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Nanoscale heat conduction is limited by the surface scattering of phonons but can be enhanced by surface phonon-
polaritons (SPhPs), which are the hybridization of photons and optical phonons in polar materials. Here, we analyze
the dispersion of SPhPs in a multi-layer system consisting of a silicon (Si) layer sandwiched between two silicon
dioxide (SiO,) nanolayers. We find that SPhPs generated in the SiO; nanolayers couple with guided resonant modes
and propagate mainly in the non-absorbent Si layer, for microscale Si thicknesses. This coupling yields an enhancement
in thermal conductivity with Si thickness. By contrast, for nanoscale Si thicknesses, evanescent components of SPhPs
couple inside the Si layer, resulting in a higher thermal conductivity for thinner Si layers. The transition between these
two different coupling phenomena provides the minimum of the in-plane SPhP thermal conductivity at a Si thickness
of approximately 1 m. Our finding brings deeper insights into thermal management in electronics and semiconductors.

Modern semiconductor technology enables fabrication of
nanoscale devices. The high density of elements in electrical
circuits causes local heating on semiconductor chips, which
damages devices and lowers their performance!. Nanoscale
structures suppress the phonon transport, resulting in re-
strained heat dissipation>©. Local heating has thus become
a critical issue, and alternative cooling solutions relevant to
the nanoscale are in great need.

Meanwhile, surface phonon-polaritons (SPhPs) are of in-
terest as another effective heat carriers at the nanoscale®’~°.
Surface phonon-polaritons are surface waves of polar materi-
als, generated by photon and optical phonon hybridizing in
the infrared range. In nanofilms, due to the high surface-
to-volume ratio, SPhP propagation lengths can reach up to
a few hundred micrometers®!?. Thus, SPhPs can dominate
the in-plane thermal transport>~!2, Experimental works have
revealed the high thermal property of SPhPs in silicon diox-
ide and silicon nitride nanofilms!>!#, However, suspending
a nanometric film is technically challenging, and such a ge-
ometry is impractical for applications. Researchers have stud-
ied SPhP propagation and in-plane thermal transfer in multi-
layer systems!®!7 yet the physical description of SPhP ther-
mal transport remains incomplete. It is also to note that nano-
metric layers were considered to achieve high thermal prop-
erty by lowering absorption>!%16:17,

In this work, we consider a multilayer system in which rela-
tively thick silicon (Si) is sandwiched between silicon dioxide
(Si0,) nanolayers (Fig. 1(a)). We expect the SPhPs, excited in
both top and bottom SiO; layers, to couple inside the Si layer
which is an SPhP non-active material. Thus, the configuration
promote heat conduction'®. In this aim, we investigate the
Si thickness dependence on SPhP in-plane thermal transport
in a multilayer system of SPhP active and non-active materi-
als. Figure 1(a) provides the schematic of our SiO»/Si/SiO»
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three-layer system. The permittivities of silicon, silicon diox-
ide, and vacuum are expressed as &s;, &sjo, and &, respec-
tively. We define the in-plane wave vector of the electromag-
netic field along the interface as f3, and the cross-plane wave
vector as,

pgi,SiOZ =p*- £Si.Si02k(%7 (1)

where ko = £, with @ being the spectral frequency of SPhP
propagation and c the speed of light in vacuum. Silicon thick-
ness dependence of the in-plane wave vector can be seen in
Supplementary 3. By solving the Maxwell equation with the
proper boundary conditions of tangential component continu-
ity, the dispersion relation of SPhPs in the three-layer system
is described along two solutions as detailed below (see Sup-
plementary 1).
The symmetric one reads:

€510,
[Mtanh(PSiOzd) + 1] tanh(psif/2)
Psio, €0

Psio, Esi [IJO&‘Sio2

+ tanh(ps; d]:O 2)
Psi€sio, | Psio, €o (Ps;oz )

And the asymmetric one as:

.
[M + tanh(PSiozd)] tanh(psif/2)
Psio, &
. &si
Psifsioy [Mtanh(psmzd)""l} =0 O
Psio, Esi | psio, €

where d and h are SiO; and Si thicknesses, respectively.

