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ABSTRACT We propose a method to measure the longitudi-
nal sound velocity in thin films of a few nanometer thickness
using laser-based picosecond ultrasonics. In periodic multi-
layer structures, picosecond pulse-echo techniques were used
to measure the effective sound velocity, which is related to
the velocities of individual constituents through the superlattice
phonon dispersion relation. The individual sound velocities can
then be extracted, provided two or more effective velocities are
obtained from multilayers of different thickness ratios. Longitu-
dinal sound velocities in ion-beam sputtered Mo and amorphous
Si films of 2 to 5 nm thickness have been determined to be 98
and 94% of the bulk speed, respectively. We believe this tech-
nique has general applicability to sound velocity measurement
in ultra-thin films.

PACS 68.60.Bs; 68.65.Ac; 78.47.+p

1 Introduction

There is an ever-increasing demand for measur-
ing the velocity of sound in thin films of ever-decreasing
thickness. For example, design of Bragg reflectors in acous-
tic wave resonators or filters requires knowledge of accu-
rate longitudinal acoustic velocities of materials in thin films.
Moreover, important elastic properties such as stiffness con-
stants and Young’s modulus of thin films are often derived
from sound velocity measurement. The conventional ultra-
sonic pulse-echo technique for measuring sound velocity is
not applicable to films due to its low time resolution. Bril-
louin scattering can be used to measure the longitudinal and
Rayleigh sound velocities indirectly. Another indirect method
measures the shift of a substrate resonant frequency caused by
the deposited film. The substrate can be a reed [1] or a piezo-
electric crystal [2, 3]. However, its application is limited to
films of thickness ≥ 1 µm.

The direct pulse-echo measurement of sound velocity
re-attracted attention when the picosecond ultrasonic tech-
nique was first introduced in 1986 by Thomsen and cowork-
ers [4]. This technique employs an ultrafast mode-locked laser
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for generation and detection of ultrashort acoustic pulses in
a pump-probe configuration. Acoustic pulses with frequen-
cies up to hundreds of GHz are photoexcited with pump laser
pulses, and detected by monitoring the reflectance of a time-
delayed probe beam. Measurements on transparent films can
be made by adding an ultra-thin light-absorbing transducer
film. In general, temporal resolution of a few picoseconds
can be achieved. This technique is unique in that it permits
a measurement of the longitudinal sound velocity, along the
growth direction, which is difficult to explore by other means.
It has been widely applied to many opaque and transparent
films [4–12], and has proven to be a very powerful tool for
thin-film characterization.

To avoid overlapping of successive echo signals, the
round-trip time must be longer than the acoustic pulse width.
This sets a lower limit on the film thickness that can be
measured directly by picosecond ultrasonics. The minimum
thickness of a film that has been measured is ∼ 20 nm [10].
However, in most cases significant distortion and interference
due to overlapping can occur for thickness below 50 nm. Be-
sides, given a fixed temporal resolution, the uncertainty in
sound velocity increases as film thickness is reduced. There-
fore, it is hard to extend the application of this technique to
thinner films. In this paper, we propose a novel approach to
measure the longitudinal sound velocity in thin films of less
than 7 nm thickness with picosecond ultrasonics. By stacking
bilayers of two different materials, a multilayer can be made
thick enough for a high-accuracy measurement of the acoustic
time of flight. It should be noted that the acoustic pulse prop-
agates freely without reflection or scattering at interfaces in
a perfectly periodic structure according to Bloch’s theorem.
Therefore, the pulse-echo technique works the same way as it
does in a homogeneous film, except that it yields an effective
superlattice sound velocity in this case. The effective sound
velocity is related to the velocities of individual constituents
through the superlattice phonon dispersion relation [13]. If
two or more samples with multilayers of different thickness
ratios are measured, the individual sound velocities of the two
films can be determined, as will be shown in Sect. 2.

2 Acoustic phonons in periodic multilayers

Brillouin scattering has been used for velocity
measurements in many superlattices such as Nb/Cu [14],
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Mo/Ni [15], V/Ni [16], Au/Cr [17], and SnTe/Sb [18]. In-
teresting elastic anomalies were observed in these systems.
This technique however, is limited to the study of surface
(Rayleigh) acoustic waves in these opaque films. It is a great
advantage of the picosecond ultrasonic technique to allow in-
vestigation of bulk acoustic waves, even in opaque materials.

