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Greatly Enhanced Radiative Transfer Enabled by Hyperbolic

Phonon Polaritons in a-MoO;

Yikang Chen, Mauricio A. Segovia Pacheco, Hakan Salihoglu, and Xianfan Xu*

Orthorhombic molybdenum trioxide (@-MoO;) is a highly anisotropic
hyperbolic material in nature. Within its wide Reststrahlen bands, a-MoO,
has hyperboloidal dispersion that supports bulk propagation of high-k phonon
polariton modes. These modes can serve as energy transport channels to
greatly enhance radiative heat transfer inside the material. In this work, large
radiative transfer enabled by phonon polaritons in a-MoO; is demonstrated.
The study first determines the temperature-dependent permittivity of a-MoO,
from polarized Fourier-Transform Infrared (FTIR) spectroscopy measurements
and then uses a many-body radiative heat transfer model to predict the
equivalent radiative thermal conductivity of hyperbolic phonon polariton.
Contribution of radiative transfer to the total thermal transport is
experimentally determined from the Time-Domain Thermoreflectance (TDTR)
measurements in a temperature range from —100 to 300 °C. It is found that
radiative transfer can account for ~60% of the total thermal transport at a
temperature of 300 °C. That is, conductive thermal transport is enhanced by
>100% by radiative transfer, or radiation inside a-MoO; is greater than that
of conduction. These additional energy pathways will have important
implications in thermal management in new materials and devices.

Phonon polaritons are electromagnetic
waves generated from the coupling of pho-
tons and optical phonons.'*1%1 Surface
phonon polaritons (SPhPs) attract much
attention because of the long propagation
length in thin films and the possibility of
using such phenomena for developing pho-
tonic devices.['8] For thermal transport,
much work has been conducted to demon-
strate the unique radiative transfer behav-
ior induced by surface phonon polaritons,
in both near field"?? and far field.[?>-]
For thermal transport along a surface, theo-
retical works predicted that the heat trans-
port can be enhanced by SPhPs.[10:12:26]
Recent experimental works also investi-
gated the contribution of SPhPs to ther-
mal transport.['1#728] Notably, it was found
that the presence of SPhPs boosts the ther-
mal conductivity of 3C-SiC nanowires by
20% at 300 K when both ends of nanowires
are coated by gold.*”! However, there are

1. Introduction

Understanding and controlling thermal transport propels ad-
vancements in various fields from science to technology. The
ongoing miniaturization of devices, along with the recent de-
velopment and application of 2D materials,'* underscores the
increasing significance of nanoscale heat transfer.’” In con-
trast to conventional materials where heat is carried by electrons
and phonons,®9! there is a growing interest in another carrier,
phonon polariton, which offers promising prospects for efficient
heat dissipation in compact devices and integrated circuits.['*-13]
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few studies about radiative heat transport
of phonon polariton inside materials, which
would require bulk phonon polariton in-
stead of SPhPs.

Hyperbolic phonon polaritons (HPhPs) in hyperbolic mate-
rials (HMs) are a type of bulk phonon polariton propagating
with large wavevectors inside the material, within the Rest-
strahlen (RS) frequency bands due to the open hyperboloidal iso-
frequency k-space contours, 332! potentially enhancing the ra-
diative heat transport inside HMs. It has been shown theoreti-
cally that radiative heat transfer in HMs could be significantly
enhanced (at least 6 orders of magnitude larger than that of
blackbody).**3*] Moreover, a recent experimental study demon-
strated that in h-BN, HPhPs contribute up to 27% of the total
thermal transfer at 600 K.35] Compared to h-BN, a-MoO; is an-
other anisotropic HM which has a much wider range of RS band
from 545 to 1006 cm™1,13¢1 comparing to those of h-BN from 760
to 825 cm™! and 1364 to 1614 cm~'.3%] Wider RS bands support
more HPhPs to carry thermal energy, which implies that radiative
heat transportin a-MoO, can contribute more to the total thermal
transport than that in h-BN. Up to now, several research studies
have been conducted to investigate and manipulate HPhPs in-
side a-MoO;,?”*] however, no studies on thermal radiation by
HPhPs inside a-MoO, has been reported.

In this work, we demonstrate greatly enhanced radiative trans-
fer by HPhP in a-MoO; through both theoretical analysis and ex-
perimental measurement, that radiative heat transfer contributes
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Figure 1. Many-body radiative transport model. a) Schematic of the system with a close-up of the heat flux throughout one slab. b) Hyperbolic iso-
frequency contours at the Reststrahlen bands of ¢, ¢,, and €, respectively, from left to right.

more to thermal transport than phonon conduction. A biaxial
many-body radiative transport model is first developed to com-
pute phonon polariton heat transfer in a-MoO; based on an ear-
lier model for uniaxial material using the fluctuation dissipa-
tion theorem and Green’s function.[*] Experimentally, the per-
mittivity of @-MoO; is determined by temperature-dependent po-
larized FTIR measurements fitted to a Lorentz model. The to-
tal thermal transfer in the out-of-plane direction, which includes
contributions from both phonon and hyperbolic phonon polari-
ton, is measured in a wide range of temperature using TDTR.
The significant radiative heat transfer inside the material, greater
than that of phonon conduction, indicates this new heat trans-
fer mechanism offers an effective heat dissipation channel in 2D
materials.

