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ABSTRACT: Precise characterization of the mechanical proper-
ties of ultrathin films is of paramount importance for both a
fundamental understanding of nanoscale materials and for
continued scaling and improvement of nanotechnology. In this
work, we use coherent extreme ultraviolet beams to characterize
the full elastic tensor of isotropic ultrathin films down to 11 nm in
thickness. We simultaneously extract the Young’s modulus and
Poisson’s ratio of low-k a-SiC:H films with varying degrees of
hardness and average network connectivity in a single measure-
ment. Contrary to past assumptions, we find that the Poisson’s
ratio of such films is not constant but rather can significantly
increase from 0.25 to >0.4 for a network connectivity below a
critical value of ~2.5. Physically, the strong hydrogenation
required to decrease the dielectric constant k results in bond

breaking, lowering the network connectivity, and Young’s modulus of the material but also decreases the compressibility of the
film. This new understanding of ultrathin films demonstrates that coherent EUV beams present a new nanometrology capability
that can probe a wide range of novel complex materials not accessible using traditional approaches.
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broad range of materials science and nanotechnology
relies on the fabrication of ultrathin films that can now be
deposited with single-atom layer precision. However, nanoscale
characterization techniques have not yet reached comparable
precision." Accurate characterization of ultrathin films and
nanostructures not only enables the design, manufacture, and
process control of nanoscale devices but is also critical for
understanding the physics of nanoscale systems, for example,
how elastic properties change with film thickness, doping, or
structural changes.”™*

While a number of techniques are available for the
mechanical characterization of thin films, they become less
accurate as the film thickness shrinks below 100 nm. Contact
techniques such as nanoindentation struggle to decouple the
properties of the substrate from those of the film for
thicknesses below 1 um. Moreover, reliable measurements of
films with thicknesses of hundreds of nanometers is only
possible by using complex modehng Noncontact techniques
can be used successfully for sub-1 ym films but still face various
challenges. Brillouin light scattering techniques rely on the
study of the interaction of light and acoustic phonons and can
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ideally extract the full elastic tensor of a material. When the
acoustic impedance between the film and the substrate is large,
Brillouin light scattering has been used to successfully
characterize the full elastic tensor of a 25 nm thin film.”
However, in the majority of cases, interpretation of the
experimental data requires complex modeling, making it
difficult to extend this approach to sub-100 nm thin films.
Moreover, the weak intensity of the scattered light, combined
with the challenge of properly identifying the phonon modes,
make this approach strongly dependent on the experimental
accuracy attained.® Picosecond ultrasonics, another powerful
noncontact technique, utilizes visible light to probe the
propagation of acoustic waves in materials launched either by
a train of short laser pulses or by the impulsive excitation of
metallic transducers on a surface.”* This technique is
intrinsically limited by the wavelength of visible light to
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probing surface acoustic waves (SAWs) with wavelengths of
hundreds of nanometers or greater. This makes it difficult to
extract the full elastic tensor of films <150 nm in thickness."
Nevertheless, due to the simplicity of the data analysis, this
approach is attractive for characterlzmg the Young’s modulus of
films down to $ nm in thickness,'> provided that a value for the
Poisson’s ratio can be assumed. However, as we show here, this
is not always a correct assumption.

Fortunately, laser-like beams at very short wavelengths can
now be routinely generated using high harmonic generation
(HHG) up-conversion of femtosecond lasers. These new
quantum light sources are providing powerful new tools for
probing and understanding nanoscale material properties and
function. The short wavelengths of extreme ultraviolet (EUV)
beams are sensitive to picometer-scale displacements of a
surface, while the femtosecond duration of HHG pulses is fast
enough to capture thermal and acoustic dynamics in few-
nanometer-scale structures. Recent work using coherent HHG
beams has uncovered new nanoscale materials properties,
including how thermal transport changes dramatically at
dimensions on the order of the phonon mean free path'>'®
and how the mechanical properties of sub-5 nm films
dramatically change from bulk, even when the density does
not.”*

Here, we use the exquisite sensitivity and stability of short-
wavelength coherent EUV high harmonic beams to characterize
the full elastic tensor of isotropic low-k dielectric films down to
11 nm in thickness for the first time. We simultaneously extract
the Young’s modulus and Poisson’s ratio of low-k a-SiC:H
dielectric films on silicon substrate with varying degrees of
hardness in a single measurement with Young’s modulus
ranging from S to 197 GPa and average network connectivity
from 2.1 to 3.2. The characterized Young’s modulus values are
in excellent agreement with measurements using alternate
techniques on the same materials.'” However, contrary to past
assumptions, the Poisson’s ratio of such films is not constant
but rather increases significantly from 0.25 to 0.45 for films with
Young’s modulus in the range of 5—30 GPa. These films have
an average network connectivity below a value of 2.5, showing
for the first time that the network connectivity can significantly
affect the Poisson’s ratio in these materials.

