
Title
Elastic constant of dielectric nano-thin films
using three-layer resonance studied by
picosecond ultrasonics

Author(s) Fukuda, Hiroki; Nagakubo, Akira; Ogi, Hirotsugu

Citation Japanese Journal of Applied Physics. 60(SD)
p.SDDA05-1-p.SDDA05-5

Issue Date 2021-03-24

oaire:version AM

URL https://hdl.handle.net/11094/84529

rights This Accepted Manuscript is available for reuse
under a CC BY-NC-ND licence.

Note

Osaka University Knowledge Archive : OUKAOsaka University Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

Osaka University



Japanese Journal of Applied Physics REGULAR PAPER

Elastic constant of dielectric nano-thin films using three-layer resonance studied by picosecond
ultrasonics

Hiroki Fukuda, Akira Nagakubo,∗ and Hirotsugu Ogi
Graduate School of Engineering, Osaka University, Suita, Osaka 565-0871, Japan

Elastic constants and sound velocities of nm-order thin films are important for acoustic filters. However, it is difficult to measure them for
dielectric films. In this study, we use a three-layer structure where a dielectric nano-thin film is sandwiched between thicker metallic films
to measure the longitudinal elastic constant of the dielectric film. We propose an efficiency function to estimate the optimal thicknesses of
the components. We use Pt/NiO/Pt three layers for confirming our proposed method. Determined elastic constant of NiO deposited at room
temperature is smaller than the bulk value by ∼40%, however, it approaches to the bulk value as the deposition temperature increases. We
also reveal that uncertainty of the elastic constant of Pt does not affect that of NiO in this structure.

1. Introduction
Elastic constants and sound velocities of thin films are essential
parameters of surface acoustic wave (SAW) filters1–4) and film
bulk acoustic resonators (FBAR)5–7) for wireless communica-
tion. They are also essential parameters in an acoustic mirror,
which enhances Q values of the filters.8,9) Next-generation
communication uses much higher-frequency band pass fil-
ters,10,11) which are composed of much thinner films. For ex-
ample, in our previous study, we showed that 10.9-nm NiO and
7.6-nm Pt multilayer enhanced 140-GHz resonance.12) There-
fore, it is important to measure elastic constants and sound
velocities of nm-order thin films. Picosecond ultrasonics can
directly excite and detect GHz–THz range ultrasound in metal-
lic and semiconductor nm-order thin film through the laser
absorption.13,14) Using this method, we have measured the
longitudinal elastic constants of 5–110 nm metallic thin films
by observing through-thickness resonances or pulse echoes,
and revealed that they are usually smaller than those of bulk
vales by 5–30%.15–17) This softening in thin film insists that
bulk values should not be adopted in designing the acoustic
filters, and the elastic constants of thin film should be mea-
sured.

However, it is significantly difficult to measure the elastic
constants of a dielectric nm-order thin film, which plays an
important role in the filters. SiO2 is used as a temperature
compensate material18,19) because it has positive temperature
dependence of sound velocity.20,21) Acoustic reflectors is con-
sists of high and low acoustic impedance materials, where di-
electric thin film is used as the low-impedance material.22,23)

By depositing ∼10 nm metallic film, picosecond ultrasonics
can excite ultrasound in dielectric material through the ther-
mal expansion of the metal.24) For “thick” nm films (420–4000
nm), we have measured the longitudinal elastic constants and
sound velocities of SiO2,25,26) SiON,27) and AlN28) films by
observing Brillouin oscillation.29,30) For these films, we de-
posited ∼10 nm metallic films to excite an acoustic pulse.
Brillouin oscillation is caused by light interference between
reflected light at the surface and diffracted light by the propa-
gating acoustic pulse in the dielectric material, and its period
corresponds to the half of the wavelength of probe light in
the material. However, it is difficult to accurately measure the
elastic constant of dielectric thin film less than ∼100 nm be-
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cause we can not determine Brillouin-oscillation frequency in
a thinner film than the wavelength of probe light in it.

