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Picosecond Ultrasound Spectroscopy for Studying Elastic Modulus of Thin Films: A 
Review 
 

This paper introduces an advanced acoustic method for measuring the out-of-
plane longitudinal-wave modulus of thin films using picosecond ultrasound.  
The ultrafast light pulse is focused on the film surface to excite the coherent 
acoustic pulse, which propagates in the thickness direction, and then the time 
delayed probing light pulse irradiates the specimen for detecting the acoustic 
waves.  For opaque thin films, the pulse echoes within the film or the thickness 
resonance frequency of the film is measured to determine the modulus.  For 
transparent films, Brillouin oscillations from the film are observed, and their 
frequencies yield the modulus.  The film thickness and refractive index are 
measured by x-ray reflectivity and ellipsometry, respectively.  This method 
was applied to various thin films, providing important knowledge about the 
elasticity of thin films.  Most thin films are softer than corresponding bulk 
materials, but some thin films are significantly stiffer. 

 
Keywords: elastic constants, thin films, picoseconds ultrasound, x-ray 
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Introduction 

 
The elastic stiffness is a fundamental mechanical property, reflecting the 

interatomic potential of the lattice.  Practically, it is a key parameter in designing 

acoustic resonator devices.  Scientifically, it is interesting to investigate the change in 

the elastic stiffness in ultrathin films, where significant influence of the surface effect 

is expected.  Furthermore, it macroscopically involves defect information because 

high stress field near defects causes larger deformation locally, reducing the averaged 

stiffness.  Measuring elastic constants then allow us to evaluate defect and inclusions 

inside the material non-destructively [1-3].  Thus, the measurement of the elastic 

constants of thin films remains a central issue in nanotechnology and nanosciences.  

Several methods have been presented previously for determining the thin film 

stiffness, including microtensile test [4-6], microbending test [7, 8], nanoindentation 

[9, 10], cantilever-vibration method [11, 12], Brillouin-scattering method [13-15], 

surface-acoustic-wave method [16, 17], and resonant ultrasound spectroscopy [18-21].  

These previous methods include several difficulties in determining the elastic 



constants of thin films.  First, static methods are highly affected by errors in 

dimensions, especially by the film-thickness error.  For example, the microbending 

test evaluates the in-plane Young’s modulus of a thin film using a cantilever-shape 

specimen from the applied force and resultant deflection at the free end of the 

cantilever.  However, the deflection is proportional to the third power of the film 

thickness and to the width of the cantilever.  Thus, the dimension errors have large 

influence on the resultant stiffness.  Also, many previous methods are strongly 

affected by the gripping condition: For example, in the microbending method and 

flexural-vibration method, the maximum bending stress appears at the fixed end and 

the measurements are significantly affected by the gripping condition, because these 

methods use a simple beam-bending theory, which assumes a completely fixed (rigid) 

boundary.  In the microtensile test, it is difficult to apply a uniaxial stress in the in-

plane direction, and bending and torsional stresses arise as well, affecting the stress-

strain relationship significantly.  In the dynamic methods, such difficulties are less 

remarkable, but they are largely affected by the mechanical properties of the substrate 

under the thin film.  In the resonant-ultrasound spectroscopy method, the contribution 

of the thin film elastic constant to the resonance frequency is significantly smaller, 

and it cannot be applicable to ultrathin films. 

For the thin film modulus, we have proposed picosecond ultrasound 

spectroscopy coupled with x-ray reflectivity measurement for thickness and with 

ellipsometry for refractive index of the specimen [22-25].  The ultrafast light pump 

pulse induces coherent acoustic phonons inside the thin film, which are detected by 

the delayed probe light pulse.  For opaque thin films, the longitudinal-wave stiffness 

can be obtained either from the pulse echo signals of the coherent acoustic pulse or 

the Γ-point phonon resonance frequencies.  The thin film thickness is needed in this 



case, and it can be determined by the x-ray total reflectivity measurement within 5% 

error.  For transparent thin films, the stiffness can be obtained by the Brillouin-

oscillation frequency.  In this case, the refractive index of the thin film for the probing 

light is needed, and this can be determined accurately by the ellipsometry 

measurement.  In this review article, we explain the principle of the stiffness 

determination by the picosecond ultrasound spectroscopy and show some 

measurements of thin film stiffness.   

