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Hyperbolic Phonon Polariton Electroluminescence

as an Electronic Cooling Pathway

Emmanuel Baudin,* Christophe Voisin, and Bernard Plagais

Engineering of the cooling mechanism is of primary importance for

the development of nanoelectronics. While radiation cooling is rather
inefficient in current electronic devices, the strong anisotropy of 2D
materials allows for enhanced efficiency because their hyperbolic
electromagnetic dispersion near phonon resonances allows them to
sustain much larger (=10°) number of radiating channels. In this review,
radiation cooling in 2D materials is addressed. The hyperbolic dispersion
of electromagnetic waves is presented, and how the spontaneous
fluctuations in current in a 2D electronic channel can radiate thermal
energy in its hyperbolic surrounding medium is described. Both the regime
of thermal current fluctuations and out-of-equilibrium current fluctuations
can be described within the same framework leading to superPlanckian
thermal emission and electroluminescent cooling. A recent experimental
investigation on graphene-on-hBN transistors using electronic noise

thermal links to the environment. In this
respect, the case of graphene-based devices
is emblematic: the absence of a bandgap
requires driving graphene transistors
in the velocity saturation regime where
Joule dissipation is prominent. In high-
mobility devices, the very limited electron-
phonon coupling (nonpolar material, low
defect density) associated to a drop of
the Wiedemann-Franz heat conduction
mechanism (due to a vanishing differential
conduction in the saturation regime), yields
considerable electronic temperatures, up
to several thousands of kelvins.?™ In this
peculiar situation where phonons remain
relatively cold and thermal conduction is
blocked, heat release through radiative

thermometry is discussed. In high mobility semimetal-like graphene
at large bias, a steady-state out-of-equilibrium situation is caused by
Zener tunneling of electrons, opening a route for electroluminescence
of hyperbolic electromagnetic modes. Electroluminescent cooling is
particularly prominent once the Zener tunneling regime is reached:
observed cooling powers are nine orders of magnitude larger than in

conventional LEDs.

1. Introduction

Heat transfer is a key issue in nanoelectronics. This is true for
the silicon metal oxide semiconductor field effect transistor
(MOSFET) technology where cooling limits device performance
above modest power density =100 W cm 2! corresponding to a
thermal conductance Gy, < 1 kW m™ K~!. With the rise of 2D
electronics,?! this problem becomes even more acute because
of the minute heat capacity of the channel and the reduced
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processes becomes a major issue.

It is usually recognized that black-body
radiation cooling is rather inefficient in
electronic devices. This essentially stems
from the large impedance mismatch at
optical (infrared) frequencies Dbetween
vacuum and the electron gas. From a
microscopic point of view, this mismatch
is related to the small density of electro-
magnetic modes within the light cone
as compared to that of the electron gas
at high temperature. This issue has been overcame in recent
studies,>! by using a so-called hyperbolic substrate. Within
the Reststrahlen (RS) bands (which roughly corresponds to
the optical phonon modes) hyperbolic materials sustain long-
distance propagating hyperbolic phonon-polariton (HPhP)
modes that can carry a large momentum.[*!3l When the 2D
channel becomes coupled to the HPhP modes (through their
evanescent field), the whole density of states can be used to
radiate power: this is the so-called super-Planckian regime.”14
The enhancement of the radiated power as compared to the
regular blackbody can reach up to 5 decades and is not limited
by hot phonon effects thanks to the relatively long propagation
length of HPhP modes.

Nevertheless, the absolute cooling power remains rather
limited (100 kW cm™) in the case of graphene supported on
hexagonal boron nitride (hBN) due to the narrow acceptance
spectral band of HPhPs (=30 meV in hBN) compared to the
broadband spectrum of the thermal emission of hot electrons
in the channel. This is very similar to the well-known poor effi-
ciency of a bulb lamp (defined as the fraction of power emitted
in the visible window) because of the broadband emission of
thermal fluctuating charges in the infrared. This limitation is
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Figure 1. Hyperbolic phonon polariton cooling of a bilayer graphene tran-
sistor. The noise temperature Ty shows a nonmonotonic dependence in
the applied Joule power with a characteristic drop at a doping-dependent
threshold between a low-bias hot electron regime and a high-bias cold-
electron regime signaling the onset of a new and very efficient cooling
mechanism: the electroluminescence of midinfrared hyperbolic phonon
polaritons. The cooling is characterized by the heat conductance
Gy, = P/T. 2 P/Ty which switches from 50 kW m=2 K 7' at low bias to
1.3 MW m~2 K" at high bias. Colors represent doping with respective car-
rier densities —n = 0 (red), 0.18 (tangerine), 0.35 (orange), 0.53 (amber),
0.70 (yellow), 0.88 (chartreuse), 1.05 (green), 1.23 (turquoise), 1.40 (cyan),
1.58 (cerulean), 1.75 (blue), 1.93 x 10'? cm2 (dark blue). Electrolumi-
nescent cooling starts when Zener tunneling begins. Zener tunneling
threshold is represented as a dashed line and increases with doping
because of Pauli blocking. Dotted line represents the Joule power for
which electroluminescent cooling balances Joule heating due to Zener
current, see Section Ill.