2. Results and Discussion

Figure 1a shows the schematic of the many-body model where
the sliced biaxial HM is sandwiched between hot and cold heat
bathes at T;; and T, respectively. The HM is assumed to be infi-
nite in the in-plane directions (x,y) with uniformtemperature for
each slab, but experiences temperature variation along the out-
of-plane direction (z). Each slab, j, is at a local equilibrium tem-
perature, T;, which enables the use of the fluctuation-dissipation
theorem that relates material temperature with the correlation
of source fluctuations in a slab j. This model is continuous and
therefore there is no gap between slabs. A previous study de-
veloped such a model for the uniaxial HM, h-BN.[®*] Here, this
model is further developed and extended to biaxial materials for
@-MoO,.The net radiative tranfer for a slab, @/, is expressed as:

dk, dk, & ,
/—"—Y > homy 7" 1)
- ,
0
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where w is frequency of a mode and # is reduced Planck’s con-
stant. @, is the radiative thermal energy flux at the boundary be-
hao ho
tween slabs j and j+1. n;; = 1757 —1)— 1/(e(mf) —1) is the
difference of finding a state occupied by a mode generated at
the temperature of slab I, T}, and slab j, T;. Summation over |
adds up all radiative contribution arising from the interaction of
slab j with all other slabs in the N-body system. 7" is the en-
ergy exchange function (always < 1) which describes how much
radiative heat flux can be transferred from slab j to slab [ by a
mode represented by k,. The iso-freqency dispersion countors are
shown in Figure 1b for the three RS bands in this biaxial mate-
rial. For the computation, the in-plane anisotropy in the dielec-
tric response requires separate integrations over k, and k. Also,
this anisotropy defines the hyperbolic dispersion in the k, — k,
plane, constraining the range of supported modes. (See Section
S1, Supporting Information for the details of implementation of
the biaxial many-body model). The upper limits for k, and k, are
determined by the corresponding lattice constants as r /aor z /b,
where a (= 0.396 nm) and b (= 0.370 nm) are the lattice constants
of @-MoO; along the x and y axes, respectively.[*! The thickness
for each slab used is chosen to be 0.65 nm after a convergence
study. Equation (1) is solved by iteratively varying the temperature
of each slab until global thermal equilibrium is reached. Then,
the heat flux @; at the interface between the heat bath and the
material yields the total radiative heat flux g, throughout all slabs
and an equivalent radiative thermal conductivity k,,, is calculated
as defined by Fourier’s law.

To calculate radiative heat transfer using the many-body
model, accurate dielectric constants are required. Polarized and
temperature-dependent FTIR measurements are carried out to
extract the temperature-dependent dielectric constants. Bulk
a-MoO;, acquired from 2D Semiconductors, is exfoliated by
tapes to films of several micrometers-thick, and transferred to
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Figure 2. Polarization-dependent FTIR reflection spectrum and fitting at 25 °C for a) x-polarized and b) y-polarized reflectivity. A ZnSe polarizer is
employed to align the incident polarization direction with the primary in-plane axes. Fitted dielectric constants at -110, 25, and 327 °C. Solid, dashed

and dotted lines represent €, €,, and €, separately, c) real part of the dielectric constant; d) imaginary part of the dielectric constant. The thickness of

a-MoO; flake used for the FTIR measurement is 4 um.

a standard silicon wafer. The dielectric constants of @-MoO; are
represented using a multiple-oscillator Lorentz model in which
the number of oscillators depends on the number of RS bands,
resulting in three oscillators for €, (i = 3) and one oscillator
for either ¢, or ¢, in a-MoO;. For a specific principal axis, the
Lorentz model is expressed as follows(“2]:

0'°)’ —w? — iTw
PR | i i @)
(@)

