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Abstract

As is well-known, the phonon and electron thermal conductivity of a thin film gen-

erally decreases as its thickness scales down to nanoscales due to size effects, which

have dramatic engineering effects, such as overheating, low reliability, and reduced life-

time of processors and other electronic components. However, given that thinner films

1



have higher surface-to-volume ratios, the predominant surface effects in these nanoma-

terials enable the transport of thermal energy not only inside their volumes but also

along their interfaces. In polar nanofilms, this interfacial transport is driven by surface

phonon polaritons, which are electromagnetic waves generated at mid-infrared frequen-

cies mainly by the phonon-photon coupling along their surfaces. Theory predicts that

these polaritons can enhance the in-plane thermal conductivity of suspended silica

films to values higher than the corresponding bulk one, as their thicknesses decrease

through values smaller than 200 nm. In this work, we experimentally demonstrate

this thermal conductivity enhancement. The results show that the in-plane thermal

conductivity of a 20 nm thick silica film at room temperature is nearly twice its lattice

vibration counterpart. Additional thermal diffusivity measurements reveal that the

diffusivity of a silica film also increases as its thickness decreases, such that the ratio

of thermal conductivity/thermal diffusivity (volumetric heat capacity) remains nearly

independent of the film thickness. The experimental results obtained here will enable

one to build on recent interesting theoretical predictions, highlight the existence of a

new heat channel at the nanoscale, and provide a new avenue to engineer thermally

conductive nanomaterials for efficient thermal management.

Keywords

In-plane thermal conductivity, surface electromagnetic waves, silica thin film, 3ω method,

transient grating technique.

Surface phonon polaritons (SPhPs) are able to propagate along the surface of polar dielec-

tric nanomaterials, over distances that are more than 4 orders of magnitude longer than the

typical mean free paths of phonons at the same frequency, and therefore, they can be con-

sidered as powerful heat carriers at the nanoscale, as was theoretically predicted in different

structures.1,2 Experimentally, SPhPs can be excited optically or thermally. For the optical

excitation, the material surface is illuminated with a monochromatic light beam of a given
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frequency, which generates SPhPs propagating with the same frequency along the material,

as established by the energy and momentum conservations.3 By contrast, for the thermal

excitation, the material is heated and SPhPs are simultaneously excited in a broad frequency

range. Because of the possibility of exciting a single mode at a time, the optical method

is the easiest one to highlight the characteristics (dispersion curve, propagation length, life-

time) of these surface electromagnetic waves,4–6 whereas the observation of thermally excited

SPhPs requires different techniques, such as surface grating,7,8 attenuated total reflection,4

or thermal scanning tunneling microscopy.9 The thermal energy carried by SPhPs propa-

gating along packed beds of silica nanoparticles10 and hexagonal boron nitride encapsulated

graphene11 was measured. In the first work, the obtained thermal conductivity increase (κ

= 0.01-0.03 W/(m·K)) does not agree with the predictions of two theoretical models: the

wave model, where wave solutions to the electric field interactions between nanoparticles are

developed and the radiation model, where the nanopaticle network is viewed as a system

of discrete dipoles interacting through many-body radiations. However, it partially agrees

with a ballistic propagation model of SPhPs. Indeed, some of the high-temperature thermal

conductivity results are still underestimated by this model. In the second work, the cooling

time determined by ultrafast time-resolved photocurrent measurements for hexagonal boron

nitride encapsulated graphene shows lower values than expected and cannot be explained

with in-plane cooling by scattering with graphene acoustic phonons. These latter results

are explained with the out-of-plane heat transfer: coupling between hot carriers in graphene

and hyperbolic phonon polaritons supported by boron nitride;12 however, quantitatively, the

energy contribution of SPhPs is not isolated. On the other hand, the enhancement of the

in-plane thermal conductivity of silica thin films, due to the propagation of SPhPs, has al-

ready been predicted theoretically1,13,14 but not yet confirmed experimentally. Our present

work demonstrates the existence of this new heat channel.
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The in-plane thermal conductivities of suspended membranes of conductors,15,16 semi-

conductors,17–19 and insulators20,21 were measured by different techniques, such as the cen-

tral line heater method,20,21 the distributed self-heating method,15 time domain thermore-

flectance,19 Raman thermometry,17 and transient grating.18 However, these methods have

not been applied to specifically suspended amorphous silica films, even though the cross-

plane thermal conductivity of silica films deposited on a substrate was already reported in

the literature.22,23 This cross-plane thermal conductivity depends strongly on the sample

purity, and its values tend to be independent of the sample thickness,23 even for thicknesses

as small as a few tens of nanometers. Based on these previous works, we decided to fabricate

our amorphous silica films by thermal oxidation to obtain ultrathin suspended silica films

with high purity23 (see Figure S4 in the Supporting Information), as well as to measure

with a high sensitivity their in-plane thermal conductivity and thermal diffusivity with and

without a central line heater deposited on the samples, through the 3ω 20,21 (see Figure 1)

and transient grating methods,18 respectively.