This result can be understood within the framework of
topologlcal constraint theory develo g)ed by Phillips and
Thorpe'® and presented by Mauro."” In this model, the
flexibility and stress of the material can be understood by how
constrained the atoms are in the network. The average number
of atomic constraints # in a material has to be >3 for a material
to be rigid and <3 for it to be flexible. The average number of
atomic constraints is related to the average network
connectivity (or average coordination of atoms) (r) by the
relation

(r)
+@0) - 3) "

Using this relationship, setting n to 3 the critical value at
zero-temperature of the network connectivity is found to be (r)
= 2.4, which is referred to as the rigidity percolation threshold.
The increase in Poisson’s ratio observed is a direct consequence
of the hydrogenation of the material that was required in order
to tailor the dielectric constant. Films that have undergone
extensive hydrogenation will have more broken bonds, which
decreases the network connectivity in the material to below the
rigidity percolation threshold. The successful extraction of the
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full elastic tensor of an isotropic 11 nm film in combination
with uncovering a previously unknown trend in the Poisson’s
ratio, demonstrates that EUV nanometrology can probe a wide
range of novel complex materials to extract new information
that could not be accessed using existing traditional approaches.

In our experiment, we extend concepts from picosecond
ultrasonics into the deep nanoregime by using shorter
wavelength coherent beams (see Figure 1). For our measure-
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Figure 1. Experimental setup. An array of Ni nanolines is excited using
a near-IR ultrashort pump pulse. The surface dynamics are probed at a
later time by diffracting a coherent EUV beam from the laser-heated
sample (top). Multiple physical phenomena are tracked through the
change in diffraction signal (bottom). First, on picosecond time scales
the resonant vertical breathing mode of the nanowires is visible
(yellow), as well as the echoes from longitudinal acoustic waves
launched into the film that reflect from the film—substrate interface
(blue). On nanosecond time scales, the SAWs dynamics (green) are
superimposed on the thermal decay of the Ni nanowires as the energy
dissipates into the film and substrate (red). Note that the data trace
shown here from our past foundational work is for illustration
purposes only.>

Delay tlme [ps]

ments, periodic gratings of nickel nanolines are deposited onto
thin film samples with periods P varying from 45 to 1500 nm
and with a constant filling fraction of one-third. Each grating
covers a total film area of 150 ym by 150 ym. The pump laser
beam consists of 30 fs duration pulses at a wavelength of 780
nm that irradiate the sample at a fluence of ~10 yJ/pulse in a
400 pm diameter spot size to ensure a nearly uniform heating
of the full Ni grating area. The small height (~12 nm on
average) of the nanolines ensures a nearly uniform heating of
the individual grating lines. Upon heating, the metallic
nanostructures expand impulsively and launch acoustic waves:
SAWs in the film and substrate, and longitudinal acoustic waves
(LAWS) within the nanostructures and also within the film and
substrate. The first order SAW wavelength A is set by the
period of the nanostructures that for the 45 nm grating period
represents SAW wavelengths that are as small as previous
record setting work” and an order of magnitude shorter than
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those accessible using current visible transient grating
techniques.”"*

Detection of the shortest-wavelength SAWs requires short-
wavelength probe light with a wavelength comparable to the
SAW period. To generate an EUV high harmonic probe beam,
we focus high intensity (2 mJ) short pulses (<25 fs) from a
Ti:sapphire laser at a wavelength of 780 nm into a hollow-core
wave§uide filled with argon gas at pressures around 30
Torr.”**> As the intense laser field ionizes the atoms, the
electrons are driven nonlinearly, creating a nanoscale dipole
quantum antenna that emits high-order harmonics of the
driving laser.”® When properly phase matched so that the
emission from many atoms adds coherently to form a laser-like
beam,”**® 3—5 harmonic orders are efficiently produced
(25th—29th orders) at wavelengths around 30 nm. The HHG
probe beam is then focused by a glancing-incidence toroidal
mirror onto the sample with a spot size of ~100 ym diameter
and ~2 nJ per pulse (see Figure 1 top). The EUV HHG probe
beam then diffracts from the dynamically changing nano-
structured surface and reflected light is captured on an EUV-
sensitive CCD camera. The diffraction of such short-wave-
length light offers exceptional phase sensitivity to surface
deformations as small as tens of picometers.'”'®** Further-
more, the very short penetration depth of the EUV beam and
lack of sensitivity to small changes in electron densities and
electronic excitations induced by the IR pump beam ensure that
the diffracted EUV signal is sensitive exclusively to the changing
spatial profile of the surface.

