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Brillouin oscillation appears in picosecond ultrasonics for a transparent specimen because of backward light scattering

by moving strain pulse. Its amplitude is comparable with those of other responses, such as pulse-echo signals and

through-thickness resonance, obscuring these non-Brillouin-oscillation responses. We here find that Brillouin oscilla-

tion can be suppressed in a transparent free-standing film by coating both sides with metallic thin film of appropriate

thickness and that this peculiar behavior is caused by strain pulses generated on both sides with a slight phase differ-

ence. This phenomenon allowed us to fabricate a Brillouin-oscillation-free diamond free-standing film, which showed

high capability for sensor applications.

Picosecond ultrasound1–4 is a key methodology for study-

ing ultrahigh-frequency coherent-phonon behavior in thin

films. It uses pump and probe light pulses for generation and

detection of coherent phonons, respectively. The longitudinal-

wave ultrasound is generated by transient thermal stress near

the surface, and it is detected through the reflectivity change

in the probe light mainly caused by the piezo-optic effect.

This technique is highly promising for evaluating ultrasound

attenuation in thin films,5–8 which is an important parame-

ter for designing ultrahigh-frequency ultrasonic-resonator de-

vices such as bulk-acoustic-wave resonators.9–11 The most

reliable attenuation measurement can be made on a free-

standing thin film because of no energy leakage to the sub-

strate. The free-standing thin film is also suitable for sen-

sor applications, including mass-sensitive biosensors. Quartz

crystal microbalance (QCM) biosensor is a representative

mass-sensitive biosensor,12 which detects targets using the

mass-loading effect on the resonator through the change in the

resonance frequency. Because the mass sensitivity is inversely

proportional to the square of the thickness of the resonator,13 a

thin-film resonator is expected to improve the sensitivity.14,15

A free-standing thin-film resonator is therefore promising to

achieve an ultra-sensitive biosensor relying on its high quality

factor.

For an opaque free-standing thin film, the ultrasonic pulse

generated near the surface causes the pulse-echo signals or the

through-thickness resonance. However, the response from a

transparent free-standing thin film becomes more complicated

because of the Brillouin oscillation,4,6,16 which is caused by

the backward scattering of the probe light due to the moving

strain pulse. The Brillouin-oscillation amplitude sometimes

exceeds those of non-Brillouin-oscillation responses, deterio-

rating their measurement accuracy. Therefore, disappearing

the Brillouin oscillation is an unsolved problem in picosecond

ultrasound. Here, we show that the Brillouin oscillation can

be suppressed in a transparent free-standing thin film. We fur-

a)ogi@prec.eng.osaka-u.ac.jp

thermore applied such a free-standing thin-film resonator to a

biosensor application.

We used a typical picosecond ultrasound method in this

study. A Ti-sapphire pulse laser with 140 fs duration and 80

MHz repetition rate was used. The wavelengths of pump and

probe lights were 800 and 400 nm, respectively. The details

of our optics are shown elsewhere.17–19

We prepared a 350-nm graphite thin film and diamond free-

standing thin films. The edge of each specimen was sup-

ported by a 0.5-mm silicon plate, remaining the free-standing

portion. The graphite free-standing film was synthesized by

heating a polyimide film at ∼3000 K to grow grains up to 20

µm.20 Because our microscopic measurement system allows

measurements in local regions of ∼1 µm,21 it is possible to

measure the phonon properties inside a single grain.20

Concerning the free-standing diamond specimens, we

first synthesized the homoepitaxial [100] diamond thin film

on a 50-µm thick [100] diamond substrate by the mi-

crowave plasma-assisted chemical-vapor-deposition (CVD)

method.19,22,23 The substrate was then removed by gas etching

method to obtain the free-standing monocrystal-diamond thin

films. Their thicknesses are between 1.7 and 4 µm. A 10-nm

Pt thin film was then deposited by the magnetron sputtering

method on each specimen for the ultrasound generation.

Figure S1 shows the measurement on the graphite speci-

men. The pulse-echo signal appears every 155 ps, and consid-

ering the sound velocity of about 4.5 nm/ps,20 it appears every

round trip. The echoes are in phase because of reflections at

free boundaries.