We explain the theoretical estimation of the SPhP thermal conductivity first proposed by

Chen et al.13 and analyze its application to our suspended silica samples of thickness t, half-

width a, and length b, as shown in Figure 2 and Figure S2 in the Supporting Information.

The film is surrounded by air, has a frequency-dependent dielectric constant εSiO2(ω), and

its temperature gradient in the z-direction can be neglected, as its thickness is very small

(smaller than 300 nm). In this condition, the Boltzmann transport equation under the

relaxation time approximation predicts that the SPhP contribution to the in-plane thermal

conductivity of the film is given by24

κ =
1

4πt

∫ ωH

ωL

~ωΛβR
∂f0
∂T

dω, (1)

where f0 is the Bose-Einstein distribution function, T is the film temperature, βR = Re(β)

is the real part of the in-plane wave vector β, Λ = (2Im(β))−1 is the SPhP propagation
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Figure 1: Fabricated suspended silica films with Al wires. Pictures (a) and (b) show
a top view of a 30 nm thick suspended film, for two different magnifications. (c) Top view
and side view schemes of a film sample. During the 3ω measurements, we use four different
Al pads to separately measure the current intensity (two lower ones) and the voltage (two
upper ones) of the electric current flowing along the Al wire.
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length (mean free path), ~ is Planck’s constant divided by 2π, and ωL and ωH are the lowest

and highest frequencies, respectively, supporting the propagation of SPhPs. Equation (1) is

derived in detail in the section ”Thermal conductivity due to surface waves” of the Supporting

Information and shows that the values of κ are determined by the SPhP dispersion relation

β = β(ω) as well as by the frequency range of integration, which, for ideal lossless materials,

is defined by Re(εSiO2(ω)) < −1.14 For a lossy material as an amorphous silica film, on

the other hand, the SPhP dispersion relation establishes that the SPhPs propagate in a

frequency range much broader than the one for a lossless material1 (see Figure S1 of the

Supporting Information), as was recently demonstrated experimentally.8 The surface modes

propagating with frequencies higher and lower than the ones in a lossless medium have

been referred as Zenneck and transverse-magnetic (TM)-guided modes, respectively.8 An

additional theoretical analysis of this frequency broadening can be found in the section

”Broadening and spatial confinement of surface waves” of the Supporting Information. It is

commonly accepted to name phonon polariton the hybridation between the electromagnetic

field and the atomic motions in amorphous silica. This general conception was allowed

because the resonances in the silica dielectric permittivity appear at the same frequencies as

the ones of the quartz dielectric permittivity.

Taking into account that the thermal excitation of surface electromagnetic waves requires

the excitation of optical phonons, which appears in amorphous silica for frequencies smaller

than ωH = 258 Trad/s only, as was demonstrated through the experimental and theoretical

determination of their density of states,25 all of the TM-guided modes with frequencies higher

than ωH cannot be thermally excited. This means that the propagation in amorphous silica

of these TM-guided modes does not rely on a phonon-photon coupling; however, their optical

excitation is still possible, as was already reported.8 In the low-frequency regime, on the other

hand, we limit the integration in eq (1) to the smallest frequency, ωL = 7.6 Trad/s, for which

a nonzero density of state has been experimentally observed.25 From now on, we are going
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to refer to surface electromagnetic waves as both SPhP and Zenneck modes.