-’ —ilw

where €% is the dielectric constant at high frequency, ®'© and
®'© are the upper and lower limits of RS bands, called longitu-
dinal optical (LO) and transverse optical (TO) frequency, respec-
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tively, and I' represents the damping factor. The temperature-
dependent permittivity of all axes is determined by fitting FTIR
measured reflectivity to the calculated reflectivity based on the
Lorentz model.[*}! Figure 2a,b show the fitted and measured re-
flection spectrum for different polarizations at room tempera-
ture. Figure 2c,d show the permittivity of -MoOj at selected tem-
peratures of -110, 25 and 327 °C, where three major RS bands
(€, €, and ¢,) are centered at 544, 820, and 964 cm™', respec-
tively. Damping (I') is stronger at higher temperatures, result-
ing in lower peaks in the dielectric constants. Details of the fit-
ted results are provided in Section S2 (Supporting Information).
Additionally, @-MoOj; also exhibits hyperbolic behavior in the far
IR/THz spectral range.[**! This far IR/THz band is also included
in the calculation. The permittivity in the far IR/THz band used
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Figure 3. Exchange coefficient 7% at different temperatures and over different thicknesses with a fixed wavevector direction (k, = k,). All subfigures
share the same color bar shown on the top. The figures in columns are at temperatures of —110, 25, 127, 227, and 327 °C, respectively, from left to right.

The top and bottom rows are for 10 and 100 nm thicknesses, respectively.

in the calculation is discussed in Section S3 (Supporting Infor-
mation).

Radiative heat transfer in the out-of-plane direction is
calculated from the many-body model using the measured
temperature-dependent permittivity of a-MoOj. Since hyperbolic
phonon-polariton modes are of interest here in analyzing radia-
tive heat transfer, their propagation and decay are analyzed first.
Figure 3 shows the exchange coefficient (7%) versus wavenum-
ber and wave vector at a fixed direction (k, =k,), for thicknesses of
10 nm and 100 nm. The left side of each subplot with wavenum-
ber ranging from 549 to 670 cm™! displays the hyperbolic polari-
ton modes stemming from the RS band of ¢,, while the segment
with wavenumbers ranging from 824 to 944 cm™ is contributed
by the modes from RS bands of €,,. The rightmost segment (965
to 1003 cm™!) originates from the modes from RS bands of e,
(998.9t0999.4 cm™!) and ¢, (963.8 to 1006 cm™!). For all temper-
atures, the super high-k modes (k >5 x 10° m~') decay fast and
their exchange function drops below 5% over a distance of 10 nm,
while the modes with one order of magnitude less drops be-
low 5% over a distance of 100 nm. The phonon-polariton modes
with k lower than 10’ m~' have much less loss. It is also seen
that the exchange coefficient is a strong function of temperature.
Comparing —110 and 327 °C, the exchange function is reduced
by roughly 70% for all wavevectors and frequencies. Note that
Figure 3 illustrates the exchange function at a specific wavevector
direction only. Section S4 (Supporting Information) provides the
exchange function along two other directions to illustrate propa-
gation of HPhP along different directions.

Figure 4a shows the spectral irradiance in an a-MoO, film
with a fixed temperature difference of 1 °C between the hot bath
and the cold bath. It is seen that hyperbolic phonon polaritons
greatly enhance radiation in RS bands, seven to eight orders of

Adv. Funct. Mater. 2024, 2403719 2403719 (4 of 7)

magnitude greater than that of a blackbody. The enhancement in
spectral irradiance corresponds to the RS bands of each permit-
tivity. Specifically, the increases in the ranges of 540-820 cm™!,
820-960 cm™!, and 960-1000 cm™! are caused by the RS bands
of e, ¢,, and ¢,, respectively. As the thickness of material in-
creases, the energy exchange function 7' decreases as discussed
in Figure 3. Consequently, the spectral irradiance g, decreases
with thickness.

The total radiation is calculated then converted to a radiative
conductivity defined by Fourier’s law and is shown in Figure 4b
as a function of temperature (blue line). Even though a-MoO,
used in this study has a larger loss at higher temperatures, the
calculated k4 ., increases with temperature, from 0.28 Wm™'K™!
at —100 °C to 0.95 Wm~'K™! at 300 °C, because there is higher
population of modes at higher temperatures which compensates
the loss and leads to an increased k., ;. However, at higher tem-
peratures, k_, ., rate of increase is slower because of the larger
attenuation of 7' from damping.

The total out-of-plane thermal conductivity (k) in a-MoOj is
measured using a femtosecond TDTR setup. Details of this sys-
tem can be found in our previous works!*#¢l and are briefly sum-
marized in supplementary information S5 (Supporting Informa-
tion). The thickness of the film is 3.6 um. The red solid line in
Figure 4b represents the measured k, ,, including contribution of
both phonon and hyperbolic phonon polaritons, which is found
to decrease as the temperature increases.