On the other hand, the signals from the free-standing di-

amond thin films are significantly different from that from

the graphite (opaque) free standing film as shown in Fig.1.

First, the phase of the pulse echo changes every time despite

the reflection at the free boundary. Second, the time inter-

val between nearby echoes corresponds to the single trip, not

the round trip. Similar observation24 has been reported for

a ∼300-nm free-standing Si film with a 820-nm light (Si thin

film is a nearly transparent material at this wavelength). Third,

the through-thickness resonance vibrations are observed when

the Pt film is deposited on both sides for a thinner film, as
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FIG. 1. (a) As measured reflectivity change of the probe light for a

free-standing diamond film (3.5 µm thick) with 10-nm Pt thin film

on both sides. The inset shows the background subtracted reflectivity

change near the zero point. (b) Measurements for 4 µm thick free-

standing diamond thin film with Pt thin film only on the single side

(upper) and on both sides (lower). (c) Enlarged reflectivity changes

near the first and second echoes in (b). (d) Measurement for 1.7 µm

thick diamond thin film with Pt film on the single side (upper) and

both sides (lower). (e) The FFT spectrum of the lower data of (d).

shown in the lower data in Fig. 1(d), and its fast-Fourier-

transform (FFT) spectrum (Fig. 1(e)) indicates that only odd-

numbered modes are excited. Similar observations are re-

ported for free-standing Si films,24–26 although the excitation

mechanism for the odd resonance mode is different as de-

scribed later.

Here, we find an unusual phenomenon: The Brillouin os-

cillation in diamond is occasionally highly weakened (almost

disappearing) after the first echo when the Pt thin film is de-

posited on both sides, as shown in Figs. 1(a) and lower data

in Figs. 1(b)-(d). Possible mechanisms for the acoustic-

wave generation in the free-standing diamond film with the

Pt thin film will originate from the thermal stress, −3Bβ ∆T ,

in the Pt layer, and the electronic stress due to the defor-

mation potential,2,27 −BN(∂Eg/∂P), in the diamond layer.

Here, B, N, Eg, P, β , and ∆T denote the bulk modulus, den-

sity of the electron-hole pair generated by the pump light,

band-gap energy, pressure, thermal expansion coefficient, and

the temperature increment, respectively. (The stress caused

by the thermoelastic effect in the diamond layer due to the

coupling between electrons and phonons will be negligible

because of the pump-light energy lower than the band-gap

energy.)28 Using literature values for these parameters (for ex-

ample, ∂Eg/∂P=0.07 eV/Mbar),29 it is found that the thermal

stress in the Pt layer is more than two orders of magnitude

larger than the electronic stress in the diamond layer, allow-

ing us to consider the former as the principal wave-generation

source.

In order to explain the suppression of the Brillouin oscil-

lation in the diamond free-standing films, we calculate the

reflectivity change numerically based on theories developed

previously.5,16 The reflectivity change is obtained by

∆R(t) = |r0(t)+∆r(t)|2 −|r0(0)|
2 , (1)

where r0(t) and ∆r(t) denote the reflection coefficient from

the thin film and its variation due to the photoelastic effect,

respectively, and they are given by

r0(t) =
r01 + r10e−2ikd(t)

1+ r01r10e−2ikd(t)
, (2)

∆r(t) =

∫ d(t)

0
g(z, t)η(z, t)dz. (3)

Here, r01 and r10 are the reflection coefficients from the vac-

uum to the thin film and from the thin film to the vacuum,

respectively. k denotes the wavenumber of the probe light in

the diamond film. d(t) denotes the total thickness of the thin

film, which is time-dependent because it is varied by the strain

pulse, η(z, t). g(z, t) indicates the sensitivity function, which

takes the following form for a free-standing film:16

g(z, t) =−
i

2

k2
0

k

t01t10e−2ikz(1+ r10e−2ik(d(t)−z))2

1+ r01r10e−2ikd(t)
p, (4)

where t01 and t10 are the transmission coefficients from the

vacuum to the thin film and the reverse, respectively. p de-

notes the piezo-optic coefficient in the thin film. Note that

r0(t) is time-dependent because the total thickness is varied

by the strain pulse, indicating that the reflectivity change will

be detected even without the photoelastic effect (p=0) because

of the change in the optical path.