By monitoring the EUV diffraction as a function of delay
time between the laser pump and EUV probe pulses, we can
simultaneously resolve the different acoustic and thermal
dynamics of the sample, as illustrated in Figure 1 bottom.
Resonant LAWs are launched in the metallic nanostructures
with few picosecond periods and lifetimes. ~5—50 ps echoes
can be seen from LAWs propagating down into the film and
reflecting off the substrate interface; ~100 ps period SAWs are
launched at the same time; finally, one can observe the
nanosecond-scale thermal decay of the nanolines as heat
dissipates into the film and substrate. For sufficiently short
nanostructure periods, the SAW is mostly confined in the thin
film, and thus we can extract the LAW and SAW velocities,
which are exquisitely sensitive to the elastic properties of the
films. The LAW and SAW velocities, 115 and g,y are given
by

d
Viaw = ——
LA techo (2)
Vsaw = Angw (3)

where d is the thickness of the thin film material obtained
through X-ray reflectivity (XRR) measurements, f.q,, is the
measured round-trip time between LAW echoes at the surface,
and fgaw is the measured SAW frequency.

We note that we are able to detect the LAW reflection
echoes even from interfaces with low acoustic impedance
mismatch (less than 20%) due to the exceptional sensitivity of
our probe. In addition, the SAW wavelength A is set by the
periodicity of the gratings, and the SAW penetration depth is
directly related to this period { ~ A/z.”"*® Therefore, by
performing measurements on each film with different grating
periodicities, we selectively probe different depths into the
sample, as demonstrated by the experimentally extracted vguy
values shown in Figure 2a. This selectivity allows us to probe
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Figure 2. (a) Measured SAW velocity for three different thin film
samples and different SAW penetration depths set by grating
periodicity. Large penetration SAWs are mostly sensitive to the
material properties of the substrate and are comparable for different
samples. Small SAW penetration depths confine the SAW and are
exclusively sensitive to the thin film properties. SAW velocities are also
lower for softer films (green triangles and red squares and pink stars)
than for stiffer ones (blue dots), as expected. Dashed lines are guides
to the eye. (b) Simulated displacement field from an FEA simulation
for a 65.8 nm thin film. SAWs generated for a 150 nm periodicity
grating are fully confined in the thin film material (left), whereas SAWs
generated from a 1500 nm periodicity grating penetrate the substrate
material (right). Both simulated data sets correspond to the first-SAW
minimum for that grating, as shown on the simulated experimental
signal below for reference.

either the elastic properties of the silicon substrate for large
grating periodicities or the ultrathin film for very small grating
periodicities, as well as following the transition from one regime
to the other as illustrated in Figure 2b. Note, as might be
expected, that the transition between vgyy corresponding to
near full confinement in the thin film to v,y corresponding to
bulk is more abrupt for thin film (pink stars) compared with
thicker films (green triangles, blue circles, and red squares).
The film properties relevant for the data analysis can be found
in the Supporting Information.

By extracting the velocities of the acoustic waves excited by
the smallest gratings, we can calculate the elastic constants of
the films using
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= p(VLAW)Z 4)
) 2
s p( Sgw) (5)

where p is density of the thin film material obtained through
XRR measurements, £ is the ratio between SAW velocity and
bulk transverse wave velocity,”” and c,; and c, are the
independent components of the elastic tensor. However, it is
more intuitive to work with Young’s modulus E and Poisson’s
ratio v, which are related to c;; and ¢, of an isotropic material
as follows™’

3¢, — 4¢
E = CMM
‘11 ™ Cyq (6)
_ fu— 204
2(ey — Caq) (7)