In this study, we propose a resonance method to measure
the elastic constant of ∼30 nm dielectric thin film sandwiched
by metallic thin films using picosecond ultrasonics. We de-
posit Pt/NiO/Pt three-layer film and excite through-thickness
resonances. In this structure, the strain energy of the funda-
mental mode becomes larger in the NiO layer, which makes
its frequency sensitive to the elastic constant of NiO (CNiO).
Therefore, by measuring the fundamental-mode frequency,
we can determine CNiO even if the elastic constant of Pt (CPt)
includes uncertainty. Thinner Pt-film thickness makes the res-
onance frequency more insensitive to CPt, however, we need
the Pt layer to excite and detect resonance. Therefore, we cal-
culate the contribution of CNiO to resonance frequencies, and
propose an efficiency function by considering the contribu-
tion and excitation-detection efficiency of light to estimate the
optimal Pt thickness in this structure. We prepare four struc-
tures by changing the Pt-film thickness remaining the NiO-film
thickness. We observe 20–50 GHz resonances by picosecond
ultrasonics, and compare the vibration amplitudes with the cal-
culated efficiency function, determining the optimal thickness
to be ∼18 nm. Thus, we make Pt/NiO/Pt films with different
deposition temperatures between 300 and 700 K, and inversely
determine CNiO. We also make Pt single layers under the same
conditions, and measure their elastic constants to evaluate the
effects of them for CNiO in the inverse calculation. We discuss
the effects of uncertainty in CPt and the thickness of each layer,
confirming the validity of this method.

2. Experimental methods
2.1 Thin films
We used three substrates in this study: (0001)-Al2O3 (AO),
(100)-Si, and (100)-Si with thermally oxidized surface (TO-
Si). They were cleaned by ultrasonication in N-Methyl-2-
pyrrolidone, isopropyl alcohol, and then distilled water. Then,
we further remove contamination on the surface by ambient-
gas plasma cleaning for 10 min. We deposited Pt and NiO
films by the RF magnetron sputtering method. Base pressure,
Ar pressure, and sputtering power were ∼1×10−5 Pa, 0.8 Pa,
and 50 W, respectively. The thin films were deposited at three
temperatures of 293, 553, and 706 K. We measured thickness
and crystal structure by the X-ray reflectivity(XRR) and X-ray
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diffraction (XRD) methods with Co-Kα X-ray, respectively.
2.2 Picosecond ultrasound spectroscopy
To measure the elastic constant of the films, we use picosecond
ultrasound spectroscopy, which uses ultrafast laser pulses to
excite and detect GHz–THz ultrasound. We use a Ti-sapphire
pulse laser whose wavelength and repetition rate are 800 nm
and 80 MHz, respectively. We divide the pulse light into 15–40
mW pump and 4–6 mW probe light by a polarization beam
splitter. The corner reflector changes the arrival time of the
pump light to the specimen. The pump light is modulated at
100 kHz by an acousto-optical crystal modulator. The probe
light wavelength is converted into 400 nm by a second har-
monic generator. Both lights incident perpendicularly on the
specimen through a 50-magnification objective lens, and the
reflected lights are distinguished by a dichroic mirror, which
reflects the 800-nm pump light and transmits the 400 nm-
probe light. The beam splitter separates the probe light before
incidence on the sample, and a balance detector collects these
two lights. By inputting the intensity difference into a lock-in
amplifier, we detect the probe light’s reflectivity changes due
to the acoustic perturbations.

3. Results and discussion
3.1 Efficiency function
We consider that Pt has an optimal thickness in the Pt/NiO/Pt
structure: Thinner Pt makes the resonance frequency insensi-
tive to the elastic constant of Pt. To quantitatively evaluate this
effect, we define the contribution βm of an elastic constant Cm

to the resonance frequency f as follows:

βm =

����2 ∂ f
∂Cm

Cm

f

���� (1)

This contribution is normalized to take a value between 0 and
1, and its summation for each layer becomes 1. Thinner Pt
increases βNiO and decreases βPt. However, it is difficult to
excite and detect the resonance for a thinner Pt film because
of two reasons. First, the energy of pump light pulse absorbed
in Pt is decreased, decreasing the resultant phonon energy.
Second, because of the zero-strain requirement at the free
surface, the strain of very thin Pt layer is nearly zero, making
the phonon detection through optoelastic interaction difficult.
Therefore, we propose an efficiency function E f as follows:

E f (dPt) = βNiO

∫ 2dPt

0
e−α800zdz ×

∫ 2dPt

0
εPt(z)e−α400zdz,

(2)

where α800 and α400 are the absorption coefficients of the
pump and probe light, respectively. Note that, α = 4πκ/λ,
where κ is the extinction coefficient of Pt for the light of
wavelength λ. εPt is the normalized strain in the Pt layer, and
dPt is the thickness of the single Pt layer. In this study, we
fix the thicknesses of two Pt layers are the same. The first
and second integral correspond to the absorbed light energy
and detection efficiency of the probe light, respectively. Using
a one-dimensional free-resonance model,31–33) we calculate
f and corresponding distributions of strain εPt(z) and strain-
energy E(z) by solving an eigenvalue problem. To compare the
amplitude of strain for different dPt structures, we normalize
εPt to make the integrated strain energy unity, obtaining εPt.