overcome in light-emitting diodes (LEDs) that achieve up to
90% electroluminescence conversion efficiency using a non-
equilibrium distribution of electrons and holes that recombine
across the band gap, thereby funneling efficiently the electrical
power into the relevant visible window.">"8! Similarly, emission
in the narrow spectral RS bands where the substrate sustains
hyperbolic modes can be targeted by driving the transistor in
the Zener—Klein (ZK) tunneling regime. The Zener current
becomes equivalent to an electrical pumping of nonequilibrium
electron-hole pairs that efficiently recombine in the hyper-
bolic modes of the RS bands. This striking effect is readily
seen in Figure 1, where the steady-state electronic tempera-
ture of a graphene transistor is monitored (by means of noise
thermometryl>1924) as a function of injected Joule power.’!
The outstanding observation is a drop of the temperature for
increasing injected power above a certain threshold that cor-
responds to the ignition of HPhP electroluminescence in the
hyperbolic hBN substrate.

In this review, we show—based on both experimental
results and theoretical proposals—that radiative heat transfer
can be considerably enhanced to become a major cooling
pathway by either engineering of optical impedance matching
between the transistor channel and a hyperbolic substrate or
by operating the device in a Zener-like regime where electrical
pumping of electron-hole pairs funnels efficiently the injected
power into the propagating hyperbolic bands of the substrate.
The discussion is based on the emblematic graphen-on-hBN
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transistors but can easily be extended to other prospective
active material/hyperbolic substrate couples where super-
Planckian radiative cooling could yield a major improvement.
The paper is organized as follows : in a first section we briefly
introduce hyperbolic materials and the concepts of thermal
coupling between a 2D electronic channel and a bulk hyper-
bolic substrate; then we investigate the case of nonequilibrium
situations and the electroluminescence of HPhPs. Finally, we
present experimental data for a bilayer graphene on hBN tran-
sistor where the electronic temperature is monitored through
noise thermometry.

2. Coupling between Graphene and Hyperbolic
Materials

Computing the thermal radiation of an electronic channel in
the electromagnetic modes requires the knowledge of the elec-
tromagnetic response of the dielectric encapsulating medium
which is provided by the dielectric permittivity. For an isotropic
polar dielectric, the optical phonons couple to light and provide
an effective dielectric response of the form

2 2
e(@):ew[wj M
Do — O —jay

where @;o is the longitudinal optical frequency, wrg is the
transverse optical frequency, and y is the decay rate of the
optical phonon resonance. For high-quality materials, Re(e(w))
is negative in the range [hwro, hm; o), as a consequence, the
material is opaque in this frequency range called Reststrahlen
band (RS) usually in the mid-infrared ([170,200] meV for
hBN). A RS band is characterized by its central frequency
Q = (0o + 070)/2 and its width Aw = w1 — Oo.

An anisotropic dielectric material possesses a tensorial die-
lectric response. For uniaxial crystals, a class including most
dielectric 2D materials, in-plane (transverse t) and out-of-plane
(z-axis) optical phonon energies are sufficiently separated to
give rise to a splitting of the Reststrahlen band into two bands.
As an example, hBN possesses two well separated bands corre-
sponding to out-of-plane OPs (type-I band, [97,103] meV), and
in-plane OPs (type-II band, [170,200] meV). The energy and
width of hBN RS band II makes it a much more efficient heat
conduction channel, therefore, by sake of simplicity, we shall
focus specifically on this band in this review (with Q = Qy;).[20
As a consequence, for layered 2D heterostructures, the
dispersion of electromagnetic extraordinary waves takes the
form
kX ko
ete== @)