The measured LAW velocity can be used to directly extract
the c¢;; elastic constant of the film. For the measured SAW
velocity, the presence of the deposited nanostructures
introduces a small mass loading on the film that shifts the
SAW frequency from the intrinsic value, introducing a
systematic error in eq 2. This mass loading effect is different
for each of our grating geometries and shifts the measured SAW
velocity by different amounts for each grating periods. In order
to correct for this shift, we extend the procedure developed by
Nardi et al.”**’ to periodic nickel nanostructures on thin films
deposited on a silicon substrate. The details of our modeling
are presented in the Supporting Information. We perfommed
the finite element analysis (FEA) calculations using the
commercial software COMSOL Multiphysics for the geometry
of our samples (verified through atomic force microscopy and
scanning electron microscopy measurements) to extract the
eigenfrequencies of the system in the presence of nanostruc-
tures. We match these calculations to the measured SAW
frequencies of our different grating periods by varying the
elastic constants of the film material while keeping ¢,; constant
to the measured value. This allows us to successfully eliminate
the influence of mass loading on our measurements and extract
a value for c,. The experimental error bars presented in this
work represent the totality of the parameter space that can
reproduce the experimental results within error bars, regardless
of the probability. The error bars are calculated by matching the
elastic properties to all of the limiting error bar values of the
relevant parameters and experimental data, this includes fgaw,
techo) P and d.

Using this method, we simultaneously extract the Young’s
modulus and Poisson’s ratio of a series of 66—132 nm isotropic
low-k dielectric thin films, as shown in Figure 3. Our extracted
Young’s modulus agrees well with previous measurements on
the same films using state of the art nanoindentation.'’
However, we observe a previously unknown trend in the
Poisson’s ratio of these materials with decreasing Young’s
modulus. In contrast to previous studies where Poisson’s ratio
was thought to be constant in this type of material,’” we find
that this assumption is not correct for soft films with Young’s
modulus lower than 30 GPa. Interestingly, although the
nanoindentation measurements assume a constant Poisson’s
ratio, our extracted Young’s modulus values agree well across
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Figure 3. Extracted Young’s modulus (left) and Poisson’s ratio (right)
of a series of SiC:H thin films. The extracted Young’s modulus (blue)
shows good agreement with nominal values, comparable with the
results from King et al.'” This is the first time that the Poisson’s ratio
(green) for a sub-100 nm isotropic thin film series has been
characterized. While the extracted values are consistent with a
constant-value hypothesis for films with Young’s modulus >40 GPa,
for films with lower Young’s modulus, the Poisson’s ratio increases
significantly. A Poisson’s ratio of 0 corresponds to a compressible
material, whereas a Poisson’s ratio of 0.5 corresponds to an
incompressible material, shown schematically.

the whole range. This demonstrates that nanoindentation is
inherently insensitive to the Poisson’s ratio of the material.
Physically, the Poisson’s ratio of these materials is related to
the average network connectivity, as are other thermal and
elastic parameters.'” In the process of hydrogenation to lower
the film’s dielectric constant k, atomic bonds are broken in the
lattice. With enough hydrogenation, the average network
connectivity will eventually land below the rigidity percolation
threshold of ~2.5. The average network connectivity for these
samples was extracted from nuclear reaction analysis and
Rutherford backscattering measurements detailed in refs 31 and
17. From these measurements, the value of (r) was obtained by
adding up the measured mole fractions of each element to its
typical coordination number (ie., (r)g = 4, (r)c = 4, (r)o =2,
(r)y; = 1). With this information, King et al."” observed large
changes in several elastic and thermal properties of isotropic
SiC:H films below a rigidity percolation threshold of 2.5. Here
we observe that the Poisson’s ratio also changes, increasing to
values as high as 0.455, causing the film to behave like an
incompressible material, similar to a polymer or water as shown
in Fi§ure 4. This is consistent with observations from Matsuda
et al.”” of an increase of the flexibility of similar materials below
the critical value of network connectivity of 2.44. Moreover,
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Figure 4. Measured Young’s modulus E values (blue, left) and
Poisson’s ratio values (black, right) for the film series as a function of
the average bond coordination, (r). The extracted Young’s modulus
values yield the same average network connectivity dependence as
King et al.'” for (r) values above a critical value of rujcy & 2.5. This
same critical value of r;.; marks the deviation of Poisson’s ratio from
the assumed constant value.
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using the model presented by Cao and Li*’ to classify metallic
glass materials in ductile and brittle categories we see that this
series of isotropic SiC:H films go through a transition from
brittle to ductile as the average network connectivity is reduced
past the critical value.

