thus precluding graphene’s incandescence as a possible source of the
measured signal. Note that this fitting procedure represents a worst-case scenario, in which it is assumed that the measured
mid-IR flux at a low value of bias (4.3 V) is equal to that of the incandescence flux and the evolution of the two fluxes is
compared as a function of increasing bias.
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Extended Data Fig. 8: Electroluminescence of device TR3 with scatterers exhibiting a peak around 800 cm™*' in

hBN’s first Reststrahlen band. a, Optical microscope image of the electroluminescent HPHT-hBN device TR3 resolved

with a X100 objective. The device includes scatterers in the form of subwavelength gold disks and etches in the hBN layer that

are randomly distributed across the device’s channel. b, Mid-IR spectrum of TR3 under bias (Vs = 13 V, V, = 0 V) measured
via IR-SMS.
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Extended Data Fig. 9: Electroluminescence of device TR4 without scatterers exhibiting a peak around 190 meV
in hBN’s second Reststrahlen band. a, Optical microscope image of electroluminescent HPHT-hBN device TR4 resolved
with a x50 objective. Notably, the device does not include scatterers in the form of subwavelength gold disks. Thus, only the
metallic contacts can scatter HPhPs and the short channel length further enhances this effect. b, Mid-IR spectrum of TR4 at
zero gate voltage and variable drain-souce bias (V) measured via IR-SMS.
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Extended Data Fig. 10: Comparison of the differential reflectance peaks of hBN flakes of various crystalline
quality. a, Reflectance difference in the mid-IR between the reflectance spectra of hBN flakes on a diamond substrate and
the reflectance spectra of a diamond reference for two different HPHT-hBN flakes labelled NIMS and two different PDC-hBN
flakes labeled Lyon. The signal is proportional to the absorptance with an amplitude related to the flake thickness. b and
¢, Bar plots comparing the absorption peak centre energy (panel b) and linewidth (panel c), fitted by a Lorentzian function
from the differential reflectance of the 4 samples studied here. Measurements were performed with a Cassegrain objective with
magnification x15, a numerical aperture of 0.4, and a Briiker Hyperion spectrometer. The spectral resolution is 2 cm™!.
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Extended Data Fig. 11: Electronic noise temperature (Tx) as a function of bias for 3 graphene transistors each
made with a different type of hBN crystal: HPHT-hBN from NIMS, PDC-hBN from Lyon and APHT mono-isotopic h**BN
from KSU. a, Electronic noise temperature of a device made with mono-isotopic boron nitride from KSU, USA (> 99% ''B,
fabricated at high temperature and atmospheric pressure). b, Electronic noise temperature of a device made with HPHT-hBN
from NIMS, Japan. c, Electronic noise temperature of a device made with PDC-hBN from Lyon, France. While the Zener
tunneling regime leads to reduced electronic heating for both APHT- and HPHT-hBN at large bias, there is no such signature
in PDC-hBN, confirming that radiative energy transfer is significantly reduced in this material.



Supplementary information

I Modeling the out-of-plane energy trans-
fer in a graphene/hBN heterostructure

In this section, we detail various thermal models that
describe energy transfer in a graphene/hBN device with
an SiO5/Si back-gate, starting from the simplest case
(in which only the thermal resistance of the substrate is
considered) then making our way through a more refined
approach, in which the whole structure is modeled. The
latter model is utilised to obtain the results presented in
the main text.

The out-of-plane radiative power can be calculated via
a simple thermal model (introduced in RefY) which only
takes into account the thermal resistances of the SiOq
and Si layers of the device’s back-gate (see Fig. SI- . To
do so we define the altitude z in reference to the wafer
substrate. The temperature profile within the SiOq layer
of thickness dgio, for a given out-of-plane power exchange
Pout-of-plane i obtained from the thermal ohm’s law:

TSi02 (Z) = [RSi02 (Z) + RSi] Pout—of—planea (1)

where RSiOz (Z) = ZZ;%R&Q% and Rs,io2 = RSiQ2 (0) is
the total thermal resistance of the SiOs layer. For the
small temperature increase considered in the pyrometry
experiment conducted here, the incandescent signal is
proportional to the average temperature increase of SiOq
with respect to the substrate temperature Ty, which is
given by ATgio, = @ fEdSiOQ Tsi0,(z)dz — Tp. In this

framework, the out-of-plane power is given by

ATgsi0,
Pout—of—plane = 5
Ry

_ ATsio, @)

1 )
5 Rsio, + Rsi

where Ry is the total effective thermal resistance of the
layers and Rgio, and Rg; are the effective thermal resis-
tances of the SiO5 and Si layer, respectively (see Fig. SI—,
which are given by

dsio
Rsio, = —29%2 3
5102 Ksio, LW ®)
and
1
Ryi= ———. (4)

