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ABSTRACT

We crossed two femtosecond extreme ultraviolet (EUV) pulses on a 100 nm thick amorphous membrane of SiO,, generating transient grat-
ings (TGs) of light intensity with 84 nm spatial periodicity. The EUV TG excitation gave rise to the efficient generation of Lamb waves (LWSs)
and of a temperature grating, whose dynamics was studied at two different initial sample temperatures, 50 and 300 K. The short penetra-
tion depth of the EUV excitation pulses turned into a strong non-uniformity in the actual temperature as a function of the depth from the
sample surface. At the lowest temperature, the LW frequencies presented a sizable shift in time due to the thermal equilibration along the
membrane thickness. The analysis of the EUV TG waveforms allowed us to determine the decay time of the thermal grating and the sound
attenuation coefficient, both found in reasonable agreement with the literature. The results show how EUV TG can provide information of
non-equilibrium thermoelastic dynamics in thin membranes transparent to optical radiation.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0201769
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I. INTRODUCTION

Studying the thermal properties and the vibrational dynam-
ics of materials with typical spatial dimensions of a few tens of
nanometers is critical for advancing their technological applica-
tion. The development of faster, more efficient, and more compact
nanoelectronic devices, such as smartphones and computer chips,

as well as improved thermal barrier coatings,' heat-assisted mag-
netic recording,” nano-enhanced photovoltaics, and thermoelectric
energy conversion devices, could significantly benefit from a bet-
ter understanding of the basic mechanisms governing nanoscale
thermal transport. These devices often involve structured thin films
composed of layers of different chemical composition, with impu-
rities added to tailor their functionality.” However, the complex
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structure of these materials makes it challenging to predict and
characterize their thermoelastic properties.

Material properties, such as elasticity, thermal conductivity,
and heat capacity, can drastically differ when the spatial dimensions
reduce from macroscopic to sub-um scales,” i.e., to sizes comparable
with the characteristic length scales of thin membranes and other
nanostructures. Over the years, an obstacle to fully describing ther-
moelastic responses of such thin samples has been the absence of
experimental techniques capable of accessing the tens of nanome-
ter length scale range’ without the requirement of modifying or
touching the sample. In addition, contactless probes like optical
spectroscopy often rely on the need for samples with either a tan-
gible absorption of radiation or a significant scattering volume, thus
making it difficult to study samples that are simultaneously optically
transparent and with thicknesses in the sub-um range. The emer-
gence of free electron laser (FEL) sources has provided opportunities
to exploit extreme ultraviolet (EUV) pulses to extend the tran-
sient grating (TG) approach to shorter wavelengths, down to a few
tens of nanometers, overcoming the aforementioned issue of opti-
cal transparency in thin membranes, since all materials are strongly
absorbing at EUV wavelengths. This advancement enabled investi-
gations of nanoscale thermoelasticity in sub-ym membranes and in
a contact-less fashion.”” The development of experimental meth-
ods to probe the sound attenuation in thin films and membranes
in a wide frequency range is of great relevance for various applica-
tions. We can mention, for instance, the need to better understand
the mechanisms responsible for thermal noise in gravitational wave
interferometers. Thermal noise originates from relaxation processes
active in the mirror coatings, composed of multilayers of amorphous
films, where the single layer has a thickness of about 100 nm.*"'

The investigation of the sound propagation and damping in
amorphous solids in the frequency interval between 100 GHz and
1 THz poses a significant experimental challenge also for bulk
samples.'” *' Brillouin light scattering (BLS) is typically limited to
acoustic frequencies of tens of gigahertz,”> while inelastic x-ray scat-
tering (IXS) is confined to frequencies above one terahertz.'®'’
Brillouin ultraviolet light scattering has allowed us to extend the
BLS range up to ~100 GHz,'"'*”’ while picosecond ultrasonic tech-
niques (PUTs) are being used in recent years to probe frequencies
extending up to the terahertz range.'® *' Brillouin scattering meth-
ods, with both light and x-ray radiation, can be used on bulk samples,
while PUTs are applicable only on thin films, deposited on the
appropriate substrate. PUTs are pump-probe experiments, where
an hypersonic pulse is launched by the pump and its echoes at the
film interface are detected by the probe beam. The method usually
requires the deposition of thin metallic films, which act as trans-
ducers, on the material under study and the use of different sample
thicknesses to determine the sound attenuation coefficient.'®