€ € 2

and, within a type II RS band, €, < 0 < €, which means that the
dispersion relationship is hyperbolic. Note that this occurs only
for materials with low-loss optical phonon modes Aw/y > 1;
a category named hyperbolic phonon materials. The important
consequence is that k, > w/c becomes possible within the dis-
persion relationship, which opens up propagative modes with
high momenta that can help radiate energy.
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The efficiency of hyperbolic radiative cooling depends criti-
cally on two parameters: i) the ability of the dielectric material
to efficiently couple to the current fluctuations of the metal,
and ii) the propagation depth of this radiation within the hyper-
bolic dielectric. These two aspects are best understood within
the framework of transmission line theory:?”] Considering
a 2D conductor with random?® current density fluctuations
j(o, q), where q is the in-plane wavevector, this source inter-
acts with the TM electromagnetic modes of the substrate of
optical impedance Z(®, q) and the metal conductivity o(®, q)
in parallel. As a consequence, the power cast by this source
o , , , 1 Re(Z') | .,
in its electromagnetic environment is dP=-——F————|j|"

2|27 +0|
Note that the optical impedance of the dielectric environment
Z(w,q)=Z, =|&|/|H,| is defined as the ratio between the
longitudinal electric field collinear to the currents in the mate-
rial, and the transverse magnetic field of the extraordinary
wave. It fully determines the electromagnetic response of the
environment as seen from the channel's perspective. In terms
of optics, the power dP can be interpreted as the average flux
of the Poynting vector through the channel/dielectric interface.

According to the fluctuation—dissipation theorem, for a
single band, the surface density of the current fluctuations in a
material of conductivity o at temperature T reads
.—|z

| j

(2;)3 4Re(0)hw ny (T, w)d*gdw 3)
where ny,(T, @) = [exp (hw/kgT) — 1] is the Bose occupation
number. In our experiment, the hBN layer remains cold due to
the presence of the gold backgate electrode. Therefore, we can
neglect the back thermal flux from the hBN to the channel. The
total radiative power is then?’]

1 - -
Paa = |, 0, ddaMi, o m (T, ) 4

where 0 < M <1 is the impedance matching factor

4Re(Z™ )Re(o)

M(w’ q) = |Z—1 +0 |2

®)
The matching factor (5) restricts the phase space available

for radiative heat exchange. Indeed the optical impedance reads

7= élli_z where k, = ®/c, and Z, = 377 Ohms is the vacuum
t

0
impedance. When the photon energy is outside the RS band,

k, becomes imaginary when g>ky\/€,, and thus M=0. As
a consequence, radiation is limited to the very narrow light-
cone as represented on Figure 2 and the emitted power is
very small. For monolayer graphene at 2000 K in the vacuum,
it represents a radiated power MogT* =1.5 W cm™2, where
0, = 5.67 x 10 W m™ K™ is the Stefan-Boltzmann constant,
and M = 2.3% is the average far-field emissivity of graphene.l*
This corresponds to a characteristic thermal conductance

%: 10 W m~2 K%, In contrast, within the RS band, k, remains

real, and hence M remains sizeable for much larger g vectors,
enhancing considerably the emission efficiency.
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At this point we distinguish two possible causes for current
fluctuations: a) thermal fluctuations of charges (black-body
radiation) and b) nonequilibrium fluctuations of charges (electro-
luminescence). The next two sections will address each of them.

2.1. Thermal Hyperbolic Cooling
2.1.1. Matching Factor

Let us first consider thermal emission by a single band. Since
RS bands are narrow Aw < Q, the photon population is nearly
constant over a RS band and is given by the occupancy at mid-
band np,(T, @) = ny(T, Q). The radiated power (4) in the RS
band energy then reads

Pug = AskiBQ 1y (T, Q)A@ (6)
with

®ro

1
Ap=———
" n)Aw Iw

dwjowxdxM(w,kFx) (7)

where kg is the Fermi wavevector. A can be interpreted as an
average impedance matching factor over the RS band. For a
metal with parabolic dispersion, AprhQny(T, Q)Aw also cor-
responds to the average power radiated per electron in the con-
duction band. Let us note that in the degenerate case, integral
over wavevector (6) is bounded in a window due to a cut-off
defined by Pauli blocking.