Concerning the mass density of the thin film, it can be evaluated by the x-ray 

diffraction (XRD) measurement.  In the defective specimens, the mass density will 

decrease, but its contribution to the sound velocity is much lower than that of the 

stiffness decrease due to the defects.  

 

Picosecond Ultrasound for Elastic Constant of Thin Films 

 
Thomsen et al. [26, 27] have detected high-frequency coherent acoustic 

phonons using ultrafast pump-probe light pulses for the first time, called picosecond 

ultrasound.  This method is actually powerful, because it allows us to detect the 

acoustic-wave signals even for ultrathin film thinner than 10 nm.  

The stiffness measurement of thin films with picosecond ultrasound falls into 

three methods.  First is the pulse-echo method [24, 27-31], where the coherent 

acoustic pulse generated by the pump light pulse repeats reflections between the film 

surface and the film-substrate interface.  The round-trip time ∆t was measured to 

determine the sound velocity v.  The out-of-plane stiffness C⊥ is then determined by  
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Here ρ and d denote the mass density and thickness of the film, respectively.  Figure 1 

shows schematic of the pulse-echo measurement and an example of pulse echoes 

observed in a 70-nm Pt film deposited on Si substrate. 

Second is the phonon-resonance spectroscopy [22-25], where the Γ-point 

phonon modes were measured to evaluate the elasticity through their resonance 

frequencies.  Irradiation of the thin film with the ultrafast light pulse (~ 100 fs) 

induces high-frequency acoustic phonons inside thin films.  Most of them disappear 

quickly because of their incoherence, but the zero-wavenumber phonons about the in-

plane direction (Γ-point phonons) remain to produce the standing waves [32, 33].  

This is equivalent to the one-dimensional through-thickness resonance, because the 

diameter of the excitation area by the pumping laser beam (~ 50 µm) is much larger 

than the film thickness (~ 50 nm).  Thus, the out-of-plane stiffness can be determined 

by 
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Here fp denotes the p-th resonance frequency, and p represents the order of the 

resonance.  Figure 2 shows the schematic of the phonon resonance and an example of 

the measurement for a Pt/Co superlattice thin film on a glass substrate (the total 

thickness of the film is 28 nm). 

Third is the Brillouin-oscillation method [27, 34-38], which arises from 

interference between the light reflected at the specimen and the light refracted by the 

acoustic wave propagating in the transparent or translucent material.  Figure 3 shows 

the schematic of the Brillouin-oscillation method and a measurement for an 

amorphous SiO2 (a-SiO2) thin film deposited on a Si substrate.  In this measurement, 

we usually deposit a 10-nm Al film on the specimen surface to launch the high-



frequency acoustic pulse toward the substrate using the thermal expansion of 

aluminium caused by the pump light pulse.  The delayed probe light pulse is partially 

reflected at the Al surface, penetrates into the specimen, and is partially refracted by 

the propagating acoustic pulse because of the optoelastic effect.  The diffracted light 

interferes in the surface reflected light, and the total reflectivity of the probe light ∆R 

oscillates during the propagation of the acoustic wave.  In the first-order 

approximation for strain, the oscillation frequency fBO relates with the sound velocity 

v via (Bragg's condition) [34] 
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Here, n denotes the refractive index of the thin film for the probe light, and λop is the 

wavelength of the probe light in vacuum.  In Fig. 3, we have fBO=45 and 235 GHz 

from a-SiO2 and Si substrate, respectively.  This difference is mainly caused by much 

large refractive index of Si at 400 nm (n=5.57) than that of a-SiO2 (n=1.48).  The high 

attenuation of the oscillation in Si is caused by attenuation of the probe light, not of 

the acoustic wave.  Figure 4 shows calculated strain pulse generated from Al thin film 

by the pump light pulse, and its Fourier spectrum.  The strain pulse consists of 

phonons of broad frequency range, and the observable components are selected by the 

wavelength of the probe light inside the material. 

Therefore, we can determine the sound velocity and then the stiffness C⊥ by 

measuring the Brillouin-oscillation frequency without information of the film 

thickness.  Because this method does not require the back echo of the acoustic wave, 

it can be applied to a specimen having a single flat face, although it needs the 

refractive index n at the probing wavelength.   