Here, we exploit EUV TG to probe the thermoelastic response
of a freestanding membrane of amorphous SiO,, with a thickness
of 100 nm, at two different initial temperatures, T; =50 K and
T; =300 K. Our method does not require the presence of a sub-
strate or the deposition of a transducer and allows us to measure
the time dependence of the waveform, including the decay of the
thermal grating and the propagation and attenuation of sound in
the membrane. Here, we report the measurement of the waveforms
at the two probed temperatures for a specific value of the grating
wavevector, ¢ = 0.075 nm ™. The method can also be used at higher
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wavevectors, to cover a broad frequency range between 50 and 500
GHz.

Il. METHODS

TG is a third-order non-linear optical technique (a four-wave-
mixing process), wherein two pulses of equal wavelength A (referred
to as pumps) are temporally and spatially overlapped on the sam-
ple at a crossing angle of 20. Assuming parallel polarization of
the beams, the interference between these two pulses induces a
spatial modulation in light intensity, which exhibits a periodicity
At = A/(2sin 6); refer to Fig. 1(a) for a visual representation. The
resulting spatially periodic material excitation acts as a transient
diffraction grating for a third variably delayed pulse (probe), with
wavelength A, giving rise to a fourth pulse: the diffracted beam
(signal); see Fig. 1(b).

The experiment was performed at the TIMER beamline at the
FERMI FEL in Trieste, Italy. The instrument is described in detail
elsewhere.”* Two time-coincident ~50 fs full width at half maxi-
mum (FWHM) EUV pulses were intersected on the surface of an
amorphous SiO, membrane (thickness d = 100 nm) at the angle
26 = 27.6° (set with 2% accuracy), generating a TG, whose wavevec-
tor is aligned along the sample’s surface. The pump wavelength, A,
was set to 39.9 nm, resulting in a grating period of Arg ~ 84 nm.

a) : \ b) ; \
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FIG. 1. (a) Schematic configuration of the EUV TG excitation. Two pump beams,
having the same wavelength A, are overlapped in space and time on the sample
at a crossing angle of 26, resulting in an intensity grating with modulation parallel
to the surface. This spatially periodic excitation, with a period Arg, results in an
initial thermal gradient given by the sample’s absorption (as visible in the graph on
top), causing thermal expansion that generates acoustic modes generally referred
to as Lamb waves (LWs), propagating in the (x, z)-plane; the reference frame is
in the bottom-left corner. Panel (b) illustrates the sample after the pump pulse
is passed. Heat propagates along z reaching the opposite end of the sample in
~5 ns (see Sec. |V B for a detailed estimate). The thermoelastic response driven
by the EUV TG is probed by a third pulse, the probe, and detected in a forward
diffraction geometry. The graphs on top of panels (a) and (b) illustrate, respectively,
the absorption of pump and probe pulses along z.
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The probe pulse (x50 fs FWHM, A, = 13.3 nm) impinged on the
sample with an angle of 4.6° with respect to the surface normal. The
forward-diffracted signal was detected in transmission using a CCD
camera, following the methodology outlined in Refs. 6 and 25. The
sample was kept in thermal contact with the cold finger of a He cryo-
stat in order to vary its initial temperature (T}), i.e., the temperature
before the arrival of the FEL pump; the measurements were carried
out at T; = 50 and 300 K.

The SiO, membranes were purchased from SiMPore, Inc. The
membrane layer is deposited via plasma enhanced chemical vapor
deposition (PECVD) using TEOS as a source material. A thin film
of SiO is first deposited on a Si substrate. Afterward, the substrate is
etched from below, to leave a surface of 1 x 1 mm” of free membrane,
as described in Ref. 26. The membrane thickness is guaranteed by
the manufacturer to be d = 100 nm + 10%. Ellipsometry shows a
refractive index very similar to that of bulk silica, indicating a sim-
ilar mass density. The elastic properties of films of SiO, prepared
with the same deposition method but of higher thickness have been
measured by BLS.”