In a superlattice or a periodic multilayer, the artificial
periodicity significantly modifies the behaviors of acoustic
phonons. The phonon dispersion curve is folded back into
a series of minibranches, and gaps open at the boundaries and
in the center of the mini-Brillouin zone [19, 20], of dimen-
sion 2π/d, where d is the modulation period. These gaps are
induced by the difference in acoustic properties of the two
constituents. The wave number q becomes complex in the fre-
quency gaps. No propagating modes are allowed within these
gaps.

Consider a superlattice structure made up of alternating
layers of thicknesses d1 and d2 , densities �1 and �2, and
longitudinal sound velocities c1 and c2 (along the growth di-
rection). The repeat distance d equals d1 +d2. Since the laser
spot size is much greater than the film thickness, the prob-
lem is reduced to a one-dimensional one with the equation of
elasticity:

�(z)
∂2u(z, t)

∂t2
= ∂σ(z, t)

∂z
, (1)

where u is the displacement in the z direction, and σ is the zz
component of the elastic stress tensor, which is related to u by

σ(z, t) = C33(z)
∂u(z, t)

∂z
= C33(z)η(z, t) . (2)

η = ∂u/∂z is the zz component of the elastic strain tensor,
and C33 = �c2 is the corresponding stiffness constant. The
values of C33, c and � depend on the particular layer. The nor-
mal mode solutions are Bloch waves, which can be obtained
by solving (1) and (2) along with the boundary conditions
that u and σ are continuous at each interface. The superlat-
tice phonon dispersion relation for these Bloch waves is given
by [13]:

cos(qd) = cos(ωd1/c1) cos(ωd2/c2) (3)

− 1

2

(
Z1

Z2
+ Z2

Z1

)
sin (ωd1/c1) sin (ωd2/c2) ,

where ω = 2πν is the angular frequency of the phonon mode,
and Zi = �ici (i = 1 for Si; 2 for Mo) are the acoustic
impedances for the two materials. Figure 1a and b display two
examples of calculated longitudinal acoustic (LA) phonon
dispersion for Si/Mo multilayers with relative Mo thickness
ratios Γ(≡ d2

d ) = 0.4 and 0.6, respectively. The material pa-
rameters used for the calculation are assumed to be the bulk
values for amorphous Si (a-Si) and Mo: �1 = 2.29 g/cm3 [21],
�2 = 10.22 g/cm3 [22], c1 = 8.30 km/s (directionally aver-
aged crystalline speed [3]), and c2 = 6.65 km/s [23]. Only the
positive half of the first mini-Brillouin zone is shown. The dis-
persion curve is divided into a series of minibranches. The
propagation velocity dω/dq is proportional to the slope of
the curve. Also shown in Fig. 1 are the dispersion curves for
bulk a-Si (dashed line) and Mo (dotted line). For a bulk mate-
rial, the laser-deposited thermal stress field launches a bipolar

FIGURE 1 Calculated dispersion relation for longitudinal acoustic phonons
in Si/Mo multilayers with (a) Γ = 0.4 and (b) Γ = 0.6. The dispersion
curves for a-Si (dashed) and Mo (dotted) are also plotted for comparison

strain pulse [4] propagating with the bulk longitudinal sound
velocity c = dω

dq

∣∣
ω=0 = √

C33/�. This pulse is composed of the
normal modes on the bulk dispersion curve. In a superlattice,
a similar strain pulse can also be generated [24–26]. It con-
sists mainly of the normal modes on the lowest minibranch.
They are collectively excited near the surface and propagate
in the z direction with an effective velocity given by [25]:
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In a perfectly periodic structure, this pulse propagates freely
without being reflected or scattered at interfaces. It can be
detected as it is partially reflected from the substrate and re-
enters the optically-sensitive surface region.

To extract the individual film velocities c1 and c2, one
needs to have at least two sets of data from multilayers with
different Γ ratios. The uncertainty in the densities �1 and �2 is
a major source of error. From (4) the fractional error in ceff due
to the uncertainty in �i is

∆ceff

ceff
= Γ(1 −Γ)

2

c2
eff

c1c2

∣∣∣∣ Z1

Z2
− Z2

Z1

∣∣∣∣ ∆�i

�i
. (5)

For Si/Mo multilayers, assuming Γ = 0.5 and bulk values
for ci and Zi(Z2/Z1 = 3.58), a 10% error in �i results in
only 2.8% error in ceff. For multilayers with smaller acoustic
impedance mismatch, this error can be much less. In a similar
way, we can assess the effect of uncertainty in Γ . For the same
parameters, a 10% error in Γ results in only 1% error in ceff.