Since most optical modes lie out of the lightcone
ke > \Je,Q/c, the optical impedance is well approximated by

2 2

z :[ Zo MiJ in the infinite dielectric-thickness
\ELE, VO — W10 ko
limit.?! Regarding the 2D electronic channel response, due to
the significant extension of the integration window in the first
Brillouin zone, the nonlocal conductivity is needed. We rely on
the linear response theory for the case of noninteracting elec-
trons in a single parabolic band

lightcone
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Figure 2. Real part of the optical admittance (Z™') of hBN (omitting RS band
1) on two in-plane wavevector scales to illustrate the far field and HPhP exten-
sion of radiation phase space. As discussed in Section 2.1.1, the impedance
matching window in the RS band is upper bounded by at least 2k.
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(w,9)=1 0( (27:)2 7 ,[ hw+Ek—Ek+q+ihn’<Zkllk q>‘
(8)
where Go=2¢’/h=77uS is the quantum of conduct-

ance, g = 2 and g, = 2 are the spin and valley degeneracy,

fi exp(Ex — ) kT +1
for state of wavevector k, Ej is the band energy dispersion,
u is the chemical potential, 7 is the effective relaxation rate of
electrons, and |y is the periodic part of the Bloch wavefunction.
By sake of simplicity, we make the following assumptions:

is the Fermi-Dirac occupation factor

1. Isotropic parabolic dispersion: Except for monolayer gra-
phene, isotropic parabolic dispersion covers most naturally
occurring cases. The specific case of graphene has been dealt
in detail in the literature.[

2. Unitary Bloch wave projection: Due to the small extent of the
Fermi sea compared to the Brillouin zone, we can approxi-

mate |<Xk|%k+q>|2 =1.

The computation of the nonlocal conductivity is given in
Appendix in the Supporting Information. In the degenerate
case, one has o(w,q)=G, gjlg; S(u/ho, q/ks), where S is a simple
geometric function. Consequently, the prefactor Ay is a func-
tion of the reduced doping u, = 1/7Q;; and of an effective light—

matter coupling factor that reads

g8 ke

L . 9
2mAJeses ko ©)

where o = GoZy/4 = 1/137 is the fine-structure constant, and
e =ke /[, =2m Q/h, where m* is the effective mass of the
parabolic electronic band. The doping dependence of ogypyp
reflects the ability of the channel's electrons to couple to the
HPhP modes of the substrate.

Figure 3 represents the matching factor taking into
account only the conduction band of bilayer graphene for
increasing doping. The allowed transitions in the degenerate
regime restrict the HPhP radiation window in the wavevector
range W1+ =k, 1+ 1" +1)k:], which is centered on
Ge = ke [\t =2 BQy /7 = 4.4310°m™".

For semimetals (like few layer graphene), the wavevector
window for impedance matching is larger and extends over
[0,+/2g.] in the degenerate case, due to the allowed interband
transitions in the thermal regime. For moderately doped gra-
phene, u < 7Qy/2, the weak electron—photon coupling ogg is
balanced by the characteristic electronic transition wavevector
with respect to optical wavevector q./ky = 460, so that ogpyp = 1.
We conclude that graphene is naturally matching the naturally
hyperbolic material hBN. The number of layers of graphene
itself impacts obviously the radiated power due to different elec-
tronic dispersion. As a rule of thumb, we estimate a radiative
cooling power of 1.6 GWm™ at a temperature of 2000 K which
translates into a thermal conductance 0.8MWm™2K™? inter-
mediate between the experimental values in Figure 1. Finally,
note that experimental observations reveal that HPhP cooling
is suppressed when graphene is submitted to a quantizing

Oupnp = Re(Z(Q, 4. ))Re(0 (L2, 4 )) = Ots

Adv. Funct. Mater. 2019, 1904783

1904783 (4 of 9)

Energy

) -
wro

S}
N
©
s

q Matching
factor
wrLo
2
=2 10
Y]
<
53] 08
wro
0 1 2 3 4 o8
q
04
wro
=y
B I 02
=
S
0
Y]
wro
0 1. 2 3 4

Energy

) -

wro

Figure 3. Impedance matching factors M (color scale) in RS band Il of
hBN (single band approximation for bilayer graphene with m* = 0.03m)
for increasing doping (from bottom to top, u, = u/h<, = {0.1, 0.5, 1.0,
5.0}). Wavevector is given in units of q.= IZm*Q“/h =4.4108 m™'. The emis-

sion window increases with doping up to =2k at large doping, while the
average matching is reduced over the RS band.
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magnetic field?* because electrons localize in small cyclotron
orbits forbidding wavevector matching with HPhPs.