I1l. RESULTS

The EUV excitation pulses are strongly absorbed by the sam-
ple, the absorption length L, being 20 nm, as displayed by the top
curve in Fig. 1(a). This leads to a strong thermal gradient along the
sample depth, in addition to the generation of the thermal grating,
which, via thermal expansion, turns into a density grating and in a
spatially periodic surface displacement of the front surface (Uy), of
the order of a few pm (largely exaggerated in Fig. 1).”* The impulsive
excitation gradient (L, < d) induced by the EUV pump launches a
spectrally broad acoustic wavepacket propagating across the sam-
ple and reaching its back-side, after a time that depends on material
longitudinal sound velocity and layer thickness. At the same time,
the heat propagates from the front to the back side of the sam-
ple until an average temperature is reached. While such relaxations
occur, one should expect that the amplitude of the displacement of
the back surface (U, ) progressively becomes comparable to U,; see
Fig. 1(b).

Note that while the acoustic perturbation reaches the opposite
side of the membrane in a time frame ~v/d ~ 17 ps, considering
a sound speed v ~ 6000 m/s, heat propagates much slower, reach-
ing the opposite end of the sample in ~5 ns, a value that can be
determined directly from the decay of the measured waveform.
We postpone this estimate to Sec. IV B, where we will also com-
pare the grating thermal decay time with the macroscopic thermal
diffusivity. The longer absorption length of the probe pulse in the
sample [~100 nm; see the upper curve in Fig. 1(b)] and the slow
heat propagation make it, in principle, possible to follow the heat
transfer throughout the sample during the hundred of picoseconds
timescale characteristic of the EUV TG signal. As we are going
to show in Sec. III A, this thermal dynamics is appreciable when
T; = 50K, since here the heat capacity is lower, and the average tem-
perature rise given by the TG excitation and the relative temperature
change induced are larger.

The red lines in Figs. 2(a) and 2(b) are the EUV TG signal as a
function of the relative time delay (At) between the EUV TG excita-
tion and the probe pulse, collected at T; = 300 and 50 K, respectively.
The two waveforms are primarily characterized by a slow decay,
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FIG. 2. Panel (a) shows the EUV-TG data (in red) obtained at T; = 300 K. The
blue and black lines represent the best fits obtained by using Egs. (1) and (2),
respectively. Panel (b) shows the same for T; = 50 K. Here, frequency shifts (indi-
cated by the arrows) are visible. The trace at 50 K presents a higher noise (visible
at At < 0), resulting in a poorer accuracy in the extraction of the acoustic and
thermal decay constants from the fit.

which can be attributed to the thermal relaxation of the EUV TG,
modulated by acoustic oscillations.””" The presence of a beating
indicates the excitation of waveguide acoustic modes with similar
frequencies. Furthermore, while the thermal relaxation has a com-
parable timescale for the two values of Tj, the beating pattern is
evidently more damped at T; = 300 K; this evidence from the raw
data indicates that the damping of acoustic modes tangibly depends
on T;.

A. Data analysis

The presence of multiple acoustic modes in TG experiments
is expected when d is comparable or shorter than Arg. In such a
case, the TG launches acoustic modes known as Lamb waves (LWs),
which propagate in the (x, z)-plane [the reference frame is shown
in Fig. 1(a)] guided by the boundaries of the medium.”” "' Among
the several LWs that can be launched, the one providing the more
sizable response in TG experiments are the symmetric modes that
more strongly change the experimental observable, which for an
EUV probe pulse are primarily the modulations of the density and of
the surface displacement (or sample thickness), with the latter typ-
ically weaker when the EUV TG signal is detected in transmission,

APL Mater. 12, 051122 (2024); doi: 10.1063/5.0201769
© Author(s) 2024

12, 051122-3

00:62:€} ¥20T Aen 62


https://pubs.aip.org/aip/apm

APL Materials

as in the present case.”” Such modes are those having frequencies
(or velocities) closer to the ones of longitudinal acoustic (LA) modes,
i.e., density modulations propagating in the bulk of the membrane,
and surface acoustic wave (SAW), i.e., a coherent surface displace-
ment propagating at the surface of the membrane. In the present
case, the LWs that mostly contribute to the experimental signal are
denoted as LWy, whose nature is closer to the SAW, and LWg;
and LWs,, whose nature is closer to that of the LA mode. This is
immediately visible by converting the measured frequencies (viw)
to sound velocities cLw using the formula cpw = Arg - vLw, provid-
ing a LWgo sound velocity similar to the SAW velocity (csaw) and