 



X-ray Reflectivity Measurement for Film Thickness 

 
The pulse-echo method and the phonon resonance method definitely require 

the thickness of thin film to deduce the elastic constant.  This can be made possible 

using the x-ray reflectivity measurement.  The periodic intensity variation appears in 

the x-ray reflectivity spectrum in the low-angle region, which is caused by 

interference between x-rays reflected at the film surface and at the film-substrate 

interface.  The period is strongly dependent on the film thickness.  The reflectivity 

coefficient is theoretically calculated as a function of the incidence angle [39], which 

involves the film thickness as a fitting parameter.  A least-squares-fitting procedure is 

performed to inversely determine the thickness by fitting the theory to the 

measurement.  For example, Figure 5 shows the x-ray diffraction spectrum in a low-

angle region observed from a 13.5-nm Pt film deposited on a Si substrate.  Many 

peaks originate from interference between the x ray reflected at the film-substrate 

interface and that reflected at the film surface.  Fitting the multi-reflection theory of x-

ray to the measurement, we can extract the film thickness. 

 

Ellipsometry for Refractive Index 

 
The refractive index n of the specimen is needed in determining the elastic 

constant with the Brillouin-oscillation method.   This can be made possible by the 

ellipsometry method [40].  The ellipsometric angle Ψ was measured as a function of 

the wavelength between 380 and 1700 nm, and the Lorentz-oscillation model was 

fitted to extract parameters required for calculating refractive index.  Three 

independent measurements were conducted for three incident angles of 60, 70, and 75 

degree for each specimen, and the results were used together in the fitting calculation.  

Figure 6 shows the typical result for the ellipsometry refractive-index measurement.  



The ellipsometric angle predicted by the Lorentz-oscillation model agrees well with 

the measurement, providing a reliable refractive index as a function of wavelength.   

 

Optics 

Figure 7 shows the optics for picosecond ultrasound we developed.  A mode-

locking titanium-sapphire pulse laser is used for the light sources.  Its duration, power, 

repetition frequency, and wavelength are ~100 fs, ~1 W, and ~80 MHz, and 800 nm.  

The pulse light is split into two beams by a polarization beam splitter (PBS).  The 

straight-through output of the PBS is reflected by the corner reflector located on a 

microstage, which changes the light path of the pump pulse.  It is then modulated by 

an acoustic-optic (A/O) modulator with a 100-kHz modulation frequency, and 

focused on the specimen surface perpendicularly by an objective lens.  The pulse-

laser power at the specimen surface is 1-20 mW, depending on the tolerance of the 

specimen.  The pump pulse generates the high-frequency coherent phonons in the film.  

The other output from the PBS is frequency-doubled (400 nm wavelength) by the 

second-harmonic-generator crystal of β-BaB2O4.  It is further split into two beams by 

a beam splitter (BS); one enters the balanced photodetector to produce the reference 

signal and the other irradiates the specimen surface as the probe pulse to detect the 

change in the strain caused by coherent acoustic phonons via the photoelastic effect.  

By changing the path length of the pumping light, the time delay between the pump 

and probe lights are changed.  The output signal of the balanced photodetector enters 

in a lock-in amplifier to monitor the relative change of the intensity of the reflected 

probe pulse.  

 



Thin Film Stiffness 

Polycrystalline thin films 

Figure 8 shows the elastic constant of various metallic thin films measured by 

the pulse-echo method (d>~50 nm ) and the phonon resonance method  (d<~50 nm ).  

The vertical axis is normalized by the elastic constants of the corresponding bulk 

materials, which are predicted by their monocrystal elastic constants and the x-ray 

diffraction measurement for the grain orientation.  Because the thin films are highly 

textured (closed-packed planes are predominantly parallel to the film surface), we 

assumed that all the grains are oriented in the same direction.  (For example, <111> 

and <110> directions are in the thickness direction for Pt and Fe, respectively.)   Thus, 

the predicted bulk stiffness is nearly the maximum possible value. 

Most thin films show lower stiffness than the bulk values.  This is attributed to 

the defects such as incohesive bonds between grains and vacancies [3, 24], not to the 

remaining noncrystalline phase.  For example, Figure 9 shows the change in the 

stiffness cause by a post-annealing procedure for Co thin films.  The annealing at 500

˚C for 30 min decreased the thickness, making the structure denser, and made the 

crystallinity much better (see the inset).  The stiffness increased slightly, but it 

remains much lower value than the bulk value.   