2.1.2. Propagation Depth of the HPhPs

The above evaluation of the radiated power does not provide
information on where heat is dissipated. To obtain an efficient
heat release, the propagation depth of HPhPs must be large
enough to release heat remotely in a large volume and avoid
hot-phonon effects. The characteristic propagation depth of the
HPhPs is given by I = (Im(K,))"". For large in-plane k-vector
compared to k,, the characteristic wavevector in a RS band is

—S—Lq. At center frequency Q, field propagation is max-

imal and reaches

j=Ae e 1 (10)
Y Ve q

In the case of bilayer graphene on hBN, the characteristic
wavevector of near-field radiative heat exchange is g = kr. ~ 200k,
for which the propagation depth reaches 240 nm. Note that
the presence of a nearby metallic backgate, with a low optical
impedance, will reflect HPhPs and eventually lead to the reab-
sorption of the emitted power after one round trip. This situ-
ation occurs in thin hBN samples such as in ref. [3]. This is
avoided in the backgated device analyzed below where the hBN
thickness (200 nm) exceeds I/2 ~ 120 nm, so that a full HPhP
cooling can be observed.

K, =
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2.2. Electroluminescence in a Hyperbolic Material

Electroluminescence is associated with interband optical conduc-
tivity occurring when electron—hole pairs are electrically pumped
from the valence to the conduction band, a situation which occurs
spontaneously in high mobility graphene when a large bias is
applied.®l The electroluminescence results from the interband
recombination of electron-hole pairs. Whereas classical electro-
luminescence is limited to vertical transitions, this emission pro-
cess can also be considerably boosted when high-k propagating
modes are available in the dielectric. In this section we focus on
the excess radiation power related to electroluminescence.

The theoretical treatment of electroluminescence is
closely related to near-field thermal emission, except that
out-of-equilibrium current fluctuations are given by the nonlocal
van Roosbroeck-Shockley relation for interband transitions3>-34

|jinter |2 =

4RE(O e )10 1y (T, 0)d*gd @ (11)

1
(2m)’
where ny(T, @) = [exp (R0 — 1) ks T — 117 with 1, = 1, —
is the photon chemical potential associated to the difference in
chemical potential between the two bands of interest (denoted
as A and A). Note that this approximation assumes an ultra-
fast electron—electron thermalization, and the existence of
two pseudo Fermi distributions in the valence and conduc-
tion bands. The interband nonlocal conductivity, Gie(®, g),
is evaluated on the interband transitions between the bands
of interest. The total radiated power is the sum of power radi-
ated by all intraband and interband transitions. Focusing on the
case of a pair of valence and conduction bands, the fraction of
radiated power cast by electroluminescence is deduced from
Equations (4) and (5) using jin, as the source. Note that, in this
case, the impedance matching coefficients read

4Re(Z7)Re(Oimer )

|2

Mo, q)= (12)

| 271 + Ointer + O'intra
where G, is the intraband conductivity.

With gaped semiconductors, electroluminescence becomes
important when the difference in conduction and valence
chemical potential reaches the bandgap energy u. — u, < E,.
In contrast to this well-known configuration, graphene has
no bandgap, however, the threshold energy is now the RS
band energy u. — i, S A€y For unbiased graphene, out-of-
equilibrium electronic distribution can be transiently created
by optical pumping and have been observed to relax on sub-ps
timescales by optical pump-probe techniques.>>3>3% In the
next section, we show that electrical pumping of charges occurs
similarly in high mobility graphene under large bias and leads
to a favorable situation for HPhP electroluminescence cooling.

3. Hyperbolic Phonon Polariton Electroluminescence

To illustrate HPhP cooling we analyze here one of the gra-
phene ZKT transistors investigated in ref. [3] (Figure S4 of
the Supporting Information). It is a high-mobility bilayer
graphene flake, of dimensions LxW =3.6x3 um, deposited
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on a 200 nm thick hBN crystal (inset of Figure 4a). A global
metallic backgate is used to tune electron density in the range
-n =0, 2.1 x 10'%] cm™2. Figure 4a depicts the transport prop-
erties of the ZKT transistor which is characterized by an ini-
tial increase of the intraband current up to a doping-dependent
saturation value I, followed by an interband contribution with
a doping-independent differential conductance G, =~ 0.45 mS.
Figure 4b shows the noise temperature characteristics.