TABLE |I. Time decays and frequencies obtained from the fitting procedure using
Eq. (2). The larger error associated with the trace at T; = 50 K is due to the trace’s
lower signal-to-noise ratio.

T; (K) 7 (ps) 75 (ps) vs1 (GHz) vsz (GHz)
50 470 + 110 510 + 120 70.37 £ 0.12 78.03 £ 0.09
300 328 + 49 275 + 25 71.87 £ 0.05 78.36 £ 0.13
a) I |
0.4
_ 02
<
3
< 0.0
-0.2
| |
0 100 200 300 400
At [ps]
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C) [ [
0.4
_ 02
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S
g o0
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a LWs, sound velocity similar to the LA mode velocity (cra).”*
LWs; and LWy, since they are closer in frequency, are responsible
for the prominent beating evident in the raw data; see Fig. 2.

To provide a quantitative description of the experimental wave-
forms, an initial fitting procedure was conducted by using the
following equation:*

I(t) = B[l +erf(%)] A

where the erf function accounts for the sudden rise of the signal
(with o representing the width of the rise), which is followed by
an exponential (thermal) decay of the grating characterized by a
time constant 7 and amplitude A. The fitting results are reported
as blue lines in Fig. 2. Subsequently, Fourier transforms (FT's) were
computed on the differences between the measured traces and their
respective exponential fits (hereafter referred to as residual), to
identify the main acoustic frequencies. The analysis is described
in detail below and indicates that the acoustic modes are domi-
nated by two LWs. Consequently, the complete fitting procedure
of the waveforms in the time domain, shown as the black line in

2

, (1
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— 112ps 202 ps 292 ps
— 135ps 225ps  — 315ps
0.175{ — 157ps 247ps  --- total

0.150

5 0.125
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=
o
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FIG. 3. Panel (a) and (c) display the residuals, i.e., the difference between the TG signal and the best fit with Eq. (1), at T; = 300 K and T; = 50 K, respectively. The color
bands on top and bottom illustrate, respectively, the initial and final points of the trace considered to perform the sequence of FTs (wavelets), which are displayed in (b)
and (d). The FTs have been performed over At windows of 210 ps, whose central values are displayed in the legend. The full residual FT is displayed as the black dashed
line for completeness. The wavelets in (b) show constant frequencies throughout the measurement. Meanwhile, at T; = 50 K [panel (d)], we see pronounced frequency
shifts (i.e., exceeding the FWHM of the peaks), which are labeled by the numbered arrows and are interpreted as signatures of temperature variations occurring during the

measurement.
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Figs. 2(a) and 2(b), incorporates two additional damped sinusoidal
terms (with the same decay constant 7s) into Eq. (1), i.e., the LWg;
and the LWy,

1 At M
I(t)=‘5|:l+erf(;):|-|:Ae T
+ Agp sin (27‘[ vs1 At + ¢s1) 67% (2)

2

>

&
+ Asp sin (27‘[ vsy At + ¢sz) e s ]

returning the parameters in Table I.

As can be seen in Fig. 2(a), the fit employing two frequencies
matches well the data at T; = 300 K, while for T; = 50 K, a small fre-
quency shift appears toward the tail of the signal in Fig. 2(b). The
latter can be associated with the variation in the temperature dis-
tribution inside the sample during the measurement, due to heat
propagation. This is appreciable at T; = 50 K, given the lower heat
capacity and higher temperature rise of the sample with respect to
T; =300 K.