It is known that for crystalline materials, phonon conductivity
varies with temperatures as T-! due to the intrinsic umklapp
scattering and saturated heat capacity.*’! 2D materials may be-
have differently because of the weak van de Waal interactions and
the mean free path (MFP) of phonon affected its dimension.[*!
Nonetheless, it has been found that @-MoO; has a maximum
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Figure 4. a) Spectral irradiance comparison between a-MoO; flakes of various thicknesses (10, 50, 100, 200, 400 nm) and blackbody (BB). b)
Temperature-dependent thermal conductivity of ko, Krad cars Krad,exp and ky-1. The TDTR measurements are conducted at temperatures of —100, —75,

—50, 25, 100, 200, and 300 °C, respectively.

out-of-plane MFP of ~150 nm,*! significantly smaller than
the thickness of the film used in our experiment, implying
that the MFP of phonon transport in our a-MoO, flakes is
primarily governed by phonon-phonon scattering and follows a
T-! behavior. A recent first-principles calculation, incorporating
3- and 4- phonon scattering, shows bulk a-MoO, has a T-!!
temperature dependency in the out-of-plane direction over the
temperature range from 200 to 1000 K.°°! In Figure 4b, the
temperature-dependent phonon contribution in @-MoO;, ki,
is plotted, using the T-! temperature dependency. That is, from
—100 °C, where the radiative heat transfer is small (calculated to
be 0.28 Wm~'K™!), a T~! decay curve (after subtracting the small
radiative contribution) is plotted as is attributed to the phonon
conduction. The difference between the measured total thermal
conductivity k,, and k; is attributed as the contribution from
radiation k., One reason that separating phonon conduction
from radiation contribution is possible is that the temperature
distribution caused by radiation is almost linear, as shown in
Section S6 (Supporting Information). As shown in Figure 4D,
kragep and kg exhibit a similar temperature-dependency
and have a close agreement in the measured temperature
range from —100 to 300 °C. Figure 4b shows that there is a
significant contribution of radiation by HPhPs, which is greater
than the phonon contribution at a temperature above 100 °C.
At 300 °C, this radiation accounts for ~60% of total thermal
transport.

3. Conclusion

To summarize, we investigate the radiative heat transfer carried
by HPhPs in the Restrahlen bands of a-MoO;. A many-body
fluctuation theory model accounting for the biaxial dispersion
is developed and used to predict the radiative heat transfer in
a-MoO;. The temperature-dependent permittivity of a-MoOj is
extracted from FTIR measurements and then fed into the many-
body model to obtain the equivalent radiative thermal conductiv-
ity. We measure the temperature-dependent total thermal con-
ductivity of a-MoO; from —100 to 300 °C, from which the ra-
diative thermal conductivity is experimentally determined. The
measured radiative heat transfer accounts for a significant por-
tion, up to ~#60% of the total heat transfer at 300 °C, greater than

Adv. Funct. Mater. 2024, 2403719 2403719 (5 0f7)

the contribution from phonon. This indicates that HPhP is a dif-
ferent and significant heat transfer mechanism inside hyperbolic
materials, which can be utilized for many thermal engineering
applications.

4. Experimental Section

Sample Preparation: Bulk a-MoO; materials were purchased from 2D
Semiconductors. a-MoQ; flakes of several micrometers were exfoliated
with Nitto dicing tape and subsequently transferred to standard silicon
wafer. The sample was cleaned with toluene, acetone, and IPA to remove
residue of adhesive from taps. AFM (NIST-NT) scans were performed to
measure the accurate thickness for each flake and then the samples were
sent for gold deposition using e-beam evaporation (roughly 100 nm). After
deposition, another AFM scan was performed to precisely determine gold
thickness.

Temperature-Dependent Dielectric Properties: Nicolet iS50R FTIR was
used with a Continuum Microscope to collect reflection spectra of a-MoO3
flake on silicon wafer. A ZnSe polarizer was employed to change incident
polarization direction. Sample was placed on a Linkam THMS720 heating
stage to control its temperature. A gold-coated silicon piece was also putin
chamber to serve as reference. Argon gas was used to purge the chamber
of heating stage for 20 min. After waiting for 30 min to allow for thermal
stabilization, spectral reflectivity data, collected by a 15x objective lens, was
averaged over 50 scans. Details of fitting parameters are given in Section
S2 (Supporting Information).

Thermal Conductivity Measurement: Thermal conductivity was mea-
sured with a home-built femotosecond time-domain thermoreflectance
(TDTR) setup. The 800 nm, 200 fs light was generated from Coherent Mira
900 assembles. Part of 800 nm light was split by beam splitter and sent to
BiBO crystal for generating 400 nm light, which served as pump for TDTR
measurement. A double lock-in method was used to extract signal. Pump
light was modulated by an EOM at 1.28 MHz and probe light was modu-
lated by a mechanical chopper at 400 Hz. The sample was mounted on a
heating stage (Linkam THMS 720) and the chamber was purged by ultra-
pure argon gas for 20 min. Before data acquisition, the sample stayed for
40 min for thermal stabilization. The measurements were repeated sev-
eral times to ensure repeatability. A 3D heat transfer model was used to fit
ratio curve obtained from TDTR measurement. More details are given in
Section S5 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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