Taking into account that the intrinsic propagation length, Λ, of surface electromagnetic

waves supported by a 20 nm thick amorphous silica film can exceed 1 m,1 the effective

propagation length, Λe, used in eq (1) has been calculated through the Mathiessen’s rule:26

Λ−1e = Λ−1 + a−1. This relation holds when the surface waves only propagate in the y-

direction, which is expected to be the case when the heater temperature gradient is not too

significant (∆T ≤ 85 K). However, if the temperature gradient along the heater is significant,

the excitation of these waves is not uniform and they can propagate in diagonal directions

in the x-y plane. In this latter case, the effective propagation length Λ
′
e increases (Λ

′
e > Λe)

and is given by

1

Λ′
e

=
1

Λ
+

1

Lmax − Lmin

ln

(
Lmax

Lmin

)
(2)

where Lmin = a and Lmax =
√
a2 + (b/2)2 is the half-diagonal of our samples (see Figure

2). These two effective propagation lengths Λe and Λ
′
e will enable us to know whether

only the half-width or also the length of our samples play a role on their in-plane thermal

conductivity enhancement, and they are referred as models I and II, respectively. Due to the

strong asymmetry between the substrate (silicon) and the superstrate (air)1,27 (Figure 2),

we consider that the surface waves cannot propagate beyond the borders of the free-standing

films. In general, the propagation of these surface modes will be partially diffusive and

partially ballistic; however, because of the limited propagation of the ballistic surface waves

to the borders of the films, their mean free path is decreased to the film half-width a (model

I) or the diagonal distance in the x-y plane (model II).

We have fabricated free-standing silica films with thicknesses between 300 and 20 nm

through the thermal oxidation method. This range of thicknesses is wide enough to fully

highlight and quantify the surface electromagnetic waves’ thermal energy without ambigui-

ties, as previous theoretical studies predicted.1,13 For the 3ω measurements, the dimensions
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Figure 2: Thermal excitation and propagation of surface waves. Scheme of the half of
the suspended film. Surface waves are thermally excited by the hot metal wire placed at the
center of the film and propagate along both sides of the membrane, before being scattered
at its edges. The top view shows the minimum and the maximum propagation length used
in the theoretical calculations (models I and II).
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of the aluminum wires used as heaters (100 nm thick and 6 µm wide) and of the rectangular

silica films (250-700 µm wide and 4-5 mm long) have been carefully chosen to avoid excess

heat losses, as shown in Figure 1. On the other hand, for the transient grating measurements,

a thin layer of AuPd (2.8 nm thick) was deposited on each square silica sample (600-680 µm

long) in order to ensure the conversion of the laser light into heat at the illuminated surface.

See the section ”Transient grating technique” of the Supporting Information for details.

The first method used to determine the in-plane thermal diffusivity and thermal conduc-

tivity of the samples is based on the 3ω method previously reported by Jain and Goodson.20

An aluminum wire deposited at the center of the suspended silica film acts as a heater and

a temperature sensor due to its temperature-dependent electrical resistance (Figure 1c and

Figures S6 and S8a of the Supporting Information). By applying a DC and then an AC volt-

age across the wire, the thermal conductivity and thermal diffusivity of the samples can be

separately determined. When a DC voltage is applied to the wire, the average steady-state

temperature increase of the metallic heater is given by

θ̄DC =
4RI20
κt

+∞∑
n=0

tanh [(2n+ 1)πa/b]

[(2n+ 1)π]3
, (3)

where R is the electrical resistance of the sample at the measured temperature and I0 is the

applied electric current. Equation (3) shows that the in-plane thermal conductivity κ can be

easily extracted from the plot between the input electrical power RI20 and the temperature

increase θ̄DC (see Figure S8b in the Supporting Information), which is obtained from the

voltage measured across the metal wire.20

By applying an oscillatory voltage of frequency, ω, the temperature increase of the heater

has a steady-state component associated with eq (3) and an oscillatory one, θ̄AC , whose
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average amplitude over one period is given by

|θ̄AC | =
2RI20
κtb

∣∣∣∣∣
+∞∑
n=0

tanh(∆2n+1a)

∆2n+1[(2n+ 1)π]2

∣∣∣∣∣ , (4)

where

∆2n+1 =

√(
(2n+ 1)π

b

)2

+

(
2iω

α

)2

, (5)

|θ̄AC | is the amplitude of the 2ω component of the temperature and is directly proportionnal

to the 3ω one of the voltage across the wire.20 Equation 4 is used to determine the thermal

diffusivity α of samples (see Figure S9 in the Supporting Information). Details of the DC

and AC calculations can be found in the section of the Supporting Information ”Thermal

modeling of the 3ω experiment”. Implicitly, we neglected the radiation losses in this thermal

model because the emissivity of the films is very low (see Figure S7 in the Supporting

Information), and even its values are not negligible, this model still applies for a not-so-high

heater temperature increase, as explained in the section ”Study of the radiation losses” in

the Supporting Information.