The strain pulse generated by the pump light pulse is esti-

mated by5

η(z, t) =−η0exp(−|z− vt|/ζ )sgn(z− vt), (5)
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3

where η0 and ζ are the strain amplitude and the strain pulse

width, respectively. We simply used the Pt thickness for ζ
and assumed the generation of the strain pulse directly on

the diamond thin film, and performed the numerical simula-

tion without propagation in the Pt layer. Because the acoustic

impedance of Pt is close to that of diamond (the acoustic trans-

mittance of 80%), the ringing of the Pt film is insignificant if

any. (Such a ringing of Pt film is not observed clearly in exper-

iments.) We calculated the reflectivity change ∆R(t) using the

following procedure. First, the strain pulse with frequency-

dependent (wavenumber-dependent) attenuation at a propaga-

tion distance ξ (= vt) was obtained by reducing the amplitude

of the Fourier component using the corresponding attenuation

value determined by exp(-αξ ) and reconstructing the strain

pulse using the inverse Fourier transform. α indicates the at-

tenuation coefficient, and we assume that it is proportional

to the square of the frequency because of the anharmonicity

process30

α(ω) = β ω2, (6)

where β denotes the coefficient. Second, the total thickness

d(t) was calculated by integrating the strain. Third, the reflec-

tivity change was calculated by equations (1)-(3).

Figure 2 (a) shows a simulation result for a 4-µm thick

free-standing diamond thin film, when the pump light pulse

is absorbed only on the top surface. We can see strong Bril-

louin oscillation because of the transparency of the material,

as well as the pulse-echo signal that appears every single-trip

propagation. Note that the phase reversal in the pulse-echo

signal is reproduced. One may attribute this to the effect of

the total thickness change on the reflection coefficient r0(t),
because the phase of the strain pulse is reversed at the free

end, inducing the opposite thickness change at reflections be-

tween bottom and top surfaces. However, we find that this

effect is negligible compared by the photoelastic contribution

(Eq. (3)) because of extremely large elastic constant of dia-

mond. Equation (3) indicates that the reflectivity change re-

lated to the photoelastic effect is governed by the integral of

the strain-pulse-related quantity over the thickness, which im-

plicitly includes the total thickness change. During propaga-

tion inside the film, the film thickness will be nearly the same

as that without the strain pulse due to the bipolar character of

the strain pulse. However, when the strain pulse reflects at the

free end, the total thickness changes transiently, which can be

detected through ∆r(t).
Concerning the sudden reduction of the Brillouin-

oscillation amplitude after the first echo observed for dia-

mond free-standing thin films, we first considered the ef-

fect of surface roughness. Because the Brillouin-oscillation

frequency in diamond is very high (215 GHz), a scattering

loss would be caused at the reflection because the amplitude

loss due to surface roughness is proportional to the square of

the frequency,32 so that the high-frequency component would

be diminished at each reflection. However, the rms surface

roughness on our diamond specimens is about 1 nm both be-

fore and after the Pt-film deposition, which was confirmed by

an AFM measurement, and this value is much smaller than

the ultrasound wavelength (81 nm), so we do not expect sig-

0 200 400 600

Time (ps)

!
R

(a)

(b)

!t = 2.74 ps

!t = 1 ps

!t = 0 ps

A
B C

FIG. 2. Numerical calculation for the probe-light reflectivity change

in 4-µm thick free-standing diamond thin film (a) when the strain

pulse is generated from only the top surface and (b) when the strain

pulses are generated from both sides with a time delay ∆t. Used

parameters are as follows: v=17.5 nm/ps,19 n=2.46,31 ζ=10 nm,

λ0=400 nm, and β=0.00015 nm−1THz−2. The Brillouin-oscillatioin

frequency f is given by f = 2nv/λ0, which equals 215 GHz. This

value is in good agreement with the experiment (214.3 GHz) in Figs.