To further understand this behavior, we performed a set of
Fourier Transforms (FTs) on the difference between the TG signal
and its thermal decay, which we call the “residual,” by taking into
consideration different windows in At, with the same width but dif-
ferent central values. Figure 3(a) shows the residual at T; = 300 K
and the employed At-windows. The color bands on top and bottom
of this figure show, respectively, the initial and final points of the
trace considered to perform the sequence of FTs that are computed
with a fixed At =210 ps and progressively increasing the central
time, whose value is indicated in the legend of Fig. 3(b). The FT
of the full residual is also displayed as the black dashed line. The
most prominent features of the FTs are the two modes, LWy, at
~ 70 GHz and LWs, at ~ 80 GHz. The peak at ~ 10 GHz is the
frequency difference between the two, which is present due to the
quadratic nature of the TG signal [see Eq. (2)]. At this temperature,
the frequency content in the associated FT does not substantially
change (each mode’s frequency is within its FWHM), as shown in
Fig. 3(b). This is an indication that the beam-induced temperature
increase at room temperature is such that the elastic properties of the
material do not change appreciably compared to the FTs’ frequency
resolution.

On the contrary, the same analysis on the residual at T; = 50 K
Fig. 3(c) shows substantial frequency shifts, highlighted by arrows
1 and 2 in Fig. 3(d), respectively, for the LWs; and LWs; modes.
Given the slow ~5 ns timescale for heat transport across the sample’s
thickness (see Sec. I'V B for more details), the temperature distribu-
tion across the membrane is highly inhomogeneous, with the front
surface at an average temperature, T, significantly higher than that
of the back surface, which remains close to T; for the entire time
window of the measurement.

Two other weaker peaks can be spotted in the FTs, associ-
ated with two additional modes, LWg at ~ 43 GHz and LW}y, at
~ 63 GHz. The signal associated with LWy mainly comes from sym-
metric surface displacements. The antisymmetric mode LWy4; can
be spotted in Fig. 3(b) and in a few FTs also in Fig. 3(d). This mode
is expected to produce a lower signal because we are most sensitive
to the density variations and the average density change along the
membrane thickness is zero for antisymmetric modes.

ARTICLE pubs.aip.org/aip/apm

B. Estimate of the average sample temperature

To consolidate this argument, following Ref. 8, we estimate the
average temperature rise AT of the sample given the energy density
deposited by the pumps,

AT~ — =, (3)

where F is the fluence of the pumps, p is the density of the sample, d
is the interaction length within the sample, and C(AT) is the integral
of the heat capacity (C) over AT, i.e.,

TABLE II. Minimum, maximum, and average estimated temperature rise of the mem-
brane obtained using Egs. (3) and (4). The LWg, frequency has also been used to
extrapolate the final temperature of the sample.

Ti (K) ATmin (K) ATmax (K) AT(minerax)/z (K) LWSI (K)
50 ~80 ~150 ~115 ~105
300 ~30 ~65 ~47.5 ~60
10000 —— 165K & 87nm
A ¢ —— 350K &87nm
i 7000
8000 {6500
6000
v ¢ ¥
E 6000 {2 5500 £
z So >
g g
g . f5000'8
[} [
@ ©
§40001 5 45008
Csaw
So 4000
2000 ¢ B
/ i 3500
65 70 75 80 85
A"“ q [nm-*] x 100
'0
0.0 05 1.0 15 2.0

g [nm-1] x 10

FIG. 4. LW dispersion curves calculated for the estimated values of T=T+
AT (min+max)/2 (blue and red lines) and a thickness of 87 nm. The solid and
dashed lines represent the symmetric and antisymmetric modes, respectively. The
values of cg and ¢ are also plotted for the two temperatures. The red dots show
the frequencies of the modes at T; = 300 K as obtained from the fit (LWgy and
LWs, branches) and from the FTs (LWgy and LW, branches). The blue dots are
the same frequencies at T; = 50 K, as obtained by fitting the data in a At window
of 210 ps and shifting this window along the At axis (wavelet analysis). The results
corresponding to the initial portion, middle portion, and last portion of the waveform
are reported as dark blue, blue, and light blue, respectively. The trends of these
frequencies, labeled with numbers from 1 to 4, match the behavior expected from
the wavelet analysis of the FTs shown in Fig. 3(d). The error bars in g represent
the error associated with the incidence angle of the probe (set with 2% accuracy),
while the error bars in the phase velocity represent the error from the fit (S and
Sy) or the FTs (Sp and Ay).
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. T;+AT
C(AT) = ﬁfT C(T) dT. (4)