In addition to studying a series of hydrogenated SiC:H thin
films of varying hardness, we also extracted the Young’s
modulus and Poisson’s ratio of a 10.9 nm SiOC:H isotropic
thin film deposited on a silicon substrate. Its nominal Young’s
modulus value of 20 GPa was obtained at Intel Corp. through
nanoindentation measurements of a 500 nm thick film of the
same material. We performed this new measurement to explore
the limits of EUV acoustic metrology, using gratings with
periods as small as 60 nm to launch SAWs that were mostly
confined to the thin film material (i.e., where the first-order
SAW penetration depth was ~19 nm). By applying our analysis
procedure, assuming a smooth, ideal interface, we were able to
successfully reproduce the observed acoustic dynamics in our
simulations and extract values for both Poisson’s ratio and
Young’s modulus. Although uncertainty due to incomplete
confinement of the first order SAW in the thin film contributes
to larger error bars on our data, when combined with precise
finite element simulations we can still extract reliable
measurements for Young’s modulus and a reasonable estimate
for Poisson’s ratio. The extracted value for the Young’s
modulus is 35 GPa (error bars extending from 26 to 54
GPa). This is slightly larger than the 20 GPa value measured on
a thick film of the same material, which could be due to
thickness-determined changes in the elastic properties of the
material when deposited at this extremely small thickness.* The
extracted Poisson’s ratio has an exact fit to experimental
measurements at 0.393, but has a large allowed range (0—
0.450) within experimental uncertainty. This large uncertainty
in the Poisson’s ratio stems from the fact that the return time of
the LAWs reflected from the film—substrate interface is very
short (3.11 ps) compared with our experimental error on its
measurement mostly due to LAW pulse duration (+500 fs).
Future upgrades to our system will allow us to overcome this
limitation and enable probing of thickness-dependent mechan-
ical properties in ultrathin films.

We also considered the potential impact of a thin layer of
SiO, at the film—substrate interface, potentially introduced
during the fabrication process and undetected by the
characterization procedures. We found that accounting for a
1 nm-thick oxide layer in our data analysis procedures results in
a shift in the extracted Young’s modulus range to higher values
by less than 5% and less than 13% for a 2 nm-thick one.
Therefore, the existence of this oxide would not explain the
discrepancy between the ultrathin film Young’s modulus and
the 500 nm thin film nanoindentation measurement. This
uncertainty could be significantly reduced in the future with the
development of coherent EUV reflectometry to characterize
our samples. Our measurement represents a full character-
ization of the elastic properties of the thinnest film to date,
including metallic films.” Moreover, our approach is not yet
limited by the probe light source but rather by the
nanofabrication that dictates the SAW wavelength. In the
future, by using physical gratings with even smaller period and
EUV transient grating excitation it will be possible to fully
characterize sub-10 nm films, explore size-dependent aniso-
tropies, and asymmetries in the elastic tensor.”*

In conclusion, we demonstrate that coherent EUV nano-
metrology can simultaneously characterize the Young’s
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modulus and Poisson’s ratio of isotropic sub-100 nm thin
films on substrates. This technique allows selective depth
sensitivity by tailoring the geometry of a nanopatterned
transducer on the film surface. We demonstrated the robustness
and reliability of EUV nanometrology by fully characterizing a
series of isotropic a-SiC:H low-k dielectric 66—132 nm thin
films, which revealed they behave as incompressible polymer
materials once the average network connectivity is below a
critical value of (r) &~ 2.5. This new insight shows how coherent
EUV nanometrology can impact the understanding, design, and
utilization of ultrathin films in nanoelectronic devices. Finally,
we also demonstrated a new milestone by extracting a full
elastic tensor of a 10.9 nm SiOC:H isotropic film on silicon,
which represents the thinnest film fully characterized to date.
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1. Sample characterization
The thin film samples were provided by Intel Corporation. The Ni nano-grating patterns were
deposited at LBNL using e-beam lithography and lift-off. The geometry of the periodic nanolines
grating (height, linewidth, height) was characterized using an AFM (Fig. S1 la,b), with
additional SEM measurements taken at LBNL after decoration with a thin Al layer (Fig. S1. 1¢).

The thin film thicknesses and densities were characterized through XRR measurements at Intel
Corp. These values as well as other film properties are given in table S1.
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Figure S1. Nanoline grating geometry characterization. a) AFM acquired Height profile of a typical nanowire grating.
b) AFM 2D map of a 350nm linewidth grating. c) SEM 2D map of a 20nm linewidth grating.