L 2k VIW

In the above equations dgio, = 285 nm is the thick-
ness of the SiOy layer, kg0, = 1.4 W.m™ 1K1 and
ksi = 150 W.m— 1. K~! are the thermal conductivities
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Device channel

dSiOZI

Fig. SI- 1: Sketch of a simple thermal model used to compute
the total thermal resistance R, = Rsio, + Rsi ruling the out-
of-plane energy transfer in an hBN-encapsulated graphene
device with an SiO3/Si back-gate.

of SiO5 and Si, and L = 35 pm and W = 35 um give
the dimensions of the device’s graphene channel (see Fig.
SI. From Egs. (3)) and (4]), we obtain a total thermal
resistance Ry, ~ 178 K.W™". This results in an out-of-
plane power Poyi-of-plane that reaches 68 % of the total
electrical power injected into the device. Note that this
simple model is the same as that reported in Ref4 how-
ever, in our case, there is an additional factor of 1/2 in
the denominator of Eq. to account for the fact that
the thermal radiation emitted by the device results from
the average temperature of the SiO4 layer.

A more detailed approach for calculating Pyy¢-of-plane
involves solving the general heat equation for a more
complicated geometry. In its three-dimensional Cartesian
form, the transient heat conduction equation is expressed
as

8—T =V - (kVT)+Q, (5)
ot

where p represents the material density, C}, the specific
heat capacity, T the temperature, ¢ the time, x the ther-
mal conductivity, V- the divergence and @ the heat gen-
eration term.

We consider in what follows a steady-state scenario
with a cylindrical geometry (Fig. SI- , where the
graphene transistor under large bias generates a disk-
shaped heat flux (represented in red) on top of the SiO5/Si
substrate.

In this case the heat equation is given by

pChp

10 oT 9 T
;E |:T’%TT(T7 Z>8’f‘:| + E |:Iizz(’r7 Z)az] = 7@, (6)

where k,..(r, z) and k., (r, z) are the spatially dependent

thermal conductivities (taking into account uniaxial ma-

terials such as hBN).

Table SHI summarizes the thermal conductivities of the

different materials considered in the heat transfer problem.
We considered two different geometries:
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Fig. SI- 2: Side view (left panel) and top view (right panel) of the considered simple geometry, where a disk-shaped heat flux is
applied on top of a 285 nm-thick SiO2 layer and a semi-infinite Si substrate. Scales are in units of the disk radius R.

Material Thermal conductivity
(Wm 1K)

SiO, 1.4

Si 150

hBN (in-plane)*" 400

hBN (out-of-plane)*? 8

Au 320

Table SI- I: Thermal conductivities of the materials making
up the studied devices.

(i) The simple geometry considered in the model of
Ref9 where a silicon dioxide layer extends from
z =0 to z = —285 nm on top of a semi-infinite
(actual thickness: 525 pm) Si substrate. A small
disk-shaped heat flux is applied at the position
of the graphene channel under bias (disk between
r = 0 and r = R, with the radius of the disk
R =19.7 um chosen to mimic the total surface of
the graphene transistor TR2 under study). Both
layers extend from r = 0 to = 1 mm and have
distinct thermal properties. Such geometry is
displayed in Fig. SI-[2

(ii) A more realistic geometry shown in Fig. SI- (3] where
we add an additional layer of hBN situated on top
of the SiOs layer and located radially from r = R
to r = 2R (hBN hollow disk) and vertically from
z =0 to z = 80nm. This layer models the fraction
of hBN outside of the graphene region that has

been etched to create edge contacts. We also add
gold metallizations, with an Au disk located atop
the hBN hollow disk (thickness: 150 nm) and an
outer Au disk located everywhere outside the hBN
region (from r = 2R to r = 1mm). These two
disks represent the gold access deposited for the
electrodes.

The aforementioned steady-state heat equation is
solved numerically using a finite-element method imple-
mented in Mathematica. The solution domain is dis-
cretized into finite elements and the equation is solved
over these elements. The boundary conditions define
the fixed heat flux on top and the fixed temperature at
the bottom of the structure. Finally, the spatial varia-
tion in the thermal conductivity is encoded by defining a
piece-wise function for k.. and k., to account for these
variations across different regions of the domain.

