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PHYSICS

Enhanced thermal conduction by surface

phonon-polaritons

Y. Wu'*, J. Ordonez-Miranda?, S. Gluchko'*, R. Anufriev’, D. De Sousa Meneses?, L. Del Campo?,

S. Volz'**, M. Nomura'*

Improving heat dissipation in increasingly miniature microelectronic devices is a serious challenge, as the thermal
conduction in nanostructures is markedly reduced by increasingly frequent scattering of phonons on the surface.
However, the surface could become an additional heat dissipation channel if phonons couple with photons form-
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ing hybrid surface quasiparticles called surface phonon-polaritons (SPhPs). Here, we experimentally demonstrate
the formation of SPhPs on the surface of SiN nanomembranes and subsequent enhancement of heat conduction.
Our measurements show that the in-plane thermal conductivity of membranes thinner than 50 nm doubles up as
the temperature rises from 300 to 800 kelvin, while thicker membranes show a monotonic decrease. Our
theoretical analysis shows that these thickness and temperature dependencies are fingerprints of SPhP contribu-
tion to heat conduction. The demonstrated thermal transport by SPhPs can be useful as a previously unidentified
channel of heat dissipation in a variety of fields including microelectronics and silicon photonics.

INTRODUCTION

Phonons are the quasiparticles of lattice vibrations and represent
the primary heat carriers in bulk dielectric materials. On the basis of
their dispersion relation, phonons are labeled as acoustic or optical.
The contribution of optical phonons to the heat conduction is
conventionally believed to be negligible because of their low group
velocity as compared to that of acoustic phonons (1). The thermal
conductivity of dielectric membranes is thus typically driven by
acoustic phonons and generally reduces with the membrane thick-
ness due to the increasing frequency of surface scattering events (2).
In the light of the ever-increasing miniaturization of devices with
enhanced rates of operation, this reduction in the thermal conduc-
tivity causes overheating, low reliability, and reduced lifetime of
electronic components (3-6). Yet, while the thermal transport via
acoustic phonons might be at the limit, the heat dissipation might
be enhanced via optical phonons coupled with surface electro-
magnetic waves.

Over the past decade, substantial research efforts have been
devoted to the study of these surface waves, because the surface effects
predominate over the volumetric ones in nanostructures with high
surface-to-volume ratio (7). Some types of surface electromagnetic
waves may even carry heat (8-11) and thus improve the thermal
performance and stability of nanoscale devices (12-14). One type of
such surface waves is the surface phonon-polaritons (SPhPs), which
occurs as a hybrid of optical phonons and surface electromagnetic
waves. The SPhPs are essentially evanescent waves that propagate along
the surface of polar dielectric membranes (15-18). SPhPs in the ni-
trides, especially ultrathin nitrides such as boron nitride, have been
exploited for guiding infrared light for optical modulation and photo-
detection (19-22). The propagation length of SPhPs is measured in
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the range of hundreds of micrometers (23), which is orders of mag-
nitude longer than the typical mean free path of acoustic phonons.
Theoretical models predict that such a long propagation length
enables SPhPs to conduct several times more thermal energy than
phonons when the membrane thickness is reduced below 100 nm
(15, 16). While recent experiments with SiO, membranes provided
some clues of the SPhP contribution to the heat transport in a
limited temperature range (24), the reported results are not fully con-
clusive as the thickness and temperature dependences are hardly
different from the corresponding ones in bulk SiO,, especially due
to the presence of the large error bars. For this reason, here, we use
a different approach and focus on the temperature evolution in a
wide temperature range rather than on thickness dependences. The
nature of our experiments thus consists of measurements on the
same sample at different temperatures. This allowed us to obtain a
decisive evidence of the enhanced thermal conductivity by SPhPs.

RESULTS

Fabrication and measurements

We measure the in-plane thermal conductivity of suspended SiN
membranes through the synchronization of an excitation-detection
experiment with a micro time-domain thermoreflectance (WTDTR)
setup, shown in Fig. 1. Our experiments demonstrate that membranes
thinner than 50 nm become more conductive at higher temperatures,
as expected for the SPhP contribution, while the thermal conductivity
of a 200-nm-thick membrane decreases, in agreement with the
phonon counterpart.