We estimated the extremes of the temperature rise by considering
two different interaction lengths, i.e., d = d and d = Lyp/(1 - 1/e).
The latter considers only the fraction of pump energy deposited in
one absorption length; it is representative of the initial excitation
conditions [see also Fig. 1(a)] and corresponds to the larger tem-
perature rise (ATmax). The former assumes that all the pump energy
is released in the full thickness of the sample and corresponds to
the minimum temperature rise ATmis. The results of these estimates
are illustrated in Table I1. The average between these two estimates,
AT (min+max)/2> 1S in quite good agreement with the sound velocity val-
ues retrieved using the frequency of the LWs;, which is expected
to be closer to the LA velocity (cpa) as discussed in Sec. IV and
illustrated in Fig. 4. These different values confirm a much more
pronounced temperature rise at T; = 50 K, which permitted us to
appreciate effects due to time-dependent changes in the tempera-
ture distribution, occurring during the measurement. However, we
note that the value of AT is likely more relevant for LWs, whose
strain pattern is distributed over the entire membrane thickness,
while ATy is probably more appropriate for the thermal grating;
a more accurate description would imply to account for the time
and spatial dependence of the temperature rather than considering
average values.

IV. DISCUSSION
A. Lamb wave dispersion

Lamb waves are solutions to the wave equation, derived for a
solid plate having an infinite extent in the x and y directions and a
finite one in the z direction (corresponding to the membrane thick-
ness d). The physical boundary condition for the free surfaces of the
plate is that the component of stress in the z direction at z = +d/2 is
zero. Applying these two conditions to the sinusoidal solutions to the
wave equation, a pair of characteristic equations can be found.””" '
The solutions of these equations lead to the definition of symmetric
and antisymmetric modes, meaning that these solutions are a fam-
ily of waves whose motion is symmetrical/antisymmetrical about the
midplane of the plate (z = 0).

We performed calculations of the LW dispersion for different
temperatures and thicknesses of the SiO, membrane. The values
of cra and the shear sound velocity (cs) were retrieved from Refs.
15 and 35 and interpolated at the desired temperature. The sound
velocity of the surface acoustic wave (csaw) measured indepen-
dently on a bulk sample of SiO, in reflection mode is in good
agreement with the one calculated from those literature values.” The
results are shown in Fig. 4 for d = 87 nm, a value that provides a good
agreement of the calculated LW dispersion curves with the exper-
imental frequencies and is in reasonable agreement with the range
(100 + 10 nm) provided by the manufacturer. Here, the red and blue
lines represent the LW dispersion at 350 and 165 K, respectively,
i.e., the estimated value of T; + AT (min +max)/2» s reported in Table II.
The solid lines illustrate the symmetric modes, and the dashed lines
represent the antisymmetric modes.

The red dots are the frequencies of the modes retrieved from
the fitting procedure using Eq. (2) for the LWs; and LWs; modes and
from the FT for the LWsy and LW4; modes. The blue dots represent

ARTICLE pubs.aip.org/aip/apm

the frequencies obtained using Eq. (2) on a 210 ps window of the
trace, i.e., the initial window has been used for the dark blue color;
the results from the central region of the spectrum are in blue and
the results from the last part are in light blue. We find a qualitative
agreement between the calculated dispersions and the results of the
wavelet analysis [see Fig. 3(d)], although the weakness of the LWsg
and LW, features prevents us from making a conclusive statement
for such modes.

B. Decay of the thermal grating

The decay rate of the thermal grating, quantified by the para-
meter 7 in Eq. (2), can be compared to the values expected from
measurements of the thermal diffusivity, Dy, = kr/(pc,), where
kr is the thermal conductivity, p is the mass density, and ¢, is the
specific heat. The value of 7 depends on the wavevector of the ther-
mal grating, g = 27/ Arg = 0.075 nm™" in the present case. Assuming
the validity of the Fourier law of heat conduction and Dy, as a con-
stant in time and space all over the sample, the process of thermal
diffusion in the direction of the grating at a given q follows the
thermal decay time:*

1
5

5
Dugq ®

™(q) =

The thermal decay times derived from our TG experiment are com-
pared to the values of the thermal diffusivity from the literature in
Fig. 5(a).