3.1 Intraband Current Saturation

At moderate bias in high mobility devices, we observe a
partial saturation of current®”) which is well described
by the semi-empirical expression of the conductivity
8o =G X L)W =| 1| eu/[1+(£/Ex)* 1B Fits of the differential
conductivity allows obtaining mobility g > 1 m? V! s7! and
a doping-dependent saturation electric field &, < 0.3 V um™.
Mobility is large enough for intraband current saturation to be
achieved at low to moderate voltage Vs S 1V, leaving a broad
experimental window for interband transport. The current satu-
ration characteristic energy E,, is deduced from the saturation

hneu E
e(4ks /)
erate dopings of our experiment, we remark that current satu-
ration is limited by the Fermi energy Eg,, = Eg.’l

electric field E,, with Ey, = .2 At the low to mod-

3.2. Zener—Klein Tunneling

We recall here the properties of the high-bias Zener—Klein
regime introduced in ref. [3] Assuming a uniform electric
field, one can express the doping-independent Zener—Klein
resistance as the series addition of L/l incoherent tunneling
processes taking place over a length I, with an elementary

1
conductance G; :EﬁZkM Gy, where M = kxW/r is the number

of transverse electronic channels involved in electronic con-
duction, and B, < 1 is a smooth junction factor?®® (bilayer
graphenel]). This leads to an apparent Zener-Klein conduc-

.. Mi,
tvity o = ﬁszO X Wk

o< B, kel,, because each electron—hole

pair spontaneously created by Zener tunneling diffuses over
a length [, before recombining separately with conjugated
charge carriers. Experimentally, one can extract the product
Bala o< 1/kg from the constant differential conductance
Gy = 0.45 mS. Zener—Klein tunneling being controlled by Pauli
blocking, its ignition is subject to a threshold field &, = 2| Ey | fel 4.
If mobility is large enough, the intraband current is saturated
prior to the onset of Zener—Klein tunneling so that J(Ex)= Jeu
This defines the intraband/interband transport boundary as
the line I =2/Bx GV, highlighted as a black dotted line in
Figure 4a. Note in passing that saturation currents do reach
the intrinsic limit (symbols in the dotted line of Figure 4a) in
this sample. From the slope of the line we extract 8, ~ 0.5, and
finally deduce Ly(|n|) (lower inset of Figure 4a). The I, o< 1/\/m
dependence, indicates that the electron-hole diffusion length is
proportional to the average distance between charges. Remarkably
enough, transport does not show any indication of thermal
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Figure 4. Transport and noise of a hBN-supported graphene ZKT transistor. a) Current saturation and Zener—Klein regimes in a high-mobility bilayer
graphene flake of dimensions LxW =3.6x3um. Sample (upper inset) is deposited on a 200 nm thick hBN flake acting both as a bottom gate
dielectric (capacitance C, = 0.14 mF m~2) and hyperbolic phonon polariton radiator. Carrier density is tuned in the hole doping range —n = 0 (red),
0.35 (orange), 0.70 (yellow), 1.05 (green), 1.40 (cyan), 1.75 (blue), 2.10 x 10'> cm™2 (purple). At low bias intraband current dominates up to a threshold
field &, =vqa /U set by the saturation velocity v, < 3 X 10° m s7' and mobility g > 1 m? V=! s\, At high bias, above a Pauli unblocking voltage V,
(see text), intraband current is fully saturated and an additional current arising from interband Zener—Klein tunneling with a constant conductance
G, = 0.45 £ 0.05 mS sets in. The boundary between intraband and interband transport regimes follows theoretical expectation Ig, :z/ﬁz’k1 GV
(black dashed line with the circles corresponding to theoretical values of current). b) Noise temperature Ty = S,/ (4Gyskg) deduced from the microwave
excess current noise S, and the differential conductance Ggy,. Noise reveals a striking difference between the intraband and interband regimes with a
superlinear bias dependence characteristic of “hot” electrons (black dashed line) in the former, dropping toward a linear dependence characteristic of
“cold” electron regime in the latter. The theoretical value for the threshold between electroluminescent cooling and heating is sketched as the sahed-
dotted line. As sketched in the inset, the tunneling process creates an out-of-equilibrium electron—hole distribution which relaxes under HPhP emission.

degradation at high bias in spite of the large Joule power
P =200 kW cm™2, which is three orders of magnitude larger than
the limit for thermal degradation in MOSFETS.! To get a deeper
insight on the physical origin of this hypercooling we rely on the
noise analysis below.

3.3. Hyperbolic Phonon Polariton Cooling

As explained in the experimental section below, a Johnson—
Nyquist noise temperature Ty = Sy(®)/4kpGys can be deduced
from the GHz current noise S; and differential conductance
Gy Its bias voltage dependence Ty(Vy) in Figure 4b reveals
very contrasted behaviors for intraband and interband trans-
port. The former corresponds to a superlinear bias depend-
ence Ty o< V4’ at low biasPl and a quasilinear dependence
Ty o< Vg at high bias. Remarkably the transition occurs at the
Zener—Klein tunneling onset defined above according to Pauli
blocking (black dotted line), and gives rise to a dramatic drop of
the noise temperature (or a noise plateau for graphene transis-
tors with thin hBN dielectricl®l). The neutrality regime provides
a valuable insight on the cooling mechanism, by featuring a
threshold at Vi, = 0.2 V, which is invariantly observed in gra-
phene allotropes (single-layer, bilayer, and trilayer graphene),
pointing to a phonon activation mechanism with an energy =~
0.2 eV matching the type-II HPhP band of hBN.B! This activa-
tion energy corresponds to the “optical gap” 7Q;; expected for
HPhP electroluminescence.