To probe the heat conduction in dielectric membranes, we chose
amorphous SiN membranes that are commercially available with an
excellent quality, high stress, and different thicknesses. After deposit-
ing Al transducers on these suspended membranes with thicknesses
of 30, 50, 100, and 200 nm, their in-plane thermal conductivity was
measured in the range of temperatures from 300 to 800 K by means
of the uyTDTR technique (Methods). The in-plane thermal conduc-
tivity is then extracted from the uTDTR signal by comparing it with
an analytical model developed in “Heat diffusion model” section in
the Supplementary Materials.
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Fig. 1. Scheme of the experimental setup and a SiN membrane with aluminum pads. (A) A continuous probe laser beam and a pulsed pump one are focused on the
aluminum pad by a (x50) microscope objective. Photo credit: Roman Anufriev, Institute of Industrial Science, The University of Tokyo. (B) An image of a suspended SiN
membrane supported by a Si frame, which is placed in a vacuum chamber with a temperature-controlled stage. (C) The pump laser beam periodically heats up a circular
aluminum pad, while the pad reflectance is continuously monitored via the reflected intensity of the probe laser beam impinging into a photodetector. (D) An atomic
force microscopy (AFM) image of a SiIN membrane showing that its surface roughness is smaller than 1 nm.
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Fig. 2. Temperature dependence of the in-plane thermal conductivity of SiN membranes. Variations of the (A) solid symbols represent absolute values of the mea-
sured in-plane thermal conductivity of our four SiN samples, and solid lines dedicate their SPhP thermal conductivities predicted by Eq. 1. (B) Normalized values of the
in-plane thermal conductivity of SiN membranes with four thicknesses. The dashed line is a guide for the eye. Enhancement of heat conduction is observed for 30- and

50-nm-thick membranes at high temperature.

SPhPs enhance thermal conductivity in SiN membranes
Figure 2A reports the measured in-plane thermal conductivity of
amorphous SiN membranes of thicknesses 30, 50, 100, and 200 nm
in the 300- to 800-K temperature range. The room temperature
values of the thermal conductivity are in good agreement with the
previous studies (25-27). The thermal conductivity of the 200-nm-
thick membrane at 300 K is 4.36 W m 'K™! and remains nearly
temperature independent up to 500 K. Above 500 K, the thermal
conductivity decreases according to the power law T, This reduc-
tion above room temperature is known to be caused by the internal
phonon scattering processes, which indicates that heat conduction
in this relatively thick membrane are driven by phonons mainly. By
contrast, the thermal conductivity of the 100-nm-thick membrane
is nearly independent of temperature, with the average values of
1.25 and 0.99 W m 'K ™" at 300 and 800 K, respectively. We speculate
that this behavior of the thermal conductivity could be due to that
the increasing contribution of SPhPs compensates the reduction of
the phonon thermal conductivity, as the temperature rises.

As for the two thinner membranes (d < 50 nm), the increase of
the thermal conductivity with temperature becomes notable, so that
its value rises from 0.34 W m™'K ' at 300 K to 0.68 W m 'K ™" at
800 K for the 50-nm-thick membrane. The thermal conductivity of

Wu et al., Sci. Adv. 2020; 6 : eabb4461 30 September 2020

the 30-nm-thick membrane exhibits a similar enhancement with
values of 0.15 and 0.27 W m™'K ™" at 300 and 800 K, respectively.

The thermal conductivity trends for the four membranes become
even more evident when the values are normalized by the corre-
sponding values at room temperature, as shown in Fig. 2B. The two
thinner SiN membranes become twice more conductive as their
temperature rises from 300 to 800 K. We also have plotted the mea-
sured thermal conductivities of the 30-, 50-, and 100-nm-thick
membranes of SiN normalized by the corresponding of the 200-nm-
thick membrane (see fig. S6).

DISCUSSION

To better understand the behavior of the measured thermal con-
ductivity, we analyze the SPhP contribution to the heat transport
along the surface of SiN membranes. According to the Boltzmann
transport equation, under the relaxation time approximation, the
SPhP contribution (kspnp) to the in-plane thermal conductivity of a
membrane of thickness d is given by (15)

K$php = 0A Br aj; 1)

4Tl:d /

20of5

0202 ‘0¢ Jaqwialdas uo /610’ Bewaduslos saoueape//:dny wolj papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

where 7 is the reduced Planck constant, A = (2 Im (B))_1 refers to
the intrinsic propagation length of SPhPs propagating along the
membrane surface with a complex wave vector B, Bz = Re (B), fo
represents the Bose-Einstein distribution function; T denotes the
average membrane temperature, and oy and w;, stand for the highest
and lowest frequencies supporting the propagation of SPhPs, respec-
tively. The effective SPhP propagation should take into account two
types of absorption: (i) the intrinsic absorption by the lossy membrane
(discussed in “Lossy membrane” section in the Supplementary
Materials) and (ii) the absorption or diffraction on the frame of
actual sample. The intrinsic propagation length A of polaritons
propagating along a SiN membrane can be as long as 1 m (see
Fig. 3B), while its lateral dimension a (0.5 mm for the 30-nm-thick
membrane and 1 mm for the thicker ones) is much smaller. Hence,
the SPhP thermal conductivity in Eq. 1 is determined by using
the effective propagation length A, given by the Matthiessen’s rule
A.'=A""+a"". This relation establishes that A, < a and hence allows
limiting the propagation distance of polaritons to the real lateral
dimension of our samples, as must be.