3 Experimental

For our sound velocity measurements, we prepared
five Si/Mo multilayer samples with d ∼= 7 nm and various Γ

ratios: 0.3, 0.4, 0.5, 0.6, and 0.7. For all samples the total num-
ber of periods is 40. Si/Mo mulilayers are important reflec-
tive coatings for extreme ultraviolet (EUV) projection lithog-
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raphy [27, 28], and samples of superior and well-character-
ized qualities are available. Our samples were deposited on
Si <100> substrates using an ultraclean ion beam sputter-
ing (IBS) system, which is known for its ability to produce
ultralow defect-density masks for EUV lithography [29]. De-
tails of the IBS system were described in [29]. A focused
beam of Ar ions was directed toward the Si or Mo targets,
which were mounted back-to-back on a rotary stage. During
multilayer deposition the stage was rotated from target to tar-
get. The substrates were spun around their axis of symmetry
to obtain better azimuthal uniformity. Deposition times for the
40-bilayer multilayers were of the order of 100 min. Trans-
mission electron microscopy indicates that the Si layers are
amorphous and the Mo layers are polycrystalline [30].

Table 1 lists the values of Γ , d, peak EUV reflectance, and
the centroid wavelength of the EUV reflectivity curve [31] for
the five samples. The values of Γ were determined from the
deposition times and the carefully calibrated deposition rates
for the two constituents. The coating period d can be meas-
ured either by grazing incidence X-ray diffraction or by the
centroid wavelength of the EUV reflectivity curves [31]. Both
can provide an accuracy better than ±0.1%. The EUV reflec-
tometry measurements were performed at the Advanced Light
Source (ALS) synchrotron facility at Lawrence Berkeley Na-
tional Laboratory (LBNL). The reflectance spectrum for the
sample with Γ = 0.4 is displayed in Fig. 2. The peak EUV re-
flectance (at 6◦ off normal) reaches 66.0% at a wavelength of
13.45 nm.

The acoustic pulses are impulsively excited in multilayers
by optical absorption of an ultrashort “pump” light pulse (en-
ergy ∼ 0.3 nJ), and detected as a reflectivity change of an at-
tenuated (∼ 0.03 nJ), time-delayed “probe” pulse. These light
pulses were generated by a mode-locked Ti:sapphire laser op-
erating at 800 nm wavelength, with a FWHM pulse duration

FIGURE 2 The EUV reflectance spectrum for the Si/Mo sample with Γ =
0.4

Γ d Peak EUV Centroid EUV
(Å) Reflectance Wavelength (Å)

0.3 68.5 61.2% 134.1
0.4 69.1 66.0% 134.4
0.5 69.5 64.7% 134.4
0.6 70.2 59.5% 134.7
0.7 70.6 50.0% 134.2

TABLE 1 Measured values of Γ , d, peak EUV reflectance and the cen-
troid EUV wavelength for the five Si/Mo samples

of 130 fs and a repetition rate of 100 MHz. The pulses were
focused onto an area of the sample in concentric spots with
diameters of approximately 10 µm and 6 µm for pump and
probe beams, respectively. The optical absorption occurs pre-
dominantly in Mo layers, with an effective penetration depth
of ∼ 400 Å. The optical energy is first absorbed by electrons
in Mo and then, within a time of ∼ 1 ps [32–34], transferred
to the lattice via electron-phonon interaction. The stress field
set up by this lattice heat then launches an acoustic pulse in the
superlattice structure. A slight change (∼ 10−5) of the optical
reflectivity ∆R(t) is induced by these strain waves through the
photoelastic effect.

Figure 3 displays an example of the measured ∆R(t) trace
for the Si/Mo multilayer with Γ = 0.4. The acoustic echo
emerges as a small bump on the ∆R curve at t = 91.0±0.5 ps
(indicated with an arrow). This photoelastic signal is super-
imposed on a smoothly decaying photothermal background,
which arises from the transient temperature rise and subse-
quent cooling in the films. The inset shows more clearly the
acoustic echo after subtracting out the photothermal back-
ground. The shape and width of the echo are very similar to
those in a pure Mo film [35], without obvious distortion or
broadening. The ∆R signal amplitude of the echo is also com-
parable to that in the Mo sample with a similar total thickness
and the same substrate. This indicates a good coating unifor-
mity, without defects or deviation from periodicity, as well as
good material and interface quality with very low acoustic at-
tenuation and scattering. Figure 4 shows the Fourier transform