The relative permittivity of SiO; is shown in Fig. 1(b). The
peaks at 87 Trad/s and 202 Trad/s indicate that SiO, absorbs
a significant amount of energy from the electromagnetic field
and can couple to form polaritons in the range of those res-
onant frequencies. In our calculations, we use the complex
permittivity of SiO, shown in Fig. 1(b) for the SPhP active
material, and the constant relative permittivities of £g; = 11.7
and & = 1, for the SPhP non-active materials.
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FIG. 1. (a) Cross-plane schematic of the Si0,/Si/SiO, three-layer system. The permittivity for vacuum, Si and SiO, are defined as &, &s;, and
£si0, respectively. (b) Experimental values of the real and imaginary parts of the SiO; relative permittivity reported in the literature!>.

We calculate the dispersion relation of SPhPs in the three-
layer system, using the Si and SiO; thicknesses of d = 30
nm and 2 =10 m. Figure 2(a) shows the derived dispersion
relation of the real part of B, Bg. Multiple branches were
obtained from symmetric and asymmetric solutions. This is
due to the term tanh(psih/2). In previous studies on nano-
metric films where the condition |psio,|d < 1 was satisfied,
the simplification of tanh(x) — x provided only one solution.
However, with a relatively high value of 4 =10 m, the hy-
perbolic tangent, tanh(ps;i//2), cannot be reduced to a linear
term and thus provides multiple branches, which correspond
to the partially confined modes in the cross-plane direction.
All the branches are below the light line in vacuum (black
dashed line), which indicates that they are evanescent in air
throughout the frequency range. They are also slower than
SPhP in a single SiO; film of 30 nm thickness (black solid
line), which is superposed with the vacuum light line.

To study further the SPhP in the three-layer system, we
analyzed the dispersion relation for different Si thicknesses
h. Figure 2(b) shows the comparison of the first branch of
the symmetric solution derived for various values of 4. For
thicker Si, the dispersion curve follows the light line in Si
(gray dashed line), whereas for thinner Si, it follows the light
line in vacuum (black dashed line), typically below 4 = 1
m. This behavior comes from the fact that for thicker Si, the
SPhPs couple with the guided resonant modes of Si, whereas
for thinner Si, the SPhPs behave like those along a single SiO;
film. In this latter case, the SPhP energy is mainly distributed
in vacuum space, as shown in Fig. 3. These two regimes will
be further discussed in the following paragraphs.

Next, we derive the in-plane SPhP thermal conductivity of
the three-layer system. In-plane propagation length A is de-
ﬁnzed using the imaginary part of the in-plane wave vector, f;
as

A=——. )

In-plane propagation in the three-layer system as a function
of Si thickness 4 is plotted in Fig. 2(c) for the first branch
of the symmetric and asymmetric solutions. Both solutions
reveal a decrease with Si thickness. The SPhP in-plane prop-
agation length spectrum of each branch of the three-layer sys-
tem is also studied (see Supplementary 2). However, as Si
becomes thinner than 1.1 m (2.3 m for the asymmetric solu-
tion), A increases as & decreases. The results also indicate a
minimum of A. Note that for 2 < 1.1 m, tanh(ps;i//2) can be
reduced to psih/2 and there is only one branch from the sym-
metric solution. In-plane thermal conductivity x of SPhPs is
described by summation of different modes j, using Bz and A
as

! “ hon B 200
K74n(h+2d)zi’./o th,ﬁR,.,awa, 5)

where f; is the Bose-Einstein distribution function?.

The Si thickness dependence of the in-plane SPhP thermal
conductivity is plotted in Fig. 2(d). As thick Si films yield
multiple solutions, the thermal conductivity is calculated by
summing up the contributions from multiple branches. Con-
tribution of the high-order branches to the thermal conductiv-
ity can be seen in Supplementary 4. Following the trend of
A shown in Fig. 2(c), the in-plane thermal conductivity also
displays a minimum around 1 m.

