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Progress in the wireless communication requires higher frequency bandpass filters, and the bulk acoustic-wave filter is especially
the key device for the GHz-range communication. Its resonance frequencies depend on the elastic constants of individual layers,
but it is never straightforward to measure them. In this study, we apply resonant ultrasound spectroscopy to a GHz-range free-
standing AlN/Ru/Cr resonator to simultaneously determine the elastic constant of each layer. Using picosecond ultrasonics, we
measure free-vibration resonance frequencies up to ∼70 GHz and inversely determine it. The obtained values are reasonable as
thin films elasticity, confirming the applicability of the proposed method.

With the progress of wireless communication, surface-
acoustic-wave (SAW) filters and bulk-acoustic-wave
(BAW) filters have been keenly studied. These filters are
required to operate at high frequencies with high stabil-
ity against temperature change, broad and tunable band,
and low energy loss. Communication frequency and the
band width of SAW filters can be controlled by the pat-
tern and alignment of the interdigital transducers (IDT).
To make higher-frequency SAW filters, higher-velocity
substrates and leakage SAW modes have attracted at-
tention1–3) and their energy loss has been improved.4–8)

However, as the frequency increases, IDT affects surface-
wave properties9) and wave-propagation modes become
complicate.10) Limitation of IDT width prevents us from
making higher-frequency SAW filters.
On the other hand, the frequency of BAW filters is

principally inversely proportional to the film thickness,
allowing us to make much higher-frequency filters.11–16)

One of problems for the BAW filter is energy loss: it com-
prises piezoelectric and metallic thin films, and the vibra-
tion energy can easily propagate into adjacent layers and
the substrate. The energy leakage can be minimized by
a Bragg reflector, which is a multilayer comprising alter-
nate high and low acoustic impedance materials with the
quarter-wavelength thickness.17–19) Another way to en-
hance the quality factor is to make a free-standing film
by removing the BAW filter from the substrate, which
makes the energy leakage into the substrate negligible.
Because the BAW filter uses the longitudinal through-

thickness resonance, the longitudinal-wave elastic con-
stant along the film-thickness direction in each layer
is the key parameter for designing it. However, thin
films usually exhibit different elasticity from bulk states,
depending on their thickness and deposition condi-
tions,20–22) and it is improper to use the elastic constants
of corresponding bulk materials.
In this study, we propose GHz-range resonant ultra-

sound spectroscopy (RUS) using picosecond ultrasonics
with two femtosecond pulse lasers to determine the elas-
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Fig. 1. (Color online) (a) Cross-section schematic view and (b)
top picture view of the free-standing AlN/Ru/Cr film.

tic constants of nm-order multilayers. We fabricate free-
standing AlN/Ru/Cr multilayer films as a model BAW
resonator, and irradiate it with a femtosecond light pulse
to excite many vibration modes. We successfully observe
the reverberating signal after the excitation up to 12.5
ns by combining the mechanical delay line (MDL) and
a synchro-lock system for synchronizing the two pulse
lasers. The fast Fourier transform (FFT) provides the
resonance spectrum, showing resonance frequencies up
to ∼70 GHz, which are used to determine the elastic
constant of each layer by an inverse calculation. We cal-
culate the elasticity contribution to the resonance fre-
quency and strain-energy distribution for each mode and
discuss the inverse-calculation uncertainty in deducing
the elastic constants.
We deposit Cr and Ru films by the DC magnetron

sputtering method at room temperature, and deposit a
highly c-axis oriented AlN film by the electron cyclotron
resonance sputtering method in an Ar/N2 mixture atmo-
sphere using a pure Al target.23) Thicknesses of AlN, Ru,
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Fig. 2. (Color online) (a) Measured film resonances with the

2.6-ns mechanical delay line. We change the initial delay time by
the synchro-lock system, which are shown by different-color lines.