In the case of Cu thin films, the stiffness of as-deposited thin films is lower by 

20% than that of the bulk Cu, and it increased up to the bulk value with the annealing 

process at 200˚C for 30 min [41], while the XRD spectrum remained unchanged, 

indicating that the defects recovered with the low-temperature annealing process.  

Pt is an exception.  The stiffness of Pt becomes significantly larger than the 

bulk value when it is thinner than ~20 nm.  Considering that the defects must be 

included in such ultrathin films more or less, this stiffened structure is surprising.  We 



measured the out-of-plane strain using the XRD method and estimated the stiffness 

increase due to the lattice anharmonicity (higher-order elasticity), which could not 

explain the large increase in the stiffness [22].  Thus, the mechanism of the stiffness 

increase in ultrathin Pt thin films remains unclear. 

Superlattices 

The picosecond ultrasound method was adopted for evaluating the elastic 

constant of superlattice thin films.  Clemens  and  Eesley [42] measured the out-of-

plane stiffness of Mo/Ni, Pt/Ni, and Ti/Ni superlattice systems and observed 

significant softening when  the  bilayer  thickness  of  the  multilayer is smaller than 

0.5 nm.  Such a softening was significantly observed in Pt/Co superlattices, and strong 

correlation between the stiffness and the perpendicular magnetic anisotropy in the 

system [24].  The stiffness anomaly principally arises from unusual interfacial bond 

strength, and the evaluation of the interfacial elastic stiffness has been a central issue 

for understanding mechanics of superlattice thin films.  Recently, the interfacial 

stiffness can be evaluated by the picosecond phonon resonance method [43], where 

two phonon modes, which are sensitive and insensitive to the interface stiffness, are 

used.  The ratio between their resonance frequencies reflects the interface stiffness, 

while it is nearly independent of the other factors (stiffness, density, and thickness of 

individual layers, defects and noncrystalline phases inside the layers, and the 

boundary adhesion with the substrate).  The interface elasticity parameter (IEP) is 

thus defined as the ratio of the resonance frequencies: 

1

2

2 f
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Here f1 and f2 are the fundamental-mode and second-mode resonance frequencies, 

respectively.  IEP becomes larger as the interlayer stiffness increases and equals 1 for 

a uniform monolayer.  The IEP value was investigated in detail for five layers 



superlattices consisting of Pt matrix layers and Co, Fe, and Pd ultrathin interlayers as 

shown in Fig. 10.  The absolute value of the stress of the second mode takes the 

maxima at the interlayers, which are larger than the stresses at the interlayers of the 

fundamental mode by a factor 3.  Therefore, the elastic constant near the interface 

affects the second-mode resonance frequency more efficiently than the fundamental-

mode.  Figure 11 shows examples of the measured phonon resonant vibrations and 

their FFT spectra for superlattices including Co and Fe ultrathin interlayers.  

Compared with the Co interlayer case, the superlattice including Fe interlayers shows 

lower f2.  Thus, the IEP value for Fe interlayer is smaller than that of Co interlayer.  

(In the case of Fig. 11, the stiffness of the Fe interlayer is only 20% of the stiffness of 

bulk Fe.)  Among various interlayer materials, Co layers showed larger IEP values, 

indicating that the softening of interface is principally caused by defects such as 

interfacial dislocations and incohesive atomic bonds, not by the strain, because Co 

layer bonds with Pt layer coherently and is strained significantly. 

 

Amorphous SiO2 Thin Films 

 

Amorphous SiO2 (a-SiO2) thin film shows positive temperature dependences 

of the elastic constants Cij, and it has been used for compensating negative 

temperature dependences of Cij of piezoelectric materials to achieve the temperature-

insensitive resonators.  Recently, it allows development of high-frequency resonators 

with a Bragg reflector because of low acoustic impedance and low damping at high 

frequencies [44, 45].  Therefore, measurement of the acoustic properties of a-SiO2 

thin films has attracted many researchers.  Picosecond ultrasound has been adopted 

for this purpose.  Zhu et al. [29] studied the frequency dependence of the longitudinal-



wave attenuation of a-SiO2 thin films up to 440 GHz using the picosecond pulse-echo 

method.  Emery and Devos [35] reported attenuation evaluation of a-SiO2 thin films 

at frequencies near 250 GHz using Brillouin oscillations.   