Fig. 1(a) shows the calculated efficiency functions of the first
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Fig. 1. (a) Calculated efficiency function E f for dNiO = 34 nm. Solid and
dotted lines in inset represent excitation-detection efficiency and
contribution βNiO of the elastic constant of NiO to the resonance
frequencies, respectively. Triangle plots in the inset represent measured
resonance amplitudes of Pt/NiO/Pt films. (b) Calculated strain-energy
distributions for dPt = 5.5, 17.5, 22.9, and 33.1 nm. (c) Observed reflectivity
changes of Pt/NiO/Pt films deposited on AO substrate at room temperature,
whose intensity is normalized at initial absorption intensity, and (d)
extracted resonances.

and second modes for the NiO thickness dNiO = 34 nm. The
inset separately shows contributions and excitation-detection
efficiency (the product of the two integral terms in eq. (2)).
As Pt thickness increases, absorbed light and strain in Pt layer
increase, leading to the increase in E f until dPt ∼20 nm. How-
ever, surface strain and the contribution decrease above it and
absorbed light saturates, resulting in the peak in E f around
15–20 nm.

To verify this function, we prepare four Pt/NiO/Pt films
and measure the resonance amplitude by changing only dPt
between 5.5 and 33.1 nm. Fig. 1(b) shows calculated strain-
energy distributions of the fundamental mode. Observed re-
flectivity changes are shown in Fig. 1(c), whose amplitudes
are normalized by the intensity at initial absorption. We ex-
tract the resonance by subtracting the background change due
to thermal diffusion using a polynomial function as shown in
Fig. 1(d). The strain energy of 5.5-nm film concentrates in
the NiO layer, leading to high βNiO. However, it is difficult to
excite and detect its resonance as shown in Fig. 1(c) and (d).
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Fig. 2. XRD spectra of Pt/NiO/Pt films deposited on AO, TO-Si, and Si
substrates.

17.5-nm and 22.0-nm films show clear resonances, and the
resonance amplitude decreases in the 33.1-nm film. We inte-
grate the resonance amplitudes and compare the values with
our model. Because we only evaluate the vibration amplitude
in this measurement, we show the measured amplitudes in the
inset in Fig. 1(a). They agree with the calculated excitation-
detection efficiency, insisting on the validity of our model and
E f . Thus, we conclude that the optimal Pt thickness is ∼18 nm
for dNiO = 34 nm.
3.2 Measure the elastic constant of NiO
To measure CNiO, we make Pt/NiO/Pt films and Pt mono lay-
ers on AO, Si, and TO-Si substrates by changing deposition
temperature Td between 300 and 700 K. We measure dNiO
and dPt by the XRR method as listed in Table I (XRR spectra
are shown in Fig. S1 in the supplementary material). XRD
spectra shown in Fig. 2 reveal that increase in Td enhances the
crystallinity except Td = 706 K for Si substrate: At Td = 293
K, Pt shows (111) and (200) peaks, being polycrystalline. As
Td increases, the intensities of Pt (111) and NiO (111) in-
crease, and the Pt-(200) peak disappears. Interface roughness
also decreases (Table S1). However, the intensities of Pt peaks
become weak in the film deposited on Si substrate at Td = 706
K, and the film shows no NiO peaks and exhibits a Ni (111)
peak, insisting that the crystal structure is deteriorated and
NiO decomposes.

We observe the fundamental mode for all films and the sec-
ond mode for the films deposited at Td = 293 K (Fig. S2).
We measure the resonance frequencies at 4–9 different points
for each film, and inversely determine CNiO by minimizing∑

i

(
1 − f ci / f mi

)2, where f ci and f mi are calculated and mea-
sured resonance frequency of i-th mode. To calculate f ci , we
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Fig. 3. Determined longitudinal elastic constant CNiO. Closed symbols
with solid lines and open symbols with dashed lines denote that we use the
elastic constant of Pt of corresponding single-layer films and bulk values in
the inverse calculation, respectively.

need the value of CPt, and we measure it for the Pt mono layers
deposited under the same condition as listed in Table I. We
measure the thickness of them by the XRR method (Table S2
and Fig. S3(a)) and observe ∼130 GHz resonance (Fig. S3(b-
d)). We also use a CPt of bulk value34) along <111> direction
to determine C∗

NiO. We use the bulk values for mass density
because calculated XRR spectra with bulk density well agree
with measured spectra.