1(a) and (b). (Waveforms for the two strains at three time points A,

B, and C are shown in Figure S2.) Supplementary Movie 1 (∆t=1 ps)

and Movie 2 (∆t=2.74 ps) show the relationship between the reflec-

tivity change and the strain pulses in more detail.

nificant amplitude loss at the reflection. Moreover, the reduc-

tion of the Brillouin-oscillation amplitude was observed when

the Pt film was additionally deposited on the back side (lower

data in Figs. 1(b) and (c)), and this behavior will not be ex-

plained by the surface roughness. Ultrasonic absorption in the

Pt layer might be another possible factor. However, this is in-

significant because of two reasons. First, the absorption loss

occurs when the material is strained, but the strain in the Pt

film is expected to be very small because of the free surface

condition. Second, if it were a principal cause, suppression

of Brillouin oscillation would have been observed even in the

diamond with single Pt layer.

We attribute the additional generation of the strain pulse at

the back interface between diamond and Pt to the unusual re-

sponse. As the Pt film is very thin, the pump light pulse is able

to pass through it and reach the bottom surface of the diamond

film, exciting the strain pulse at the interface as well. The

double peaks observed at the first echo (at 250 ps of the lower

data in Fig. 1(c)) indicate that another strain pulse propagates

in the specimen with a slight phase difference. Excitation of

the strain pulse at the back side also consistently explains the

through-thickness resonance observed in the Pt/Diamond/Pt

free-standing specimen (lower data in Fig. 1(d)), which was

not observed in the single-side excitation (upper data in Fig.

1(d)), since the thermal stress on both sides will enhance the

odd through-thickness resonances because of the deformation

symmetry as shown in Fig. 1(e).

We thus assume that the extra strain pulse is generated at the

back interface. We performed the numerical simulation of the

reflectivity change caused by propagations of the two strain

pulses. Because of the difference in the generation point, there

will be a phase difference between the two strain pulses: The
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4

pump light pulse is expected to generate the strain pulses near

the outer surface of the top Pt film and near the inner surface of

the bottom Pt film, simultaneously. The light-pulse power for

the latter should be lower than that for the former. However,

the inner surface of the bottom Pt film is not a free end unlike

the outer surface of the upper Pt film, and the thermal stress

there will be enhanced because of the restriction of deforma-

tion. We then simply assumed the same strain amplitude for

these two strain pulses based on these two opposite contribu-

tions. The time difference between them (∆t) may correspond

to the propagation time of the strain generated at the upper

surface of the Pt layer, which is estimated to be 2.4 ps with

the wave speed of 4.2 nm/ps in Pt. Although it is not straight-

forward to take the fast diffusion of the hot electrons33,34 into

account, the thermal stress generated during the electron ther-

malization will be greater near the outer surface in the upper

Pt layer and near the interface in the bottom Pt layer. There-

fore, the effective starting points of the strain pulses will be

different between the upper and bottom Pt layers.

Figure 2(b) presents the simulation results. Note that if

there is no time difference between the two strain pulses, the

result is nearly identical to the case that the single pulse is

generated only from the front surface (Fig. 2(a)), and we fail

to reproduce the Brillouin-oscillation disappearance. With a

time difference, however, the amplitude of Brillouin oscilla-

tion after the first pulse echo can be modified. When ∆t =

2.74 ps, it is significantly decreased, which is similar to the

experiments. This reduction occurs because of the interfer-

ence between diffracted probe lights by the strain pulses prop-

agating in the opposite directions. The double peaks in the

first pulse are also reproduced. The amplitude recovers after

the second pulse, but the material attenuation remains the low

amplitude. (Supplementary Movies 1 and 2 show the rela-

tionship between the reflectivity change and the strain propa-

gation in more detail when ∆t = 1 and 2.74 ps, respectively.)

Importantly, this time difference is close to the estimation of

2.4 ps, supporting our view. The discrepancy (14%) may be

attributed to the ambiguity of the film thickness, the elastic

constants of Pt thin film35,36, and the diffusion behavior of the

hot electrons.