FIGURE 3 The measured ∆R(t) for the Si/Mo multilayer with Γ = 0.4.
The acoustic echo is indicated with an arrow. The inset shows the magnified
echo signal after subtracting out the photothermal background

FIGURE 4 The Fourier transform spectrum for the acoustic echo
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of the echo. It exhibits a very broad acoustic spectrum with
a peak at around 90 GHz, and high-frequency components ex-
tending up to ∼ 200 GHz. These frequencies are significantly
higher than the maximum frequency in conventional ultra-
sonic techniques.

4 Extraction of the individual sound velocities

The echo times τ and the effective longitudinal
sound velocities ceff for the five samples with various thick-
ness ratios are displayed in Fig. 5a and b, respectively. The
dashed curve in Fig. 5b is the theoretical prediction assum-
ing the bulk values of longitudinal sound velocities in a-Si
and Mo. It is slightly higher than the measured values. To ex-
tract the individual velocities in the a-Si and Mo layers, we use
(4) to fit the experimental data, with c1 and c2 as the fitting
parameters. �1 and �2 are assumed to be bulk densities. The
parameters c1 and c2 obtained by least-square fitting (see the
dotted curve in Fig. 5b) are 8.16 and 6.25 km/s. These values
correspond to 98% and 94% of the bulk longitudinal velocities
in a-Si and Mo, respectively. The estimated errors in c1 and c2
due to the uncertainty in Γ, �1, �2, and τ are about ±4%.

Several researchers have reported measured sound veloci-
ties for a-Si [1–3, 36] films prepared by various means, and
the values range from 4.4 to 8.4 km/s. According to [3], the
sound velocity in a-Si strongly depends on the method of
film preparation. It was concluded that the sound velocity de-
creases following the preparation sequence of glow discharge
(∼ 8.4 km/s [36]), ion implantation (∼ 7.5 km/s [1]), evapo-
ration (∼ 6.3 km/s [3]), and sputtering (∼ 4.4 km/s [2]). This
sequence indicates increasing void content in the deposited
films. Our measured velocity, however, does not follow this
expected trend. It is drastically different from those of the
sputtered a-Si films studied previously [2], and is instead close
to those of the films prepared by glow discharge [36].

FIGURE 5 (a) The measured echo times τ vs. Γ . (b) The effective longitu-
dinal sound velocities ceff calculated from τ (filled squares); the dotted curve
is a least-square fit to the data using (4); the dashed curve is the theoretical
prediction assuming the bulk values of c1 and c2

To check if ion beam sputtering produces films with prop-
erties different from other sputtering techniques, we per-
formed the same velocity measurement on another Si/Mo
multilayer grown with DC magnetron sputtering for compar-
ison. The Γ ratio of this sample is 0.5, and the measured ceff

is 5.7 km/s, which is similar to that of the corresponding ion-
beam sputtered sample. We thus conclude that there is not
much difference in the acoustic properties of a-Si films pre-
pared by different sputtering techniques.

A possible explanation for the extraordinarily high sound
velocity in our sputtered a-Si films, as compared to the pre-
vious results, is material densification due to contraction dur-
ing multilayer deposition. It was found that there is a period
contraction (∼ 0.7 nm) in Si/Mo multilayers. This results in
a change in the elastic stiffness, and thus modifies the sound
velocity. This contraction is correlated with the well-known
fact that Si/Mo multilayers develop large compressive stress
during growth, typically −450 to −350 MPa, which causes
distortion of the extremely precise EUV optics [37–39].

5 Summary

We have demonstrated pulse-echo measurement of
the longitudinal sound velocity in thin films of nanometer
thickness using laser-based picosecond ultrasonics. By meas-
uring the effective velocities of several Si/Mo multilayers
with different thickness ratios, we can extract the individual
velocities for a-Si and Mo films. Longitudinal sound veloci-
ties in ion-beam sputtered a-Si and Mo films of 2 to 5 nm
thickness have been determined to be 98 and 94% of the bulk
speed, respectively. Compared to the measured velocity for
sputtered a-Si films in the literature, our study gives a sig-
nificantly higher value. This is possibly caused by film con-
traction during deposition. We believe this technique is a use-
ful tool for investigating the sound velocity of bulk acoustic
waves in nanofilms.
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