If the low-bias regime can be interpreted in the framework of
superplanck HPhP black-body emission, the high-bias regime
cannot (for details see ref. [3]). In particular, superplanckian
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emission cannot account for the drop of temperature in
increasing Joule power. An out-of-equilibrium emission of
HPhPs by hot electrons in the interband regime is needed.

3.4. Electroluminescence Hyperbolic Phonon Polariton Cooling

A vparallel with LED is helpful to understand why electrolu-
minescence is associated to a cooling of the electron gas. In
LEDs, electron-hole pairs are injected from the electrodes and
recombine in the active region. The energy per injected elec-
tron-hole pair Ey,; is slightly larger than the effective bandgap
at the junction, and consequently, radiative recombination
energy E, < E, is insufficient to sink the injected energy
(the situation is made even worse considering the competing
nonradiative recombination). As a consequence, electrolu-
minescence is usually associated with a small heating of the
device. However, it has been reported that, for high quality
devices at subthreshold bias for which E; > Fy;, the LED
acts as a refrigerator as the missing energy E; — Ei,; is pro-
vided by the thermal energy of the electron gas. To date, LED
refrigerators are very inefficient with a record cooling power
of only 8 pW.I'l The graphene transistor presented in this
paper operates in refrigerator mode at moderate bias where
Ejnj < h€yy, therefore, the sudden drop in temperature at the
Zener—Klein tunneling threshold is a consequence of a compe-
tition between intraband heating, and interband HPhP electro-
luminescent cooling. The cooling power reaches =10mW, i.e.,
nine orders of magnitude larger than in conventional LEDs.
However, since the electron gas temperature is much larger
than the phonon bath one, as a whole this graphene transistor
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is not a refrigerator and cooling power is not bounded by a
Carnot inequality, in contrast with LEDs where the device gets
colder than its environment.

The injected energy per electron-hole pair is the elec-
trical work done by the charge during diffusion and reads
Eiy = Py [P, Where Py = 04 (E — E4)E is the Joule power associ-
ated with Zener tunneling processes, and fx = GoM(E — Ex)/e
is the rate of electron-hole pair creation by Zener-Klein tun-
neling. We deduce the injection energy per electron-hole
pair to be Ej,; = BalkeE. This allows obtaining the character-
istic electric field for which injection energy balances HPhP
emission energy nQ; by electron-hole pair recombination.
hQy
2k bak €
electroluminescent cooling and heating, it is indicated in
Figure 4b (dashed line) and it matches well the voltage for

which the minimal temperature is reached.

The chemical potential imbalance between the valence and
conduction band can be estimated from the data in Figure 1.
For —n = 1.25 x 10 cm™ doping, the maximum temperature
Ty = 3200 K is reached at ZK threshold for an injected Joule
power 0.25 mW pm=, and drop to a minimal temperature
Ty = 1400 K for 1 mW pm~2. Assuming the cooling power vari-
ation with the electronic bath state is mainly governed by the
photon occupation factor Pp,q — 1y, (a legit assumption because
of its singular behavior at the electroluminescence—superlumi-
nescence threshold 7Q; = u. — u,), we deduce that the chemical
potential imbalance u. — i, ~ 0.16 eVS hwr reaches the lower
boundary of the hBN RS band II. Below Zener—Klein electric
field threshold, the electronic temperature results from a power
balance between intraband processes only. At very high electric
field, with Zener-tunneling and electroluminescence recom-
bination increasing, the conduction and valence band reach
a doping state which is mainly independent of gate-doping:
Ue — Wy ~ hQp > (U + 1) /2 = Uy, where L, is the Fermi energy
at vanishing bias. As a consequence, the power balance tends to
be dominated by Joule heating originating from ZK tunneling
processes, which is independent of doping, and HPhP emis-
sion by both intraband thermal emission and interband elec-
troluminescence defined by a similar electronic distribution.
Therefore, noise temperatures obtained at finite doping tend to
line up on the temperature obtained at null doping at large bias
as observed on Figure 1.