The thermal conductivity is known to depend on d for thick-
nesses below ~100 nm.”* This trend is normally explained in terms
of a small thermal resistance associated with the interface between
the film and the substrate, an interface that is absent in our case
since we used a freestanding membrane.’® The thermal decay for
our measurement with T; = 300 K is in good agreement with the
value of thermal conductivity for the film of 92 nm thickness, in a
sample of PECVD silica, the same method used in the fabrication of
the present membranes. It is worth noting that the bulk value of the
thermal conductivity of v-SiO, depends quite strongly on the spe-
cific sample, and one can find values that differ by as much as 50%
in the literature.””"’

The thermal decay we measure in the sample with T; = 50 K is,
in contrast, approximately two times longer than the value expected
from the comparison with the diffusivity at the estimated sample
temperature, T. The main difference between the two measured
temperatures is in the relative temperature change induced by the
FEL pump beam. Using the mean temperature rise estimated in
Table 11, we find that at T; = 50 K, there is a AT/T; ~ 200%, while at
T; =300 K, we have AT/T; ~ 15%. As a consequence, the sample at
T; = 50 K experiences a temperature distribution with a strong inho-
mogeneity over lengths of tens of nanometers, a fraction of Arg. The
observed discrepancy is most probably related to the strong temper-
ature inhomogeneity caused by the TG excitation, possibly because
the definition of an average thermal diffusivity is not appropriate for
such an out-of-equilibrium situation.

Let us now discuss the thermal diffusion across the membrane
thickness. The FEL pump pulses generate a sudden increase in tem-
perature at the front surface of the membrane. The thermal diffusion
length in the direction of the membrane thickness is proportional
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FIG. 5. Red diamonds in panel (a) are the decay of the thermal grating, para-
meter 7 in Eq. (2), as a function of T. Open circles are the values obtained by
using the diffusivity for a SiO, film of 92 nm thickness deposited on a Si sub-
strate by PECVD.*8 The black line is calculated using the diffusivity for a bulk
sample of SiO,.%¢ Panel (b) displays the attenuation of the LWs, parameter zg in
Eq. (2), as a function of T as red diamonds. Solid circles: sound attenuation of bulk
SiO, measured by Brillouin ultraviolet spectroscopy at a frequency v ~ 66 GHz, '
rescaled assuming a quadratic frequency dependence. In both panels, error bars
are obtained from the fitting routine.

to the square root of time and is given by the following expres-
sion: Ly, (¢) = 2v/Dyt.*! Consequently, the temperature equilibrates
all over the membrane volume in the time required for Ly, to reach
the membrane thickness as follows:

2 2 2
t= d :(@)T:nz(i)rmS ns. (6)
4Dy, 2 Arc

In the present case, this value is an order of magnitude greater than
7 so that the back side of the membrane is heated when the thermal
grating has already decayed at its average temperature.

C. Sound attenuation

The attenuation of the Lamb waves, 7s, is compared with data
for the sound attenuation coefficient measured by means of UV Bril-
louin light scattering (UBLS) in bulk v-SiO>'° in the lower panel of
Fig. 5. The damping rate of the LWs is comparable to the thermal
decay time, as indicated in Table I. UBLS" on bulk v-SiO, mea-
sures the FWHM of the Brillouin peaks, I', while 75 in Eq. (2) is the
decay time of the amplitude of the wave; if ' is measured in units of
the angular frequency (rad/s), then 75 = 2/T. Reference 15 reports
the internal friction, Q' = I'/w = 2/(wTs) = 1/(7vts). The sound
attenuation of vitreous silica in this temperature and frequency
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range is known to follow an approximately quadratic frequency
dependence.'” For this reason, we have rescaled the 75 derived from
UBLS, multiplying those values by the square of the ratio between
the average frequency of the two measurements, v ~ 66 GHz for
UBLS and v ~ 75 GHz for EUV TG. For the latter value, we con-
sidered the average frequency of the two dominant Lamb waves (see
Table II).