Determined CNiO and C∗
NiO are shown in Fig. 3 and Table

I. They agree with each other within 3% deviation, which is
smaller than ∼7% measurement deviations. CNiO at Td = 293
K is smaller than a corresponding bulk value35) by∼ 40%, and
it increases with Td , approaches to the bulk value except for
the Si substrate. Thin film contains many defects, and anneal-
ing treatment decreases defects at grain boundaries, resulting
in the recovery of elastic constants.36,37) However, on the Si
substrate, the increase in Td decomposes the crystal struc-
ture, decreasing the elastic constant. CNiO of the films on AO
substrate is smaller than that on TO-Si by ∼16% at each tem-
perature, and we consider that difference in crystallinity and
interference structure due to substrates causes this softening.
3.3 Effects of other film parameters
To evaluate the determination error due to uncertainty of CPt
and film thickness, we calculate resonance frequencies of first
and second modes using bulk values, and inversely determined
CNiO from them by changing CPt, dPt, or dNiO within ±10% in
the inverse calculation. The deviations δCNiO from the initial
value are shown in Fig. 4. CPt of the three-layer structure might
be different from that of mono layer even if they are deposited
under the same condition. CPt of mono layer also contains
measurement deviations. However, 5% changes of CPt, for
example, causes ∼3% deviations in CNiO, which is smaller
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Table I. Measured film thicknesses of Pt (dPt) and NiO (dNiO) of Pt/NiO/Pt films, and longitudinal elastic constant of Pt (CPt) of mono-layer films at each
deposition temperature Td . CNiO and C∗

NiO are the inversely determined elastic constant of NiO using CPt of the mono-layer films and a bulk, respectively.
The standard deviations of C∗

NiO are equivalent to those of CNiO.

Substrate Td dPt dNiO CPt CNiO C∗
NiO

(K) (nm) (nm) (GPa) (GPa) (GPa)
AO 293 17.52 34.42 369.9 ± 30.8 173.0 ± 12.5 171.6

553 17.77 26.05 350.5 ± 14.0 252.3 ± 21.9 245.2
706 17.94 27.24 374.3 ± 4.7 287.4 ± 44.4 284.8

TO-Si 293 17.97 33.46 357.6 ± 8.5 204.3 ± 3.8 204.6
553 17.44 28.36 300.0
706 17.97 28.37 357.4 ± 2.8 341.3 ± 8.2 331.8

Si 293 17.67 33.70 368.4 ± 0.0 199.0 ± 3.7 196.4
553 17.11 26.18 232.6
706 119.4

-10 -5 0 5 10
-20

-10

0

10

20
 CPt

 dPt

 dNiO

Change ratio(%)

(%
)

Fig. 4. Evaluated determination error δCNiO in the elastic constant of
NiO due to the changes of elastic constant of Pt (dashed line), film
thicknesses of Pt and NiO (solid lines).

than typical measurement deviations of ∼5%. On the other
hand, 5% changes of film thickness causes ∼8% deviations in
CNiO. Therefore, uncertainty of CPt less affects CNiO in this
structure. We measure film thicknesses by the XRR method,
where measurement uncertainty is∼1% at most, leading to 2%
deviations in CNiO. Therefore, we conclude that this three-layer
resonance method enables us to measure the elastic constant
of ∼30 nm dielectric film within measurement deviations.

4. Conclusions
To measure the longitudinal elastic constant of ∼30 nm dielec-
tric film, we use a three-layer structure. We propose an effi-
ciency function to estimate the optimal thickness to determine
the elastic constant of the dielectric film by considering its con-
tribution to the resonance frequency and excitation-detection
efficiency. We prepare four films by changing Pt-layer thick-
ness as 5.5, 17.5, 22.0, and 33.1 nm, and measure their reso-
nance amplitudes. Both of calculated efficiency and measured
amplitudes have a peak around 20 nm, insisting the validity
of our model. We conclude that the optimal Pt thickness is
18 nm for Pt/NiO/Pt structure for 34-nm NiO. We deposit
the optimal-thickness Pt/NiO/Pt films by changing deposition
temperatures between 300 and 700 K. We measure the res-

onance frequencies by picosecond ultrasonics, and inversely
determine the elastic constant of NiO. The films deposited at
room temperature has ∼40% smaller elastic constant than a
bulk. However, as the deposition temperature increases, crys-
tallinity becomes better and the elastic constant approaches to
the bulk value. We evaluate determination error of the elastic
constant of NiO in this method, revealing that uncertainty of
the elastic constant of Pt is smaller than measurement devi-
ations and film thickness is more sensitive. We measure film
thicknesses by the X-ray reflection method within ∼1% un-
certainty, leading to 2% deviations in the elastic constant of
NiO. We conclude that this method enables us to measure the
elastic constant of ∼30 nm dielectric film within measurement
deviations.
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