(b) Full-time-range resonance constructed with 12 scan data. (c)
A typical FFT spectrum of the resonance. Solid circles show the

detection intensity calculated from the strain of the Ru surface.

and Cr layers are 1000, 200, and 100 nm, respectively.
We evaluate the crystal orientation by x-ray diffrac-
tion, cross-section transmission-electron-microscope im-
age, and the electron diffraction pattern, which indicates
that Ru and AlN have c-axis oriented structure.14,24,25)

Then, we fabricate 14 dome-shape free-standing films26)

in a 3×5 mm2 chip, whose structure is shown in Fig. 1.
We can not electrically evaluate their resonance proper-
ties because of no top electrodes. Resonance frequency of
a corresponding 1.1-µm AlN FBAR is about 2 GHz.24,27)

To determine the elastic constants of individual layers,
we apply the RUS method to a GHz range: The con-
ventional RUS method has been adopted to study the
elasticity of a solid using its kHz to MHz resonance fre-
quencies.28) By comparing the measured and calculated
resonance frequencies, we can determine all independent
elastic constants from a single measurement.29–32) Here,
we use picosecond ultrasonics33,34) to excite and detect
GHz-range resonance frequencies of the film. We use two
titanium/sapphire femtosecond pulse lasers, whose wave-

length, repetition rate, and pulse duration time are about
800 nm, 80 MHz, and 150 fs, respectively. We synchro-
nize them within ∼50 fs,35) and their initial delay time
can be changed within the repetition period of 12.5 ns,
which enables us to observe long time oscillations with
a short MDL. Our MDL in the pump light path com-
prises two corner reflectors and a 200-mm stage con-
troller, corresponding to ∼2.6-ns delay time. We mod-
ulate the pump light pulses at 100 kHz. The wavelength
of probe light is converted into 400 nm by a second har-
monic generator. The pump and probe light pulses nor-
mally enter the specimen through an apochromat objec-
tive lens of 150 magnification. Using a microscope, we
observe the film surface and the light positions through
the objective lens. Spot diameters are about 1–2 µm on
the specimen surface, and we focus both lasers on the
centers of the free-standing films. The laser powers of
pump and probe light are about 15 and 10 mW, respec-
tively, which does not affect measured properties due to
laser-irradiation heating. Specimen temperature is about
295–296 K. In this measurement, we do not measure and
consider the temperature dependence of acoustic prop-
erties of the FBAR, however, our low-temperature36,37)

and high-temperature38) measurement could evaluate it.
We measure the film resonance behavior in a long time

range with a high time resolution as shown in Fig. 2(a)
by combining the MDL and electrically changeable ini-
tial delay time by the synchro-lock system. We super-
impose different initial-delay-time measurements, which
show good agreement as shown in the inset, allowing us
to measure the film resonance in the full time range of
12.5 ns (the repetition period of the pump light pulses)
as shown in Fig. 2(b), where we use 12 scan data and
subtract the background reflectivity change due to ther-
mal diffusion. To observe the 12.5-ns time range only
by an MDL, optical path length reaches 3.75 m, which
expands laser diameter and requires large space and
difficult adjustment. Multi-pass MDL can save space,
however, it also expands pulse duration time, result-
ing in a low time resolution of ∼ 1 ps.39–41) The asyn-
chronous optical sampling method enables the full-time-
range measurement without the long MDL. However, its
time resolution is about 0.5–2.5 ps.42–44) By using 1-GHz
repetition-rate titanium/sapphire pulse lasers, Bartels et
al. achieved the 160–230 fs time resolution only in a 1-ns
time range.45,46) On the other hand, our system enables
the 12.5 ns time range measurement within the 50 fs time
resolution, which is restricted by jitters in the lasers and
synchro-lock system.35) We thus succeed in measuring
low-attenuation and high-frequency resonances with the
sub-ps time resolution in the 12.5-ns time range.
Measured resonance frequencies exceed 60 GHz as

shown in the FFT spectrum of Fig. 2(c). We analytically
calculate resonance frequencies of a free-standing mul-
tilayer using a one-dimensional continuous model.47,48)

We used mass densities of AlN, Ru, and Cr of their bulk
values of 3260, 12360, and 7200 kg/m3, respectively. The
forward calculation with reported elastic constants49–54)

allows mode identification up to the 17th mode of 63.8
GHz. We measure four different free-standing films and
determine the average frequencies and standard devia-
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Table I. Calculated and measured resonance frequencies of the
AlN/Ru/Cr film and their differences.