Table SI{I] compares the thermal resistances obtained
for the different scenarios discussed above and the simple
model introduced at the beginning of this section, where
we consider the average temperature for the SiOs layer.
The results underline the fact that the simple model is
in excellent agreement with a more refined treatment of
the whole structure and confirms that the out-of-plane
radiative power reaches almost 70% of the total dissi-
pated electrical power. Note that this result relies on the
following four assumptions

(i) The SiOg layer is thin enough so that we consider
it almost transparent, making the emission power
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Fig. SI- 3: Side view of a more realistic geometry, where gold
metallizations and a hollow hBN disk are present. Scales are
in units of the disk radius R.

Model Thermal resistance
(K.W™)

Basic model*” 178.33

Heat equation w/ SiO2 and Si (Fig. SI- 172.72

Addition of hBN hollow disk 171.9

Introduction of Au metallization (Fig. SI- 171.44

3)

Table SI- II: Thermal resistances obtained for the different
models (for R = 19.7 pm corresponding to that of the TR2
device)

additive with the SiOs layer depth.

(ii) Interference effects are negligible in the contribution
from each layer to the far-field.

(iii) The elevation in temperature is small compared to
room temperature so that we can use the linearized
version of the emitted power with respect to
temperature elevation. We also assume an affine
temperature profile within SiOo (which is confirmed
by simulations).

(iv) Interfacial thermal resistances are neglected.

The out-of-plane power resulting from the solution of
the full thermal problem is plotted in Fig. SI- b along
with the ratio between Fyyt-of-plane and the total electrical
power Pee. injected into the device (Fig. SI- )7 which
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gives the contribution of out-of-plane radiative near-field
energy transfer to the device’s total power budget (Fig. SI-
4h).

Crucially, we note that, while the near-field electrolu-
minescent energy transfer occurs between graphene and
the first neighbouring layers of the top and bottom hBN
layers, the pyrometric measurement of Pyyt-of-planc given
by Eq. is insensitive to the thermal resistance of the
bottom hBN layer Rypn. This is simply a consequence
of the thermal Ohm’s law.

II Determination of the far-field imaging
resolution of the mid-IR setup

The optical resolution of the mid-IR experimental setup
is determined through the knife-edge method described
in Fig. SI{f] A spatial scan of the mid-IR signal from a
straight silicon carbide/gold interface is measured (Fig.
SI{ph) and an average horizontal line scan is extracted,
whose profile resembles a step function. The resolution is
defined by the distance between two vertical lines on the
profile, one when the signal reaches 90% and one when it
reaches 10% (see Fig. SI{5b). The optical resolution is
thus measured to be 15.7 pym.

IIT Hyperbolic plasmon-phonon-
polariton dispersion curves in
hBN-encapsulated graphene

The polaritonic dispersion curves of our samples were
obtained by evaluating the poles of the reflection coeffi-
cient r, of the sample’s multi-layer heterostructure for
p-polarized light. A similar approach was utilised in
Refs 4344,

Our samples consist of a mono-layer graphene en-
capsulated by two thin hBN flakes and placed on an
Si04/Si substrate with a 285 nm-thick SiO4 layer and an
Si layer of bulk thickness. If we consider the SiO5 thin
film on the Si substrate only, then the surface phonon-
polaritons supported by this layered system should exhibit
two polariton branches w; and w_ with large wavevec-
tor asymptotic values of their dispersion curves reached

when Re(esio,) = —1 for the upper polariton wy, and
Re(esio,) = —esi = —11.7 for the lower polariton branch
w_ 4048 where £g;0, and eg; are the dielectric functions of

SiO4 and Si, respectively. Nevertheless, the large damping
inherent to amorphous SiOs precludes the excitation of
the lower polariton branch, as the minimal value of the
real part of €gi0, is min{Re(ESiOQ)} ~ —3.1 (see Fig. SI-
). The polaritonic response, in this case, is independent
of the SiO5 layer thickness, i.e., the response is the same
as that of bulk SiO5. Thus, to fully describe the polari-
tonic response of our samples, it is sufficient to consider
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Fig. SI- 4: a, Total electrical power (Pelec) injected into the TR2 device as a function of bias. b, Out-of-plane dissipated power
(Pout-of-plane) in the TR2 device as a function of electrical bias, computed from P,y = ATsio,/Rin, where ATgsi0, ~ 0 — 40 °C
and Ry, = 171.4 KW' (see Table SI-@). c, Percentage giving the contribution of the out-of-plane radiative energy transfer

. ) . Powieofe Py tmof- . .
mechanism to the total power budget obtained from the ratio —2utZef-plane out-of-plane , where Pin_plane is the in-plane
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Fig. SI- 5: a, Spatial scan of the spectrally-integrated mid-infrared signal (Puvir) measured at the interface between a SiC
substrate and a large Au pattern. b, Average horizontal line scan of panel a. The two vertical lines correspond to the positions
at which the signal reaches 10 % and 90 % of its maximal value. The imaging resolution is estimated to be 15.7 pm.