Equation 1 establishes that the values of kspnp are determined by
the SPhP dispersion relation B(®) and by the frequency range of
integration, which, for ideal lossless membranes suspended in
vacuum (g; = 1), is defined by (7) Re (g2(®)) < — 1, with &, being the
membrane dielectric function. However, taking into account that
lossless materials do not absorb energy and that the heat generated
by SPhPs inside a material is proportional to the imaginary part
Im (g3(w)) of its dielectric function (11), the SPhP propagating
along a lossless membrane does not contribute to the thermal
conductivity in Eq. 1. For a lossy material, as is the case of SiN, the
dispersion relation of SPhPs along with the condition of their surface
confinement establishes that they propagate and contribute to the
heat transport in a frequency range much broader than the one sup-
porting their propagation along a lossless material, as was recently
demonstrated experimentally (23) and is theoretically detailed in
“SPhP thermal conductivity modeling” section in the Supplementary
Materials. To highlight the advantage of using suspended membrane

to demonstrate SPhP contribution (28), we analyze the one of SiN
membrane on top of an Au nanolayer (“SPhP thermal conductivity
of a SiN membrane on top of an Au nanolayer” section in the
Supplementary Materials) (29).

Taking into account that the SPhP dispersion relation required
to calculate the values of xspnp is determined by the membrane
dielectric function €;, which usually depends on temperature (30),
we measured the dielectric function of our SiN membranes at
different temperatures between 300 and 800 K by means of infrared
spectroscopy (fig. S2) and is well matched with literature (31). The
dielectric function of SiN does not substantially change with tem-
perature, as shown in fig. S3; therefore, the temperature evolution
of ksppp is mainly driven by the temperature derivative of the
Bose-Einstein distribution f;. Figure 3A shows the real (eg) and
imaginary (gj) parts of the dielectric function €, = € + ie; measured
for the 100-nm-thick membrane at 300 K. The main resonance
peaks of £; occurs at about 156 Trad s~*, which indicates that the
SiN membrane absorbs a notable amount of energy from the
electromagnetic field at this frequency. On the other hand, the dip
of the real part eg at 175 Trad s !is associated with the maximum
confinement of SPhPs to the membrane surface (fig. S4) and there-
fore provides the main contribution to the SPhP thermal conduc-
tivity in Eq. 1. As temperature rises up to 800 K, the representative
wavelength range that contributes to SPhP conduction remains
from 125 to 225 Trad s™', which is consistent with the one at room
temperature. The spectral thermal conductivity versus frequency is
shown in fig. S5.

Figure 3B shows that the SPhP propagation length increases as
the membrane thickness decreases, so that its values can be as long
as 1 m for a 50-nm-thick membrane. For this reason, we expect a
higher thermal conductivity for thinner membranes, as established
by Eq. 1. The minimum of the propagation length is not placed at
the resonance frequencies of neither the real nor imaginary parts of
the dielectric function (see Fig. 2A), because its values are strongly
determined by both of these parameters, as detailed in fig. S4. The
frequency band gap from 234 to 252 Trad s™* represents the range
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Fig. 3. Theoretical estimation of the SPhP thermal conductivity in SiN membranes. (A) Real and imaginary parts of the dielectric function of a 50-nm-thick SiN
membrane measured by infrared spectroscopy at 300K (Methods). (B) Propagation length of SPhPs traveling along SiN membranes of different thicknesses without
(continuous lines) and with (dashed lines) limited lateral dimension. (C) Predicted SPhP thermal conductivity without (continuous lines) and with (dashed lines) limited

lateral dimension of SiN membranes at different temperatures.
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of frequencies for which the dispersion relation does not have a
solution for the SPhP wave vector B, and therefore, the propagation
length is not defined.

On the other hand, the SPhP thermal conductivity increases for
thinner and/or hotter membranes, as shown in Fig. 3C. This behavior
is the opposite to the one exhibited by the phonon thermal conduc-
tivity of typical dielectrics and thus represents the fingerprints of
the SPhP contribution to heat transport along membranes. With
analytical model similar to the one we used above, some studies predict
the enhancement in thermal conductivity due to SPhPs in thinner
SiO, and SiC membranes (15, 16).

Note that for the thinnest film (d = 30 nm), the values of the
measured thermal conductivity Kexp = Ksphp + Kphonon are in good
agreement with their SPhP counterparts (ksphp), for temperatures
higher than 500 K, where the phonon contribution (Xphonon) is €x-
pected to be relatively small. For lower temperatures, on the other
hand, the latter contribution does matter and hence Kexp > Ksphp-
Furthermore, the predicted SPhP thermal conductivity ksppp for the
30-nm-thick membrane is lower than the one for a 50-nm-thick
membrane due to its relatively small lateral dimension and hence
effective propagation length, as shown in Fig. 3B. The three thick-
er membranes (d = 50, 100, and 200 nm) have the same lateral
dimension a = 1 mm, and therefore, their polariton thermal
conductivities reduce as their thicknesses increase. On the other
hand, given that the phonon thermal conductivity of a SiIN mem-
brane increases with its thickness, the measured thermal con-
ductivity Ky of the three thicker membranes is expected to be
determined by the phonon contribution mainly, which explains
the remarkable difference between ke, and ksppp for these latter
membranes.