Resonance Frequency (GHz) Diff. (%)
Calc. Meas.

3.47 3.44± 0.01 -0.99

8.10 8.15± 0.02 0.64
11.62 11.47± 0.07 -1.25

14.65 14.59± 0.03 -0.45
18.86 18.78± 0.00 -0.44

21.84 21.91± 0.02 0.34

25.63 25.75± 0.03 0.46
30.25 30.42± 0.09 0.56

33.64 33.77± 0.04 0.37

37.17 37.28± 0.04 0.28
41.64 41.47± 0.03 -0.41

45.30 45.76± 0.18 1.00

48.20 48.19± 0.08 -0.04
52.38 52.21± 0.02 -0.32

55.33 55.36± 0.03 0.06
59.36 59.71± 0.12 0.59
63.84 63.83± 0.06 -0.02

RMS error 0.59
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Fig. 3. (Color online) (a) Calculated contributions of the
elastic constants of AlN (red square), Ru (blue diamond), and Cr

(green circle) to the resonance frequencies. (b) Strain-energy

distribution of the 1st (orange dashed), 3rd (blue solid), and 6th
mode (green chain line). Inset shows the relationship between the

contributions and the strain-energy ratios.

tions as shown in Table I.
Some peaks in Fig. 2(c) such as 3rd, 6th, 9th, and their

harmonic modes have small intensities, and we attribute
this to lower strain in the Ru layer near the AlN/Ru in-
terface because the probe light irradiates the Ru surface
and detects its lattice strain through the photoelastic ef-
fect. We calculate the normalized strain distribution for

each mode and evaluate the detection intensity from the
strain of the Ru surface as shown in Fig. 2(c), which
agrees favorably with the measured FFT intensity. In-
terestingly, these small-intensity modes are important to
determine the elastic constants of Ru and Cr: We cal-
culate the contribution |2Ci/fj (∂fj/∂Ci)| of the elastic
constant Ci of the ith layer to the jth resonance fre-
quency fj

55,56) as shown in Fig. 3(a). The elastic con-
stant of AlN has significantly larger contributions than
those of Ru and Cr. However, for 3rd (∼12 GHz) and
6th (∼22 GHz) modes, for example, the contributions of
Ru and Cr become larger. We calculate the strain-energy
distributions of the 1st, 3rd, and 6th modes as shown in
Fig. 3(b). Strain energy of the 1st mode is larger in the
AlN layer, however, those of 3rd and 6th mode become
larger in Ru and Cr layers. We integrate the strain en-
ergy and calculate the strain-energy ratio in each layer,
which shows a linear correlation as shown in the inset in
Fig. 3(b). Therefore, these modes are important to ob-
tain reliable elastic constants of Ru and Cr in spite of
the difficulties in detection.

From the least-square approach for measured and cal-
culated resonance frequencies, we succeed in inversely
determining the elastic constant of each layer within 4%
standard deviations at most. The elastic constant of AlN
has a small deviation of 0.58% (2.4 GPa) because of large
contributions. Elastic constants of Ru and Cr have rela-
tively larger deviations of 1.4–3.7%, however, it is enough
small because measurement errors are about 1–10% even
for mono-layer metal films.21,57,58) We confirm that our
measurement and inverse calculation use enough num-
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Fig. 4. (Color online) (a) The uncertainties of the elastic
constants due to measurement errors in resonance frequencies

calculated using 7 modes (up to 30 GHz, pink circle), 18 modes

(up to 70 GHz, blue square), and 26 mode (up to 100 GHz, green
diamond). Vertical dashed line shows the rms error in our

measurement.
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Table II. Reported and measured elastic constants of AlN, Ru,
and Cr with their differences. C33, C11, and C<110> are the

single crystalline longitudinal elastic constants of <0001>,
<100>, and <110> directions, respectively. Cpoly

11 is the

polycrystalline averaged value.