& =1 vacuum a four-layered hBN/graphene/hBN/SiO2 heterostructure,
z=0---- as sketched in Fig. SI- [0
ExTEy & hBN Id1 We use a Drude-Lorentz model with a single oscilla-
Graphene —

tor to describe the in-plane (e, = €,) and out-of-plane
&=¢,& hBN id2 (e,) dielectric functions of hBN, as well as the dielectric
function of SiO3 (egio, ), that is

”w
£y — &b

eu(w) = et + (Wio)®  (7)

(who)? —w? — ivkw

with p =z, z,0orSiOs.

Fig. SI- 6: Sketch of a graphene layer encapsulated between Here, W%O is the transverse optical phonon frequency, v
two hBN thin films of thicknesses di and dz on an SiOz sub-  is a damping constant, and e’ and &f are the values of
strate. eu(w) for w > wh g, and w <K why, respectively. The lon-
gitudinal optical phonon frequency wf'; is the frequency
for which €, (w) = 0 and is given in terms of Wi, by the
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Fig. SI- 7: a & b, Real and imaginary parts of the dielectric function of hBN, obtained by applying Eq. (]2[) for the in-plane
(z & y) and out-of-plane (z) directions. The orange-shaded regions indicate the two Reststrahlen bands of hBN. The optical
constants appropriate for hBN ard® g2 = 2.95, €5 = 3.34, wio = 780 cm ™!, Wi = 830 cm™ ', and v* = 4 cm ™!, for the
out-of-plane direction (type I Reststrahlen band), and €2, = 4.87, €7 = 6.72, who = 1,370 cm™ ', wfo = 1,610 cm™ ", and
4* =5 cm™" for the in-plane direction (type II Reststrahlen band). ¢ & d, Real and imaginary parts of the dielectric function of
SiOs2. The green-shaded region indicates the Reststrahlen band of SiO2. Optical constants®8 €302 — 1,97, and 5?02 = 2.64,

W92 =1,075 em ™!, wii9? = 1,245 cm ™!, and 45192 = 69 cm ™.

Lyddane-Sachs-Teller relation®: w}' = wh (el /e )12

The real and imaginary parts of the dielectric functions
of hBN and SiOs, calculated from Eq. (7)), are shown in
Fig. SI-[7

The influence of the graphene mono-layer is entailed
through the inclusion of its sheet conductivity o. This
is obtained by summing the intraband (ointra) and the
interband (ointer) contributions to the sheet conductivity,
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Fig. SI- 8: HPhP-plasmon dispersion curves visualized through the maxima of the imaginary part of the reflection coefficient
rp (plotted in a logarithmic scale), for two different values of the Fermi energy (Er = 30 meV, left; Er =1 €V, right), electron
mobility p. = 6.6 m2.V71.s717 and electron temperature T. = 625 K. The thicknesses of the hBN layers are d; = 52 nm and

ds = 30 nm. The dashed orange and green lines enclose the Reststrahlen bands of hBN and SiO2, respectively.

The addition of the second film yields the total reflection
coeflicient of the stack:

U(w) = Uintra(w) + Uinter(w)a (8)
) 262I€BT6 EF 2ik.d;
Tintra(w) = w+ il TRz " (2 cosh 21€BTe>7 ®) rp2 =1y = - - 7';171(17’* :Ole;izlgl)e (13)
— T10Tp1€°""2

Tinter (W) = e G w +i@ wdi
mter\) = up ) T Jo  (hw)? —4€2 > In the above two equations, r1o = (A2 — Ay +5) /(A1 +
(10) A2+S) and rqp = (A1 —A2+S)/(A1 + Ao + 5) are the
reflection coefficients at the graphene/hBN boundaries,
where and ryn = —Tam = (An — Ap)/(An + A) (mn #£ 12,21)

1 —exp (f kigTe)

11)

In the above equations, Ef is the Fermi energy, T, ~
600 K is the electron temperature, and I' = ev%/u.Er,
represents the phenomenological scattering rate or damp-

exp (F278 ) +exp (— 7538 + 1+ exp (— 25 )

are the reflection coefficients at the boundary between
regions m and n, in which the following definitions were
used

w? k2 w? o
x|l 5 —— ), kwo3= €035 ~ kz,

Ex €0,3
ing constant of electrons due to impurity scattering, in Im(k, kz03) >0, Aro = k. Ao = k03
which p, is the electron mobility, vp ~ 10° m/s is the .