In amorphous material, phonons are catalogued as propagons,
diffusons, and locons based on the vibrational modes (32). Propagons
and diffusons carry most of the heat in bulk amorphous materials,
whereas the flux contribution of locons remains negligible. The
temperature dependence of propagons might be discarded due
to the predominance of surface scattering. Although the diffu-
son thermal conductivity also increases with temperature (33), its
contribution is enhanced by only about 6% from 300 to 800 K, as
detailed in “Diffuson thermal conductivity in amorphous SiN.”
section in the Supplementary Materials. This weak enhancement
is thus negligible in comparison with the 100% increase observed
on the measured thermal conductivity of the 30-nm-thin film,
which confirms that this latter sizable increase can only be at-
tributed to SPhPs, as predicted by theory. Thus, we attribute the
thermal conductivity increase predominantly by the contribution
of SPhPs.

In conclusion, we experimentally measured the in-plane thermal
conductivity of amorphous SiN membranes at different temperatures.
A notable increase of the thermal conductivity with temperature
in the 300 - 800 K range has been observed for membranes thinner
than 100 nm. We attribute this enhancement to the propagation
of SPhPs along the membrane interfaces. Our results demonstrate
that the reduction of the phonon thermal conductivity of nano-
materials can be compensated for by the increase of its counterpart
driven by the propagation of SPhPs and even double the thermal
energy transport. Thus, this work uncovers a new channel of heat
transport along polar dielectrics and lays the foundations for im-
proving the heat dissipation in microelectronics and efficiency in
silicon photonics.

Wu et al., Sci. Adv. 2020; 6 : eabb4461 30 September 2020

METHODS

Sample preparation

Samples of amorphous SiN membranes with thicknesses of 30, 50,
100, and 200 nm are suspended in 1.0 x 1.0 - mm? rectangular
windows of Si. These commercial high-stress (=250 MPa) mem-
branes were flat (curvature radius of 4 m) and did not exhibit
wrinkles. A circular aluminum pad of 5 um in diameter and 70 nm
in height was deposited on top of each membrane through electron
beam lithography and electron beam-assisted physical deposition
(Ulvac EX-300). The separation distance between these metallic
pads was chosen long enough (>200 um) to minimize their contri-
bution to the total thermal properties of the SIN membranes. The
spatial distribution of the aluminum pads is shown in the optical
microscopy image (fig. S1). Furthermore, on the basis of atomic
force microscopy (AFM) images of the SiN membranes, their
surface roughness was estimated to be smaller than 1 nm (Fig. 1D).
This roughness is negligible compared to the SPhP wavelength (2r/Bg),
and therefore, it should not attenuate the propagation of SPhPs along
the SiN membrane interfaces.

Experimental setup

To probe the heat transport in our SiN membranes at different
temperatures, we placed them in a vacuum chamber with a
temperature-controlled stage for performing measurements above
room temperature (300 to 800 K). The convection effects were
cancelled out with a chamber pressure below 10~ Pa.

The thermal conductivity of the membranes was measured by
means of the U TDTR method shown in Fig. 1. The working principle
of this all-optical pump-probe technique consists in focusing a
continues-wave “probe” laser beam (785 nm) and a pulsed “pump”
(642 nm) one on the aluminum pad by means of a (x50) micro-
scope objective. The pump beam is used to periodically heat up the
aluminum pad, which changes its reflectance that is continuously
measured by monitoring the intensity of the reflected probe beam
through a photodetector connected to a digital oscilloscope. Given
that the reflectance of a material is proportional to its temperature
via the thermoreflectance coefficient, each pulse of the pump beam
generates a jump in the signal of the reflected probe beam. As heat
gradually spreads from the aluminum pad through the underlying
membrane, the temperature and thus the pad reflectance return to
the initial values. The probe beam records this process as a gradual
return of the reflected laser intensity. During one iteration, the
uTDTR system integrates the data from the lock-in detector for 10*
pump pulses. To further reduce the noise, we accumulate the signal
for 1 min, which consists of 10° of such iterations. More details of
our experimental setup can be found in the literature (34). Last, the
measured temporal variations of temperature are combined with an
analytical model (“Heat diffusion model” section in the Supplemen-
tary Materials) to extract the in-plane thermal conductivity of our
SiN membranes.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/40/eabb4461/DC1
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