In order to further corroborate the in-plane heat transport results from the 3ω method, we

performed measurements using a time-resolved optical spectroscopy technique known as laser

induced transient grating.28 In this technique, two short laser pulses (≈ 8 ns) are crossed at

an angle 2θ′ in order to produce an intensity pattern with a periodicity Λ = λ/(2sin(θ′)),

were λ is the optical wavelength (see Figure S12 in the Supporting Information). Absorption

of the laser light by the sample creates a spatially periodic temperature profile, which will

remain until the thermal energy is redistributed from peak to null. This temperature decay

will induce temperature-dependent changes in the refractive index that can be monitored via

the diffraction of a continuous wave laser. For the complete technical details regarding the

implementation of the transient grating method, we refer the reader to the section ”Tran-

sient grating technique” in the Supporting Information. In the case of the semitransparent
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silica films, the temperature profile induced by the transient grating technique decays as an

exponential function28 (see Figure S13):

T (t) = T0e
−t/τ , τ = Γ2/4π2α (6)

where Γ is the transient grating periodicity and α is the thermal diffusivity of the film.

The in-plane thermal conductivity (κ) and thermal diffusivity (α) of our silica films mea-

sured by means of the 3ω method are respectively shown in Figures 33a and 44a, as functions

of their thicknesses. For thicknesses around 300 nm, both κ and α have values similar to

those of their corresponding bulk counterparts, but they exhibit an increase of more than

50% for thicknesses smaller than 50 nm. This sizable increase is attributed to the energy

contribution of surface electromagnetic waves due to the following reasons: (i) it is higher

for thinner films, as established by the theoretical description of surface effects, and (ii) the

thermal conductivity of bulk amorphous silica only increases about 0.17 W/(m·K) (×12%)29

when its temperature increases from 289 to 381 K, which is comparable to or higher than

the temperature increase undergone by the metal heater used in our 3ω experiments.

The experimental data do not completely follow either model I or II in Figure 3a, but

they are located in between. The experimental results obtained for the samples with a half-

width smaller than 230 µm are better described by the predictions of model I, whereas those

measured for wider samples follow a trend better predicted by model II. These observations

are difficult to explain, but we can note that wider films have a higher density of wrinkles,

which deviates the heat transport from the y-direction assumed by model I. However, narrow

films can also exhibit a thermal conductivity higher than the one predicted by model I as

is the case of the 45 nm thick film (green dot). This trend is not experimentally observed

for thicknesses greater than 50 nm, due to the limited presence and propagation of surface

waves, as established theoretically (see Figure S3 in the Supporting Information presenting
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Figure 3: Enhancement of the in-plane thermal conductivity of suspended silica
membranes. (a) Plot of the in-plane thermal conductivity as a function of the film thick-
ness. The experimental data are compared with the theoretical predictions considering that
the propagation of the surface waves is limited by the film half-width (model I in solid lines)
or occurs in all directions of the film plane (model II in dashed lines). The dotted line rep-
resents the bulk thermal conductivity of amorphous silica at room temperature.23 (b) Plot
of the normalized in-plane thermal conductivity obtained by the 3ω and transient grating
methods, as a function of the film thickness. The values κ0 = 1.55 W/(m·K) (t = 138.1
nm) and κ0 = 3.37 W/(m·K) (t = 141.2 nm) have been used for the normalization of the
3ω and transient grating data, respectively. (c) Plot of the in-plane thermal conductivity
as a function of the film temperature. The experimental data are compared with previous
measurements of bulk silicon dioxide as a function of the temperature29 and with the same
data to which are added the predictions of models I and II.
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the same data as a function of the membrane half-width). Therefore, the deviations between

the experimental data and theoretical curves (less than 10% for the large majority of the

experimental points) can be associated with the wrinkled surfaces, which may add some

propagation distortions that are difficult to predict and also to the purity of the suspended

silica films. The theoretical computations (detailed in the Supporting Information) were

indeed performed with the dielectric constant εSiO2 reported by Palik30 for pure amorphous

silica, which is not exactly the case of our samples, as shown by the energy-dispersive X-

ray spectroscopy analysis reported in the Supporting Information (Figure S5b and Table

S1). The purity of the samples explains also the experimental data below the bulk value for

samples having a short half-width for which no large enhancement of the thermal conductivity

is expected. Consequently, the final result will strongly depend on their intrinsic thermal

properties.