. . . 1 o(ky,w)
Fermi velocity, and e is the electron charge. go=1, e3=c¢s0,, and S=
Assuming that the thicknesses of the encapsulat- € W

ing hBN layers are d; and ds, we may divide the
hBN//graphene/hBN/SiO heterostructure of Fig. SI- [6]
into the following four regions: z > 0 (j = 0, vacuum),
—d1<2<0(]:1,hBN), —dy —doy < z < —dy (]:27
hBN), and z < —d; — ds (j = 3, SiO2). The total re-
flection coeflicient of the structure can then be obtained
by adding the two hBN thin films successively as follows.
The reflection coefficient for the first film is written as

2ik.d
_ rio 4 7ra3(1 — rig — rog )=

Tp1 =

(12)

1 — royroge?ik=da

Note that €, = 8.854 x 10712 F.m~! is the permittivity of
free space, and k. and k¢ 3 give the out-of-plane polariton
wavevectors for j = 1,2 and j = 0, 3, respectively.

The polariton branches, visualized from the maxima of
the imaginary part of the reflection coefficient r,, [Eq. ]7
are shown in Fig. SI- [§] for two different values of the
Fermi energy (0.03 eV and 1 V). As presented in Fig. SI-
the influence of graphene’s plasmons on the HPhP
branches of hBN becomes significant only for high Fermi
energies (Er =1 €V) and is almost completely negligible
when the graphene is close to neutrality (see Fig. SI-
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Fig. SI- 9: Calculated lateral propagation length of the first
six HPhP thin film modes.

Er =0.03 eV). It should be noted here that the devices
investigated in this study were measured near charge
neutrality.

Using Eq. of the complex reflection coefficient,
one can solve for the complex poles k, in k at each
frequency. Writing k,, = k], + ik]!, the electromagnetic
fields of mode Mn (see Fig. 2a in the main text) then
scale as eik%r—kgr, where r is a spatial coordinate. The
quantity L, = 1/k! thus defines the lateral propagation
length for the field of the n* mode, which is represented
in Fig. SI{9| for the first 6 modes. Both the M0 and M1
modes propagate at micrometric lengthscales (> 1 pm),
while higher order modes propagate at shorter distances
(< 1 pm). Therefore, for a scatterer located less than
600 nm from the emission point, energy is conveyed by
HPhP rays, whereas for scatterers further away, only
thin film modes M0, M1, and to a lesser extent M2 are
involved.

IV  Stokes-anti-Stokes characterisation of
PDC-hBN

We performed a Stokes-anti-Stokes in situ determination
of the temperature of hBN’s optical phonons for devices
made with PDC-hBN under large bias (see Fig. SI- .
The temperatures obtained are comparable to the ones
obtained with HPHT-hBN and confirm that the decay
of hyperbolic phonon-polaritons into optical phonons is
similar for both hBN crystals.
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Fig. SI- 10: Stokes-anti-Stokes Raman characterisation
of the PDC-hBN device Lyonl. Plotted is the temperature
of hBN’s optical phonons from the E2, mode (1,365 cm™!)
as a function of bias. The electronic charge density is n =
6 x 10" ecm ™.

V Electronic transport characterisation

In this section, we illustrate the transport properties of
the investigated devices. The TR2 device is chosen as a
representative device here since all the studied devices
exhibit identical transport behaviour. The current-voltage
curves are first corrected from drain-gating effects and
are plotted in Fig. SIH{ITa. At low bias, the devices
show linear ohmic behavior, with a strong increase of
the intraband current with doping. Due to the high
mobility, the current rapidly reaches significant values
and saturates for Vs > Vi, where Vi, is the saturation
voltage. This saturation of intraband current can be
consistently attributed to the interaction with hyperbolic
phonon-polaritons of the lower Reststrahlen band of hBN
(hwr = 90 — 100 meV *™®. This velocity saturation regime
is followed at large bias by the onset of Zener interband
conduction, characterised by a constant bias- and doping-
independent differential conductivity oz < 1 mS, and
the onset of near-field radiative energy transfer (see main
text). The differential conductivity is fitted using the
standard dependence®2:

nep

0+ B/Ea)? +oz  (14)

J(E) = Ointra T Tinter =

where p is the electronic mobility at zero bias, n is the
charge carrier density, and E = V/L is the local electric
field in which V is the bias voltage and L is the device
channel length. Fits of the differential conductivity are
presented in Fig. SI-[I1, showing good agreement with
experimental data. The existence of a doping-dependent
voltage threshold for interband Zener conduction related
to Pauli blocking is unaccounted for in Eq. , which
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Fig. SI- 11: Electronic transport in the TR2 device. a, Current-voltage curves for a constant charge carrier density
n = [—6,6] x 10" cm™2. Note that the curves are measured at constant value of gate voltage (V) and are then corrected from
drain-gating effects. The inset shows the transfer curve of the device. b, Differential conductance o plotted as a function of bias
voltage for the same doping range as in panel a. Fits using Eq. [solid lines] are in good agreement with experimental data

[squares].

is a valid approximation as the intraband conductivity
is usually much larger than oz at low bias. In order to
extract an estimate of the voltage threshold (Vinreshold)
for the onset of the Zener-Klein tunneling regime from
these fits, we use the empirical criterion:

Ointra — 0Z when V = ‘/threshold (15)

which proves to be quite accurate. Values of the voltage
threshold are represented by dashed lines in the maps in
Figure 3 of the main text.