Nominal Measured Nominal Young's Network C/Si |Density
thickness [A] |thickness [A] |modulus [GPa] |Wafer # |connectivity |[ratio [kg/m3 ]
1000 658 4.7 63 2.02 1.10 (1300
1000 1031.6 13.05 7 2.39 1.20 (1900
1000 1316.2 12.87 5 2.43 1.50 (1800
1000 952.5 33.12 75 2.56 1.10 (1800
1000 979.1 62.08 65 2.62 1.10 {1900
1000 1033 153 9 3.06 0.98 (2200
1000 836.4 175 49 3.2 1.02 (2700
100 109.1 25 155 N/A N/A 1500

Table S1. Properties of the SiC:H samples and SiOC:H provided by Intel Corp. used in this work.

2. Data analysis methods

a. Data acquisition and preliminary analysis

On each nanoline grating, several (>5) measurements were performed to ensure the consistency
of our data and to reduce error bars. At each pump-probe time delay, we averaged over 50
separate 30ms exposures, with and without the pump pulse incident on the sample. This

eliminated the effect of any pulse-to-pulse intensity variations (which are below 10%).

On each time-dependent trace (see Fig. 1 of the main text), we use FFT and Chirp-Z transforms
to extract the SAWs frequencies present in the signal, as described in.* We determine the LAW
return time by checking for the characteristic signal (as shown in Fig. 1b) in several

measurements of different gratings fabricated on the same sample.




The SAW frequencies and LAW return time, together with the grating geometry, are the input
for our procedure to account for mass loading effect on the measurement. However, even
without accounting for the mass loading, these values still provide the value for the elastic
tensor’s ¢l 1 and bound c44 by constraining the elastic matrix to be physical.

b. FEA simulations

All simulations where performed using COMSOL Multiphysics software and the data
analysis was done in the MATLAB environment. As described in the main text, the two
parameters extracted directly from the dynamic diffraction data are: the SAW frequency and the
LAW pulse return time. By using the film thickness and density (S.I. table 1), we can directly
calculate c11 from the LAW pulse return time and provide an estimate of c44. In order to extract
an exact value for c44, the mass loading of the nanostructures needs to be accounted for using
numerical simulations. We extend the work by Nardi et al.”® to include systems with a thin film
between the nanostructures and the substrate. Our numerical approach is extremely similar to the
procedure outlined in Nardi et al.” for the cases involving a fully confined SAW. The extension
of this procedure to account for SAWs propagating in both the thin film and the substrate
assumes a perfect interface between the film and substrate. In order to extract the elastic
properties of the thin film, simulations of only the largest and smallest gratings are required. In
both of these cases, the interface quality has the smallest impact. Nonetheless, the ability of the
simulations to reproduce the observed dynamics at all size gratings demonstrates the
acceptability of this assumption and the simulation procedure itself. The material properties used
for all the studies are listed in table S1 and table S2.

The three main steps of the calculation are as follows.
1. A time domain simulation to solve the coupled equations for the profiles of 7 and u in the
time domain for the nanostructure on top of a thin film:

0%u

V- (e:V(u—aAT))=p — (S.1)
aT
pCpor+ pCpt- VT = V- (Kpyi VT) + Q (S.2)

where c is the elastic tensor, u is the displacement, p is the density of the material, « is the linear
coefficient of thermal expansion, 7 is the temperature, C, is the specific heat of the material, Ky
is the bulk thermal conductivity and Q is the heat source term accounting for the laser heating of
the nano-grating, as described by Banfi et al.”* We performed this calculation for the first 100-
200 picoseconds (depending on the size of the structure) in order to find the maximum initial
deformation of the surface, which is given by the first maximum displacement of the outer
corners of the structure. For these calculations, the temperature dynamics are only calculated for
the nanostructure, whereas the mechanical dynamics are calculated throughout the system.
Therefore, precise knowledge of the thin film thermal properties is not required.
ii.  We perform an eigenfrequency analysis of the grating-film-substrate system to extract the
normal modes of the geometry. In this case, COMSOL solves only the mechanical
eigenfrequency equation:



p(f2m)*u—V-o=F, (S.3)

where o is the stress of the material, Fy, the load on it, and f the eigenfrequency. The
COMSOL solver looks for a solution in a certain range specified by the user.

iii.  Finally, we decompose the displacement field of the time-dependent simulation at the
moment of maximum displacement into the normal eigenfrequencies basis. We vary the
value of c44 around its estimate until the simulated frequencies of the SAWs match those
observed in the experiment. The c44 at which this match occurs is the true c44 of the thin
film since COMSOL can account for the perturbation to the SAW velocity caused by the
mass loading of the nanostructures.