This electric field g, = defines the boundary between

4. Conclusions and Perspectives

The above noise thermometry measurements in the Zener—
Klein regime of a hBN-supported bilayer graphene transistor,
supported by the theoretical analysis, demonstrate the supe-
rior cooling power of radiative HPhP electroluminescence. As
shown in ref. [3], the mechanism is quite generic and consist-
ently observed in single layer, bilayer and trilayer graphene.
The role of hBN thickness is emphasized here with a stronger
cooling effect, and a negative thermal conductance regime
reported in the semi-infinite hBN substrate regime. Theoretical
modeling provides useful keys to assess the difference between
supported and encapsulated graphene, and constitutes a base to
tackle more involved situations such as the rich moiré phases of
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hBN encapsulated graphene.?**#!I Hyperbolicity of the phonon
modes adds to the list of hBN qualities which include dielectric
strength, compatibility with high graphene mobility,*?*3 and
optical properties.[#+%]

HPhP radiative cooling is not limited to the hBN—graphene
couple. It should also be observed with graphene on calcitel*®!
or mica*’! which have similar hyperbolic Reststrahlen bands.
Graphenes on mica transistors have a lower mobility possibly
precluding the electroluminescent regime but still constitute
are valuable route for high performance flexible electronics.*¥l
Conductive materials such as cuprates or tetradymites (e.g.,
Bi,Se;_,Te,) also sustain hyperbolic modes.*” The case of tet-
radymites deserves special attention as HPhP energy lies in
the near infrared to optical range,®” which is larger than the
bandgap. Their finite conductivity comes from topological
surface states which can be used to realize field-effect tran-
sistors in the bulk depleted regime.”! Remarkably they com-
bine, in one and the same material, the two properties valued
in graphene-hBN heterostructures: a gapless Dirac Fermion
transport at the surface and hyperbolic HPhP modes in the
bulk. Finally, and possibly most impactful for applications,
superplanckian HPhP cooling can be envisioned in silicon
on insulator (SOI) technology,®? provided that the 10 nm
thin active channel is nested in the near-field of a hyperbolic
dielectric such as o-sapphire or o-quartz.”3l The inclusion of
an HPhP cooling stage in MOSFET technology would lift the
thermal bottleneck at ~100 W cm™2 reported in ref. [1].

5. Experimental Section

Sample: Sample fabrication is described in ref. [3]. The sample
analyzed here was made of an as-exfoliated bilayer graphene flake, of
dimensions L x W= 3.6 x 3 um, deposited on a 200 nm thick hBN crystal
(inset of Figure 4a). The use of a thick hBN dielectric (i.e., thicker than
the HPhP propagation depth) avoids HPhP reflections at the metallic
backgate and simplifies analysis. The sample was equipped with high-
transparency contacts, a global metallic backgate, and was embedded
in a coplanar wave guide (CPW) for high-frequency current noise
measurement. DC current and noise were measured at liquid helium
temperature (4.2 K), in the hole doped regime —n = 0-2.1 X 10'2 cm~2,
where a low-field mobility t >1 m? V™' s™' was obtained.

Noise  Thermometry  Principles: Noise thermometry principles,
described in ref. [3] (Supporting Information), are introduced here.
Electrons in a metal sustain thermal fluctuations leading to the well-
known Johnson—Nyquist white current noise S, = 4GkgT,,**l proportional
to the sample conductance G and electronic temperature T.. This Nyquist
formula serves as a primary thermometry and is used to estimate the
out-of-equilibrium electronic temperature at finite bias,>*1%-2224 when
the heated electron gas decouples from the lattice and gets thermalized
thanks to efficient electron—electron relaxation (rate =10 fs). To account
for self-heating in the Nyquist formula, one substitutes T, by a noise
temperature Ty = (T.) v and the linear conductance by the differential
conductance Gy, = dlys/dVys,, taken at the noise measuring frequency.

Experimentally the finite currents entail an additional 1/f
like conductance noise, S, = ayl?/Nf with oy = 2 x 107 is the

Hooge constant and N = |n|LW the total number of carriers
participating to  transport,P®>8  obscuring thermal noise of
interest at low frequency. Writing thermal noise as S, =2eXl,

where F x0.1is a typical thermal Fano factor, one estimates a 1/f-corner

frequency, f. ~g—;_'_><vd/L. The large drift velocities vy $ 3 x 10° m s™

of our high-mobility graphene yield f; S 1 GHz, whence the need to
measure thermal noise in the microwave band f=1-10 GHz.
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