VI An atomic-force microscopy map of
the hBN fold on TR1

We investigated the topology of the channel of the TR1
device via atomic-force microscopy (AFM) to obtain the

geometric parameters of the fold in the top hBN layer.

The AFM map of TR1 is shown in Fig. SI-[I2a. A line
profile of the map, giving a cross-section of the fold, was
extracted and averaged over 100 pixels to reduce noise
(see Fig. SI{I2b). The fold was found to be 108 nm high
and 370 nm thick. Similar values were used to compute
the layer-by-layer emissivity of the heterostructure with

this type of scatterer (see Fig. SI- and Fig. SI).

VII The origin of the observed peaks in
the emission spectrum under electri-
cal bias

To understand the origin of the spectral features observed
in emission in Fig. 2c of the main text, we turn to the layer-
by-layer simulations of the emissivity of a heterostructure
with the geometry of the TR1 device. We successively
introduce models with increasing complexity to reveal the
role of each element in the final emission spectrum.

Figure SI- represents the pristine heterostructure’s
emissivity using the Drude-Lorentz model described in
section [[I] of this supplemental document for the elec-
tromagnetic response of SiOs [see Eq. ] The chosen
spectral range corresponds to the mid-IR spectral window
of our study and is centered on SiOs’s Reststrahlen band
(green-shaded region in Fig. SI- and covers hBN’s first
and second Reststrahlen bands as well (orange-shaded re-
gions). The simulation demonstrates that the two broad
peaks observed experimentally at 135 meV and 167 meV
originate from the SiOy substrate and hBN layers’ ab-
sorption, respectively. These peaks correspond to the
transverse optical phonon energies of SiOy (Wiio?) and
in-plane phonons of hBN (w#).

The emission spectra of devices in SiOs’s Reststrahlen
band present two additional peaks at larger energies. We
first start by revisiting the idealized Drude-Lorentz model
of SiO5. This model cannot capture in detail the full elec-
tromagnetic response of the SiOs glass on a wafer, which
is in a non-crystalline form and therefore includes modifi-
cations of its vibrational modes due to disorder-induced
coupling. This effect has been thoroughly explained in
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Fig. SI- 12: Atomic-force microscopy (AFM) measurement of transistor TR1 with a fold in its top hBN layer. a,
AFM map of the channel with the fold and gold contacts. The white line indicated by the number 1 is where a line profile was
extracted. b, Profile extracted from panel a, averaged over 100 pixels and shifted down by 140 nm so that the baseline is near
zero for ease of reading. The measured fold height and width are 108 nm and 370 nm, respectively.

Ref.[53 and can be captured by a Brendel-Bormann dielec-
tric permittivity modeP¥. We use the following Brendel-
Bormann model

5—500+Z\/87r [Io(zﬂ)ﬂo(z_ )}

054
a;Fuvg ; o T
where e5 = 2.15137, 24 ; = ﬁ, a; = V2 +ilv,
and In(z) = [7_ S—dx = ime=* erfe(—iz).

j vo (em™) T (em™) v, (em™') FWHM (cm™?)

1 724.653 2.5189 336.91 275.850
2* 1,053.249 15.1579 735.42 69.049
3 1,872.704 1,603.9714 237.80 132.663
4 433.254  21.4118 429.95 62.608
5% 1,172.866  0.0669 266.93 110.664
6 585.871 105.4864 2.53 102.901

Table SI- III: Parameters of the Brendel-Bormann model
of SiO3’s dielectric permittivity used for the layer-by-layer
emissivity simulations of the TR1 heterostructure. The Gaus-
sian broadening parameters are 0 = FWHM/4/81n(2). The *
symbol indicates the modes participating in the SiO2 emission
in the spectral range of interest.

The simulation result using the above model is shown
in Fig. SI-[I3p. Spectral weight from the main SiO,
phonon resonance at 135 meV is transferred to an ad-
ditional peak at 145 meV. The amplitude of this new
peak, which is associated with disorder-induced coupled
bright and dark vibrational modes AS{-AS5 of the O-Si-O
groups, is strongly dependent on the SiOy disorder and
is therefore sample-dependent. As such, the amplitude
of this peak varies experimentally from sample to sample
and can approach that of the main SiO5 emissivity peak
at 135 meV in some cases.