Panel (b) of Fig. 5 shows a qualitative agreement between the
two datasets. In particular, our point at a higher temperature, the
one with T; = 300 K, suggests an increase in the anharmonic con-
tribution to the sound damping as the temperature is increased
above room temperature, in line with picosecond ultrasonic mea-
surements.”’ The point at a lower temperature, T; = 50 K, is slightly
higher than expected. This discrepancy is probably related to the
strong temperature inhomogeneity induced by the EUV TG exci-
tation at low temperatures, where some regions of the membrane
remain at 50 K, while others have an initial temperature of ~200 K.
The TG waveform will probably do an average of the decay rates in
this quite broad temperature interval so that the resulting 7s is longer
with respect to the value expected at T, since at lower temperatures,
the sound wave is expected to live longer.

V. CONCLUSIONS

We used EUV TG for studying the thermoelastic response of
a 100 nm thick membrane of amorphous SiO,, a material that is
transparent to the optical radiation most often used for this kind
of studies. The use of EUV wavelengths in a TG experiment allowed
us to explore the sub-100 nm wavelength range, without the need
for nanostructuring or contact with the sample. In such a range,
the characteristic timescale for heat transport is expected to become
comparable to the lifetime of acoustic modes. Indeed, the observed
thermoelastic response presents a relaxation of the thermal grat-
ing, occurring in the 300-500 ps timescale, roughly comparable to
the expectations of Fourier law of diffusion, as well as modula-
tions due to the propagation of Lamb modes, a kind of acoustic
waveguide modes of mixed longitudinal-transverse character, which
decay on a similar timescale. The ability of detecting the decay rate
of transverse and longitudinal acoustic modes in disordered systems
at sub-100 nm wavelength is essential for clarifying the mechanisms
responsible for the thermal transport in amorphous solids.”

The same experiment was conducted by lowering the initial
sample temperature to 50 K and keeping the EUV excitation inten-
sity on a comparable level. An effect of temperature on the decay of
acoustic modes is evident already on the raw data. A more detailed
data analysis showed a non-constant (i.e., time-dependent) acoustic
frequency in the EUV TG signal, which we interpret as a subtle tem-
perature effect related to time-dependent changes in the temperature
distribution, around an effective sample temperature determined by
the total energy deposited into the sample by the FEL pulse. This
effect likely arises from the inhomogeneity in the initial thermal dis-
tribution, due to the fact that the absorption length of the EUV exci-
tation was shorter than the sample thickness. The comparison of the
thermal and acoustic decay times extracted from the present exper-
iment with literature values shows a substantial agreement when an
average effective temperature is used. Time-dependent changes in
the acoustic frequency were not observed when the sample was at
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room temperature, and the estimated increase in the effective sam-
ple temperature was substantially lower, likely indicating how the
amplitude of the temperature distribution is not sufficiently large for
being appreciated. On the one hand, these results indicate how the
EUV intensity at the sample should be lowered in low-temperature
experiments for compensating the decrease in the value of the spe-
cific heat and avoiding time-dependent effects due to large thermal
gradients. On the other hand, the use of large excitation intensi-
ties may allow us to follow the thermalization of the thermoelastic
dynamics in the sub-ns timescale, which, in a broader context, can
be of interest for non-equilibrium studies.

The EUV TG approach can be pushed to shorter wavelengths,
potentially allowing the study of the thermal decay and of the sound
propagation and damping in a wide frequency interval, up to fre-
quencies approaching 500 GHz. Sound attenuation in the frequency
interval between 100 GHz and 1 THz is responsible for the peculiar
temperature dependence of the thermal conductivity of amorphous
solids."” This frequency range is experimentally challenging, and
the first results in a wide frequency interval on vitreous silica have
appeared only very recently.”! Those results were obtained with the
picosecond ultrasonic technique and can be used only on thin films
of specific thickness covered with the appropriate transducer. The
EUV TG method complements these approaches, allowing one to
probe the thermoelastic properties of unsupported membranes. This
technique can also be used to probe the surface acoustic waves in
bulk samples in the same broad frequency range.’
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