To calculate the thin film’s elastic tensor, first we verify the silicon substrate elastic properties by
using these three steps to reproduce the experimental observations at large grating sizes (with
approximate film properties given by the experimental results) as the SAW frequency depends
largely on the substrate properties at these large penetration depths. Next, we determine the thin
film’s elastic properties by setting c11 to the experimentally extracted value and following the
three steps above, sweeping c44 to reproduce the experimental results for small grating sizes
where the SAW is fully confined to the film material. Lastly, we perform the three steps of
calculation on the intermediate grating sizes where the SAWs may be very sensitive to interface
effects to verify the validity of our findings. Most of the found values for the intermediate sizes
are in good agreement with the experimental values. There are a few discrepancies which are
mostly likely due to a complex interface between the thin film and substrate. The simulations on
these intermediate grating sizes corroborate the success of our approach and demonstrate that the
interface quality is quite good.

Material properties Nickel Silicon

C,, Specific heat (at 300 K) [J/(kg K)] | 456.8 ' [710.0 %

Kpuik, Bulk thermal conductivity [W/(m | 90.9 *° 149.0 **

K]

Poisson’s ratio 0.31" N/A

Young’s modulus [10"" Pa] 2.00°* N/A

a, Linear coefficient of thermal 12.77 ¢ 3.00%°

expansion [10%/K]

p, Density [kg/m’] 8910 23307
(c11,c12,c44 )[GPa] N/A (165.5,63.9,79.5)°

Table S2. Material parameters used in multiphysics simulations.

c. Error bars



Our extraction of SAW frequencies and of LAW return times have error bars inherent to the
experimental setup and analysis procedure. For the SAW frequency associated with a particular
grating size the error bar is given by the standard deviation of the extracted frequency of
different scans. For the LAW return time, the error bar is given by the standard deviation across
scans and how short in the signal the signal from the echo is. Note that samples in which the
acoustic impedance between film material and silicon is high have much clearer LAW echoes
signal and therefore lower error bars.

The final error bar on Young’s modulus and Poisson’s ratio is determined by propagating the
experimental error bars on LAW and SAW measurements through our analysis procedure. As
mentioned above, the value for cll can be directly calculated from the experimental
measurement of the LAW pulse return time. This value depends on the measured echo return
time, density, and thickness of the thin film. There is an error associated with each of these
quantities, and thus the error on c11 requires independent error propagation using the derivative
method,

of = {5 (222)" (6,12 (S.4)

Where df is the error on f(x;), a function of uncorrelated, independent variables x; each with
uncertainty ox;

To calculate the error on c44 (and thus Young’s modulus and Poisson’s ratio), the error on
density, thickness, and c11 must be propagated through the simulation procedure, and the error
on the measured SAW frequency must be taken into account. To propagate error through the
numerical procedure, we first simulate the value of c44 that matches the observed frequency
assuming no values have any error. This step yields the data point of Young’s modulus and
Poisson’s ratio quoted in the paper. Next, we alter the values of density, thickness, and c11 to the
extreme ends of their error bars. We find the combination that achieves the lowest possible SAW
frequency for that value of c44. We then account for the error on the measured SAW frequency
by increasing the c44 value until the simulated SAW frequency matches the extreme upper end
of the error bar for the observed experimental SAW frequency. With this procedure, we obtain
one end of the error bar for our Young’s modulus and Poisson’s ratio that we quote in the paper.
We do a similar process to calculate the other end of the error bar quoted in the paper, using the
parameter values that give the highest possible SAW frequency, and lowering c44 to match the
lowest end of the experimental SAW frequency error bar. In other words, our error bars on
Young’s modulus and Poisson’s ratio include the most extreme values one could get by choosing
any value of an input parameter within the error bars of the measurement. Since the probability is
very low that the true value of all of our input values lies at the extreme ends of their error bars,
the error bars on our results are very conservative. Even with these very conservative error bars,
we were still able to see a very stark trend in the extracted elastic properties. Lastly, it is good to
note that the most dominant error came from the error in the measured SAW frequency and
LAW echo times.
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