We now return to the simple Drude-Lorentz SiO,
model and consider the effect of gold contacts which
are made of large (micrometric) stripes of gold. Below
the gold layer, an epsilon-near-zero SiOs surface phonon-
polariton mode develops 5% The simulation in Fig. SI-
reveals the presence of this mode due to scattering to the
far-field, manifesting as an emissivity peak at 154 meV,
near the longitudinal optical phonon frequency of the
Si0q (wE‘g?) This peak can be clearly distinguished in
experimental spectra.

Finally, we consider the fold geometry of the TR1
device of the main text. In Fig. SI-[I3{d, we observe the
emergence of an emissivity peak at 192 meV associated
with graphene and hBN.

The four peaks illustrated above are the main contrib-
utors to the emission spectral features observed under
electrical bias in Fig. 2 of the main text.

Let us now turn towards additional contributions to
the emission spectra due to scatterers or defects. First, we
note that the emissivity peak due to the scattering of type
I hyperbolic phonon-polaritons (HPhPs) in hBN’s first
Reststrahlen band (see Fig. SI-[L3f) is only observed when
gold is deposited on top of the heterostructure. With this
configuration, it is possible to observe the electrolumines-
cence resulting from Cherenkov radiation of graphene’s
accelerated electrons. A small peak at ~ 100 meV is in-
deed observed in Fig. 2c of the main text in the measured
spectra and in other devices as well (see Extended Data
Fig. 8 and 9).

In Fig. SI- we simulate various scatterer configu-
rations to outline their effect on the emissivity in hBN’s
second Reststrahlen band compared to the pristine het-
erostructure (Fig. SI-[I4h). We find that the hBN fold
(Fig. SI- ) produces an isolated high-energy peak at
192 meV. In contrast, gold discontinuities on the structure
act as efficient scatterers but produce signals in the low-
energy end (167 to 180 meV) of hBN’s second Reststrahlen



28

a 0.25 b 0.25
—— hBN —— hBN
Graphene Graphene
0.24 | ——Sio, I 0.24| — sio, ——
SiO, SiO,
_Z*- (Drude-Lorentz) _E,\ (Brendel-Borman)
'S 0.151 'S 0.151
k%) ‘w
8 %)
E 0.1 E -
L AT 0.1
0.05+ 0.054
0‘ T T T T 0 T T T l‘ 1 1
80 100 120 140 160 180 200 80 100 120 140 160 180 200
Photon energy (meV) Photon energy (meV)
c d
0.1 0.25
—— hBN —— hBN
Graphene Graphene
——SiO, 027| —sio,
Au
= =
= S 0.151
3 0.054 3
S € 0.1
(H1] (N1
0.05 1
*
0‘ T T T T T 0 T T T T T T _ T
80 100 120 140 160 180 200 80 100 120 140 160 180 200

Photon energy (meV)

Photon energy (meV)

Fig. SI- 13: Simulation of the layer-by-layer emissivity of the TR1 heterostructure, considering the individual roles of different
elements. The layer thicknesses are as follows: 285 nm of SiO2, and 52 nm and 30 nm for the top and bottom hBN flakes,
respectively.a, The pristine heterostructure with the electromagnetic response of SiOs modeled using a Drude-Lorentz model. b,
The same simulation as in a, but with the electromagnetic response of SiO2 modeled using the more complex Bormann-Brendel
approach described in the text. ¢, Effect of Au contacts: A gold stripe (height, 100 nm; width, 24 um; periodic boundary
condition, 30 um) is considered on the surface. The simulation uses the Drude-Lorentz model for SiOs. d, Effect of a fold on the
top hBN: A rectangular-shaped fold (height, 100 nm; width, 250 nm) is on the surface. The simulation uses the Drude-Lorentz
model for SiOs.