We investigate the effect of the time difference and the film

thickness on the reduction of the Brillouin-oscillation ampli-

tude. Figure S3 presents the simulation results for the ratio of

the Brillouin-oscillation amplitudes before and after the first-

echo (Aafter/Abefore) without attenuation. It takes a maximum

at ∆t =∼2.1 ps and a minimum at ∆t =∼2.7 ps (Fig. S3(a)).

Also, the difference in film thickness where the amplitude ra-

tio takes maximum and minimum is only about 40 nm (Fig.

S3(b)). Therefore, the amplitude ratio is very sensitive to the

thicknesses of the Pt layer and the diamond film. These results

consistently explain the experimental fact that the suppression

of the Brillouin oscillation does not always happen (Fig. S4)

because a very small thickness difference can affect signifi-

cantly the Brillouin oscillation after the first pulse echo.

We have thus developed a free-standing diamond film with

the Pt thin film on both sides, where Brillouin oscillation

is sufficiently suppressed, and applied it to a biosensor to

demonstrate the importance of this phenomenon. We immo-
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FIG. 3. (a) Illustrations of modification of surfaces of the diamond

free-standing thin film resonator. Bovine serum albumin (BSA) was

used for blocking the non-specific binding of the IgG molecules. (b)

Reflectivity changes measured at the three stages: Before and after

exposed to the IgG solution, and after the rinsing with a glycine-HCl

buffer (GHB). The inset shows a magnified view of the reflectivity

change. (c) Changes in the resonant frequencies of 1st and 3rd modes

at the three stages.

bilized protein A molecules on both surfaces using a self-

assembled monolayer (SAM) for capturing immunoglobulin

G (IgG) relying on the specific binding reaction between pro-

tein A and IgG (Fig. 3(a)). (The details of the surface prepa-

ration are shown elsewhere.37) The measurement takes three

steps. First, we measured the through-thickness resonant vi-

bration of the protein-A immobilized sensor film. Second, we

immersed the sensor film on an IgG solution with a concen-

tration of 6.7 nM for 40 min and measured the reflectivity

change after washing and drying the surfaces. Third, we re-

moved the IgG molecules from the surfaces by immersing the

sensor chip in a glycine-HCl buffer (GHB) solution for 20 min

and measured the reflectivity change after rinsing and drying

the surfaces. Figure 3(b) shows the reflectivity changes mea-

sured at the three steps, where the vibrational period appears

to be longer by the addition of IgG molecules (see the inset),

indicating that the resonant-frequency decreases because of

the increase in the effective mass of the resonator. Figure 3(c)

shows the resonance frequencies of the 1st and 3rd modes.

They decreased by about 0.9% when the target molecules

(IgG) were captured on the surfaces and recovered by remov-

ing the IgG molecules using GHB. Considering that the fre-

quency change observed by an ultra-sensitive QCM biosen-

sor for 5-nM IgG solution was 0.017%,38 the mass sensitivity

of the free-standing diamond-film resonator developed here is

more than 50 times higher than that of the most sensitive QCM

biosensor.

In conclusion, we performed the picosecond ultrasound

measurement for free-standing diamond thin films and ob-

served the significant reduction of the Brillouin-oscillation
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5

amplitude when the Pt thin film is deposited on both surfaces.

This behavior was reproduced by the numerical calculation

by considering the generation of the additional strain pulse at

the bottom interface with a time difference and by introduc-

ing attenuation. It is also found that this phenomenon highly

depends on the time delay and the diamond-film thickness.

We eventually fabricated a diamond free-standing thin-film

resonator that generates almost no Brillouin oscillations, and

demonstrated the importance of this phenomenon by applying

it to a mass-sensitive biosensor.

SUPPEMENTARY MATERIAL

See supplementary material for an experiment for the

graphite specimen (Fig. S1), strain-pulse forms for Fig. 2(b)

(Fig. S2), additional numerical simulations (Fig. S3), and an-

other experiment for a diamond specimen (Fig. S4). Also,

supplementary movies show details of the relationship be-

tween the reflectivity change and strain pulses.
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