Component Elastic constants (GPa) Diff. (%)
Ref. Meas.

AlN C33 398.1a 412.4± 2.4 3.58

392b 5.08
394c 4.66

Rud C33 624 565.9± 7.8 -9.31

Cpoly
11 565 0.16

Cre C11 350 300.9± 11.0 -14.02

Cpoly
11 315 -4.47

C<110> 309 -2.62

a Reference [49]
b Reference [14]
c Reference [51]

d Reference [52,53]
e Reference [54]

bers of resonance modes: We evaluate the uncertainty of
the elastic constants due to measurement errors in the
resonance frequencies. We give Gaussian-distribution er-
rors fe

j between 0 and 1.5% to the calculated resonance
frequencies fj and inversely determine the elastic con-
stants from fj ± fe

j . Then, we evaluate the uncertainty
using different numbers of resonance modes as shown in
Fig. 4. The uncertainty decreases with the decrease in
the rms errors in frequencies and with the increases in
the numbers of resonance modes used in the inverse cal-
culation. The uncertainty for the inverse calculation us-
ing 18 modes — which corresponds to our measurement
and calculation — are about 20% lower than that using
7 modes on average. However, the uncertainty does not
decreases any more even if we use 26 resonance modes in
the inverse calculation, which satisfies that we succeed in
measuring enough numbers of resonance modes to simul-
taneously determine the elastic constants of a multilayer.
Determined elastic constants are reasonable values as

thin films. At first, thin films often show the close-packed
textures — the c-axis of hexagonal crystals14,16,50,59)

or <111> direction of face-centered-cubic crystals16,20)

— along to the out-of-plane direction. AlN and Ru are
hexagonal crystals, therefore, we should compare deter-
mined elastic constants with C33 of each single crystal.
AlN shows good agreement with the previous our mea-
surement for a monolayer thin film49) and other reported
values50,51) as listed in Table II, insisting on the correct-
ness of our GHz-range RUS method for a free-standing
film. However, the elastic constant of Ru is about 10%
smaller than C33 values of bulks.

52,53) This is also reason-
able result for metallic thin film because they often show
5–20% smaller elastic constants than bulks.20,57,60) On
the other hand, Cr is one of body-centered-cubic crys-
tals, which often show <110> texture.16,61,62) In spite
of uncertain crystal directions and their volume ratio of
the Cr layer, determined elastic constant of Cr is lower
than bulk values54) by 3–14% as listed in Table II, which
is similar with usual metal metallic thin films. From the

above results, we conclude that thin metallic films show
smaller elastic constants than those estimated from their
bulk materials, and the GHz-RUS method is highly use-
ful for measuring them correctly.
To conclude, we succeed in measuring low-attenuation

resonance of the free-standing AlN/Ru/Cr film in the
12.5-ns range by synchro-lock picosecond ultrasonics
with a short delay line. We inversely determine the elas-
tic constants of each layer using 17 resonance modes,
developing GHz-range resonant ultrasound spectroscopy.
The standard deviations of elastic constants of 200-nm
Ru and 100-nm Cr are larger than that of 1000-nm AlN
because of their small contributions to the resonance fre-
quencies. However, we show that our measurement and
calculation use enough numbers of resonance modes, re-
sulting in 4% standard deviations at most. Determined
elastic constant of AlN agrees with the reported value
for a mono-layer film within 3.5% difference, and we re-
veal that those of thin metal layers are smaller than the
single-crystalline values.
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