band (see Fig. SI- and d). In practice, this emission
is concomitant with hBN’s bulk incandescent emission,
which precludes the precise identification of the radia-
tion’s origin. We must emphasize here that the spectra
are rather sensitive to scatterer size. In particular, for scat-
terers smaller than 300 nm, well-defined confined modes
can be identified. Another unintentional defect that ap-
pears experimentally is the presence of bubbles within
the heterostructure. Bubbles commonly result from the
nanofabrication process and consist of a mixture of water
and hydrocarbons®®. Such bubbles distinctly appear as
green spots on the TR2 device (see the bottom micro-
graph to the right of Fig. 2¢ in the main text). They have
no effect on electrical transport, but in the mid-IR, they

may result in the emergence of surface phonon-polaritons
from the SiOs/bubble interface which can, in principle, be
scattered to the far-field within SiOy’s Reststrahlen band.
However, this mode was found to be optically-inactive
in the numerical simulations presented in Fig. SIHIZp.
Finally, a groove in the top hBN layer was found to be
an inefficient scatterer (see Fig. SI- )
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Fig. SI- 14: Computed emissivity of various scatterers for a device with the geometry of TR1. a, Emissivity of the
heterostructure without any scatterer. b, Emissivity of the heterostructure with a single fold in the top hBN layer (rectangular
shaped, height, 100 nm; width, 250 nm). ¢, Emissivity of the heterostructure with gold contacts (height, 100 nm; width, 24 pm;
periodic boundary condition, 30 pm). d, Emissivity of the heterostructure with periodic gold pillars (height, 100 nm; diameter,
3.5 pm; periodic boundary condition, 6.5 ym). e, Emissivity of the heterostructure with an air bubble below the bottom hBN
layer (20 nm vertical translation of the heterostructure over a disk of 3.5 yum in diameter, periodic boundary condition period
6.5 um). f, Emissivity of the heterostructure with a groove in the top hBN layer down to graphene (3.5 um wide; periodic
boundary conditions, 6.5 pym).

VIII Emission spectrum under uniform
heating

also section of this supplement). This simula-
tion considers the translationally invariant case in
which phonon-polaritons are optically inactive. Con-
sequently, the two peaks at 134 meV and 145 meV

The quantification of the out-of-plane electroluminescent are due to incandescent emission from SiOs;

energy transfer from graphene to the device’s substrate

is achieved by monitoring the device’s substrate mid-IR e The SiO; emission peak at 154 meV in Fig. 2c (main
signal (emission occurring in SiOs’s Reststrahlen band) text) is due to the scattering of phonon-polaritons
under bias, which provides access to the temperature in- by defects or gold contacts. If this peak were due
crease of SiOy, ATgi0,. The temperature increase was to electroluminescence, its relative spectral weight
calibrated by comparing the device’s substrate mid-IR with respect to the SiOz bulk absorption peaks
signal under bias to the signal measured at null bias for a would be much larger when the device is biased
known substrate temperature. This pyrometry technique compared to when it is heated. However, we have
has two limitations: First, the SiO, emission under bias observed relatively similar spectral weights in both
could a priori originate from electroluminescence of SiOs cases (Fig. 2c under bias, and Extended Data Fig. |§|
polaritons rather than from its temperature increase. We heated at 75°C and under bias), indicating at least
consider that the SiO, signal is always thermal in our that the SiO2 signal is mostly thermal in origin.
experimental conditions, based on the following experi-

mental observations:

e The broad SiOs peak at 134 meV and its satellite
peak at 145 meV in Fig. 2k correspond to its bulk
absorption, as confirmed by the numerical simula-
tion of Fig. [2d (green curve) of the main text (see

Based on the above observations, we conclude that the
SiO4 apparent radiation temperature under electrical bias
is the average SiO5 temperature. Moreover, as mentioned
in the main text, the electroluminescence from HPhPs, at
the edge of the spectral window of the HgCdTe detector
used, is limited to 11% of the integrated signal.
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Fig. SI- 15: Simulation of the layer-by-layer emissivity
of the SiO./Si wafers used in this work.

The second limitation is due to the reference mea-
surements at known substrate temperatures, which are
plotted in Extended Data Fig. 4a. We observe that, while
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their spectral profiles are similar, the low-energy end of
the incandescent spectra is more pronounced than the one
obtained under electrical bias. This effect is simply due
to the extra contribution of the silicon wafer to the emis-
sion: Silicon has an extremely small absorptivity in the
mid-IR, which is compensated for by its large thickness
(0.6 mm) in our samples compared to the SiOy thickness.
Under electrical bias, the silicon incandescence signal is
negligible because the local heating produced by the tran-
sistor operation under bias is limited to a depth on the
order of its lateral width, i.e., S 35 um. However, under
uniform warming of the sample, the silicon bulk brings an
extra contribution around a spectral energy of 110 meV
(887 em™1!, see Fig. SI- . Note that our detector’s
detectivity is maximal at ~ 1,000 cm ™!, making it rather
sensitive to the sample’s absorptivity in the vicinity of
this frequency.

In our pyrometry analysis, by equating the apparent
temperature radiation and SiO5 temperature, we do not
consider this effect. If this effect is taken into account, the
out-of-plane energy transfer estimate increases by ~ 20%.
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