Two regimes clearly appears, i.e. when 7> 1 m and h <
1 m. To discuss the physical background causing two differ-
ent regimes, we analyzed the SPhP energy distribution in the
three-layer system. Figure 3 shows the SPhP in-plane Poynt-
ing vector for 4 = 0.1 m, 0.5 m, 1 m, and 10 m. The SPhP
Poynting vector in the x direction (Sy) was calculated by tak-
ing the real part of the electric field in the z direction (E;)
multiplied with the conjugate of the magnetic field in the y
direction (Hy) as
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FIG. 2. (a) The dispersion relation of SPhPs in the three-layer system with SiO, and Si thicknesses of d = 30 nm and 7 = 10 m. Both
symmetric and asymmetric solutions provide multiple branches, and they are all below the light line in a vacuum, plotted in the black dashed
line. All branches were slower than the case of SPhP in SiO; single film of 30 nm thickness (plotted in the solid black line), which almost
superposes with the light line in a vacuum. (b) The first branch of the symmetric solution of fBg for the different values of Si thicknesses A.
In thicker Si, dispersion curves are brought along the Si light line (gray dashed line), whereas they come along the light line in a vacuum
(black dashed line) when the Si thickness reduces. (c), Si thickness dependence of the SPhP in-plane propagation length. The first branch of
the symmetric and asymmetric solutions are compared at a frequency of @ = 234 Trad/s. (d) Si thickness dependence of the in-plane SPhP
thermal conductivity. The contribution from the multiple branches are summed up to derive the total thermal conductivity.

1
S = SRE, x Hy). ©)

For h = 10 m, the SPhP energy is mainly distributed in-
side the Si layer. Surface phonon polaritons excited in the
SiO, layers, couple with propagative waves inside the non-
absorbent Si layer and couple with the guided resonant modes.
Thus, multiple solutions are obtained for thicker Si layer.

When 4 = 1 m, the SPhPs are still coupled with the Si-
guided resonant modes and distributes its energy in the Si
layer, but with less value and the number of branches is re-
duced compared to the thicker Si case. For 7 < 1 m, prop-
agative waves can no longer exist inside the thin Si layer and

SPhPs excited in the SiO, layers can be proven to evanes-
cently couple inside the Si layer. Most of the energy is dis-
tributed along the vacuum/SiO; interface, and the profile is
similar to the one of the single film case. This profile corre-
sponds to the fact that the dispersion curve of g for 7 < 1 m
was along the light line in a vacuum, as is also the case for the
SiO; single film (Fig. 2(b)). As the Si thickness decreases, the
energy distribution is more widely spread in the nonabsorbent
vacuum, therefore yielding a longer propagation length and a
higher thermal conductivity for thinner Si films.

In this work, we analyzed the propagation and thermal
transfer of SPhPs in a SiO,/Si/SiO, multilayer system. We
found that, in the range of microscale Si thickness, SPhPs gen-
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erated inside the SiO; nanolayers couple with the guided res-
onant modes of the Si layer and the SPhP energy propagates
inside the non-absorbent Si layer mainly. This coupling leads
to the SPhP propagation length and the thermal conductivity
reduction by thinning the Si layer. On the other hand, when Si
becomes thinner than 1 m, propagative waves can no longer
exist across the Si layer, and SPhPs generated in the top and
bottom SiO; couple inside the Si layer via evanescent waves.
In this second coupling regime, the multilayer system tends
to behave like a single film, resulting in a higher thermal con-
ductivity for thinner Si layers. The transition between these
two coupling regimes yields a minimum for the SPhP in-plane
propagation length and thermal conductivity. We have finally
revealed the complex set of mechanisms in the in-plane heat
flux due to the coupling between surface phonon-polaritons
and resonant guided modes. This finding brings in a deeper
understanding of thermal conduction in solids that will impact
the thermal management of micro and nanosystems.

I. SUPPLEMENTARY MATERIAL

Supplementary material to the paper provides the detailed
information about the theoretical background. Further discus-
sion is welcomed by contacting our corresponding authors.
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