Brillouin oscillation with the ellipsometry is a powerful tool for evaluating the 

stiffness of transparent thin films, and it was applied to determine the stiffness of a-

SiO2.  Figure 12 shows Brillouin oscillations for a-SiO2 thin films deposited on Si 

substrate using the DC reactive sputtering [38].  The coherent acoustic pulse 

generated from the Al ultrathin film on the specimen propagates in the thickness 

direction and causes Brillouin oscillation with the frequency given in Eq. (3).  When 

the acoustic pulse reaches the Si substrate, the high-frequency Brillouin oscillation 

appears because of the high refractive index of Si at 400 nm.  In thin films thinner 

than 300 nm, a large error appears in the determination of the Brillouin-oscillation 

frequency because of smaller cycle numbers in the thin film region as shown in the 

250-nm a-SiO2 film in Fig. 12.  However, when the film thickness is larger than 400 

nm, the error in the resultant stiffness was less than 1%.  Figure 13 shows the elastic 

constant of a-SiO2 thin film deposited with various sputtering voltage.  They show 

larger elastic constant than the bulk value by up to 16%.  This stiffness increase is 

attributed to the decrease of the Si-O-Si bridging angle and the reduction of the 

number of the membered ring to cause dense structure.  Thus, the stiffness of 

individual components of acoustic devices has to be measured accurately, and their 

bulk values should not be used. 

 

Summary 

 
This review emphasises that the picosecond ultrasound spectroscopy is a very 

important tool for evaluating the stiffness of thin films.  It is a nonconcacting method 



and free from ambiguity due to the specimen gripping conditions.  It requires only a 

single parameter, the thickness or the refractive index, to determine the sound velocity.  

The former can be measured by the x-ray reflectivity measurement and the latter is 

obtained with ellipsometry accurately.  Because the thin film stiffness is normally 

different from the corresponding bulk values, the stiffness of individual components 

should be accurately measured in designing acoustic devices. 
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Figure Captions 
 
Fig. 1 Schematic of the picosecond-ultrasound pulse-echo measurement (upper) and 
the measured pulse echoes for a 70-nm Pt film deposited on (100) Si substrate (lower).  
The inset shows the relationship between the arrival time of the acoustic pulse and the 
number of the pulse m. 
 
Fig. 2 Schematic of the picosecond phonon resonance spectroscopy (upper), 
measured reflectivity change in a28-nm Co/Pt superlattice thin film, and its Fourier 
spectrum, showing three resonance peaks. 
 
Fig. 3 Schematic of Brillouin oscillation (upper) and the measurement for a 600 nm 
a-SiO2 thin film on Si substrate (lower).  The low-frequency oscillation (~45 GHz) 
and high-frequency oscillation (235 GHz) are observed, corresponding to Brillouin 
oscillation in the a-SiO2 and the Si substrate, respectively. 
 
Fig. 4 Calculated strain pulse due to the pump-light irradiation (left) and its Fourier 
spectrum (right). 
 
Fig. 5 X-ray total reflectivity measurement (solid circles) and fitted theoretical 
function (solid line) for a 13.5-nm Pt on a Si substrate. 
 
Fig. 6 Measured (solid lines) and calculated (broken lines) ellipsometry angles at 
three incident angles for an a-SiO2 film on a Si substrate. 
 
Fig. 7 Optics of picosecond ultrasound. 
 
Fig. 8 Thickness dependence of the out-of-plane longitudinal-wave elastic constant 
C⊥ of various metallic thin films normalized by that of corresponding bulk materials. 
 
Fig. 9 The elastic constant of Co thin films on glass (diamonds) and Si (circles) 
substrates.  Solid marks are for measurements of as-deposited thin films, and open 
marks are those after annealing at 500 ºC for 30 min.  The inset shows the change in 
the XRD spectrum before and after the annealing process.  
 
Fig. 10 Thickness resonance modes in a five layer superlattice.  Solid lines represents 
the displacement.  The fundamental mode (f1) shows smaller the maximum stress at 
the interlayer, but the second mode (f2) shows the maximum stress at the interlayer. 
 
Fig. 11 Reflectivity changes in Pt/Co and Pt/Fe superlattices (left) and their FFT 
spectra. 
 
Fig. 12 Brillouin oscillations for a-SiO2/Si specimens. 
 
Fig. 13 Relationship between the elastic constant of a-SiO2 thin films and the 
sputtering voltage.  The broken line represents the stiffness of a bulk a-SiO2. 
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