The dependence of the thermal conductivity on the film temperature is displayed on Fig-

ure 3c for a 45 nm thick film. The experimental values are compared with some referenced

data obtained in accordance to model I or II. We observe an increase of the thermal conduc-

tivity, which is consistent with the theoretical predictions for the thermal energy of surface

electromagnetic waves. We did not heat the sample to temperatures greater than 600 K

because the glass dielectric constant changes dramatically31 and the suspended film could

undergo some deformations (see Figure S10 showing the experimental setup). Additional

data of the dependence of the thermal conductivity on the film temperature are presented

in Figure S11 of the Supporting Information.

The enhancement of the thermal conductivity is also present for the thermal diffusivity,

as shown in Figures 4a. The consistency between the thermal conductivity and thermal

diffusivity measurements is further strengthened by their ratio (see Supporting Informa-

tion Figure S5a), which is nearly independent of the film thickness and takes values of about

(1.5-2)×106 J/(m3·K) corresponding to the volumetric heat capacity reported for amorphous
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silica at room temperature.32 This correlated enhancement of κ and α is confirmed by the

transient grating method (details in the Supporting Information), which was applied to mea-

sure these thermal properties for three additional silica films with thicknesses of 141.2, 87.3,

and 27.5 nm. The measured thermal conductivities and thermal diffusivities are much higher

than their corresponding values obtained by the 3ω method for films of similar thicknesses

(see Figures S14-16 in the Supporting Information), due to the AuPd nanolayer (2.8 nm

thick) deposited on these three samples and the differences on the size of the films (square

shape whose half-size lies between 300 and 340 µm, enabling a relatively longer propagation

length of surface waves than most of the 3ω samples). However, by normalizing the κ and

α values obtained by each technique with their corresponding ones (κ0 and α0) measured

for the thickest film (see Figures 3c and 4b), we observe that both techniques yield a con-

sistent enhancement of κ/κ0 and α/α0 as the film thickness decreases, which represents the

fingerprint of the surface electromagnetic waves. Interestingly, the relatively high values

of κ and α measured with the transient grating method suggest that these surface electro-

magnetic waves are able to couple with the free electrons of the highly conductive AuPd

nanolayer to enhance even more their energy transport. This enhancement is corroborated

by some studies proving that the presence of a metallic layer will not destroy the long-range

propagation of the surface electromagnetic waves8 and that the total thermal conductivity

of such a two-layer system increases with the thickness of the metal layer without taking

into account the presence of surface waves.33 This latter result may thus open a new avenue

for theoretical and experimental studies of the propagation of surface electromagnetic waves

along polar/metal interfaces.

Finally, it is worthwhile to mention that the thermal energy of polaritons could also be

observed in polar nanowires, whose polariton thermal conductance is quantized and given by

G = (π2k2BT )/3h, with kB and h being the Boltzmann and Planck constants, respectively.34

At room temperature (T = 300 K), G = 0.3 nW/K, which indicates that the polariton
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Figure 4: Enhancement of the thermal diffusivity of suspended silica membranes.
(a) Plot of the thermal diffusivity as a function of the silica film thickness, obtained by
the 3ω method. The dashed line corresponds to the bulk thermal diffusivity of amorphous
silica at room temperature.23,32 (b) Plot of the normalized thermal diffusivity obtained by
the 3ω and transient grating methods, as a function of the film thickness. The values α0 =
0.869 mm2/s (t = 135.7 nm) and α0 = 1.69 mm2/s (t = 141.2 nm) have been used for the
normalization of the 3ω and transient grating data, respectively.
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thermal conductivity of a SiO2 nanowire of length L and cross section A = πa2 becomes

comparable to that of its phonon counterpart (kpol ' 1.4 W/(m·K)), for L/A = kpol/G ≥

(14/3) nm−1. Taking into account that this condition can be fulfilled with long enough

and/or thin enough nanowires (i.e., L ≥ 147 µ m (L ≥ 1.47 µ m) for a = 100 nm (a = 10

nm)), with aspect ratios (L/a > 102) that can currently be fabricated, these polar nanowires

could also be used to probe the thermal energy of polaritons.

In summary, we have experimentally quantified the thermal energy carried by surface

electromagnetic waves propagating along silica nanofilms based on the 3ω and transient

grating measurements of their in-plane thermal conductivity and thermal diffusivity. We

have shown that both thermal properties increase more than 50% of the corresponding bulk

values for film thinner than 50 nm. This enhancement represents the signature of the surface

waves energy, which increases with the film temperature and confirms the generation of these

thermally excited waves. The obtained results are consistent with the theoretical predictions

for the thermal conductivity of long-range and broad frequency band surface electromagnetic

waves, and therefore, they demonstrate the existence of a new (surface) channel for the heat

transport along polar nanomaterials.
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