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Stiffened Ultrathin Pt Films Confirmed by Acoustic-Phonon Resonances
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Resonances of coherent acoustic phonons were excited and detected by femtosecond light pulses for
determining the normal elastic constant of ultrathin platinum films. The elastic constant increases with the
decrease of the film thickness, exceeds the bulk value at the thickness near 5 nm, and significantly
increases at low temperatures. It shows a correlation with the normal lattice distance. Thus, this Letter
provides evidence of the stiffness enhancement in ultrathin films caused by lattice anharmonicity.
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The elastic constants of materials normally represent the
proportional coefficients for the linear relationship be-
tween stress and strain. However, when the elastic strain
becomes larger, the stress-strain relationship departs from
linearity because of lattice anharmonicity, and the elastic
constants vary from those near the equilibrium volume.
The observed changes of the elastic constants are fairly
small in usual bulk metals, of the order of 0.1% or less,
even at their failure, because dislocation’s slip and multi-
plication counteract the increase of strain energy. The
elastic strain is, however, expected to remain larger in
thin films because of much less mobility of dislocations
and large intrinsic stress. The evidence of anomalous elas-
tic properties in thin films has been thus an important issue
in condensed matter physics.

Superlattice thin films can involve very large elastic
strains in individual layers to make coherent bonds at the
interfaces, which would alter the elastic constants. The
supermodulus effect has been reported in Au/Ni and
Cu/Pd multilayers [1], where the films’ elastic constants
were significantly larger than those predicted by the bulk
elastic constants of the components. Motivated by the dis-
covery of the elastic anomaly, many researchers followed,
but most reported negative results for the supermodulus
effect [2]. As shown through the perpendicular magnetic
anisotropy, a large in-plane strain (~10~2), should occur at
the interfaces in some superlattice systems (Co/Pt, for ex-
ample [3]), but the sign of the strain turns out to be oppo-
site across the interfaces. The periodic compression or ten-
sion strains in multilayers cancel the changes of the elastic
constants in individual layers, making it difficult to observe
the elastic anomaly. Therefore, a monolayer thin film can
be an ideal model for the study of the elastic anomaly.

The curvature measurements [4—06] indicated that the in-
plane internal stress in a deposited thin film experiences
compression-tension-compression behavior as the deposi-
tion procedure progresses. An earlier theory estimated the
maximum tensile stress larger than 1 GPa for a standard
metallic material [4]. Floro et al. [6] indicated that the
tensile stress in a 2-nm thick Ti film reached 1.8 GPa. Thus,
a large in-plane tensile stress could occur at very thin films,
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and the measurement of an ultrathin-film elastic constant
will allow us to observe the effect of lattice anharmonicity.
For the evidence of elastic anomaly, however, we must
show a stiffened film, not a softened one, because the
macroscopic elastic constants are easily lowered by defects
[7], incohesive grain bonds [8], and involvement of non-
crystallized particles: thin films are generally compliant
compared with the bulk materials. For example, the low-
ered elastic constant was observed in multilayers and it was
attributed to interface strains [9], but it is difficult to
separate the strain contribution from others. Therefore,
the out-of-plane elastic constant of an ultrathin film can
be the important target, because the film shrinks in the
thickness direction when the in-plane tension occurs. To
our knowledge, no study succeeded in the observation of
the enhancement of the elastic constant in an ultrathin film
based on a reliable measurement.

We here develop a femtosecond pulse-laser method for
accurately determining the out-of-plane elastic constant of
ultrathin films. Thomsen er al. [10] achieved excitation and
detection of high-frequency phonon pulses by ultrafast
pulse-laser irradiation. The light pulse (pump pulse) causes
acoustic phonons through thermal expansion [10] and dif-
fusion of electrons and their interactions with lattices [11]
in metallic materials. The coherent phonon component
propagates in the thickness direction as an acoustic plane
wave and repeats reflections between the film and the
substrate surfaces, which can be detected by the time-
delayed light pulse (probe pulse) through the photoelastic
effect. Normally longitudinal waves were detected, but
shear waves were generated as well from materials show-
ing anisotropic coefficients of thermal expansion [12].

For the evaluation of the elastic properties, the pulse-
echo signals of the long-distance-propagated phonons have
been measured [9,13,14], which required a sufficiently
large thickness (~100 nm) to separately detect the echo
signals. However, use of an ultrashort light pulse (~100 fs)
is capable of accelerating phonon vibrations of frequencies
up to ~10 THz. Some of them remain coherently and
resonate within the ultrathin film, causing oscillations in
the reflectivity response. Such reverberation signals were

© 2007 The American Physical Society
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previously indicated [14,15], but were not used for deter-
mining the elastic constants. Here, we clearly identify them
for the ultrathin-film elastic constant.

We note platinum because it shows very large biaxial
Poisson’s ratio on (111) plane as shown in Table I. When an
fcc material is deposited on a substrate, the closed-packed
plane (111) is predominantly parallel to the film surface,
and it shows transverse elastic isotropy with five indepen-
dent C;; [7,8]. The intrinsic stress and the thermal-
expansion effect cause the equibiaxial stress field in the
film. We define the ratio of the out-of-plane strain S5 to the
in-plane biaxial strain S;(= §,) as biaxial Poisson’s ratio
v = —S3/8, = 2C3/C33, which indicates how easily
the films deform in the out-of-plane direction responding
to the in-plane strain. Values in Table I were calculated by
averaging the (111) elastic-constant matrix about the (111)
direction using the Hill-averaging method [8].

We deposited the Pt thin films on (100) Si substrates by
the magnetron-sputtering method with the deposition rate
of 1.8 A/s. The substrates were cleaned in the piranha
solution (98%H,S50,:33%H,0, = 4:1) before deposition.
The base pressure was 5 X 107° Pa. The film thickness
was determined by the x-ray total reflectivity measurement
[16]. It can be inversely determined by fitting the theoreti-
cally calculated reflectivity coefficient to the measurement.
The high-angle x-ray diffraction (XRD) measurement
showed very strong (111) texture, and the diffraction peaks
from other planes were negligible; the second highest
diffraction peak was from (311) planes, whose height
was a part of 1000 of that of (111) peak. Thus, we consider
the complete (111) textured film in this Letter. The XRD
measurement determined S through (111) plane distance.
As a reference, we determined the plane distance of a bulk
(unstrained) Pt plate of 1 mm thick by the same measure-
ment condition and evaluated S5 of films from the relative
changes.

A mode-locked Ti:sapphire pulsed laser (100 fs dura-
tion, 80 MHz repetition rate, and 800 nm wavelength) was
focused onto the film surface as the pump pulse with a spot
diameter of 50 um and power of 20 mW. The frequency-
doubled probe pulse (400 nm) was perpendicularly focused
on the surface with a time delay and the reflected beam
entered into a balanced photo detector together with a
reference beam to detect the relative change of the surface
reflectivity. The delay time was controlled by changing
the light path of the pump pulse. Figure 1 shows the typi-
cal responses of the time-resolved reflectivity variation
AR/R and the corresponding Fourier spectra. We sub-

TABLE 1.

tracted the slowly decreasing temperature-affected back-
grounds. When the film is as thick as ~70 nm, the pulse
echoes were separately detected [Fig. 1(a)], which gave the
round-trip time and then the out-of-plane longitudinal-
wave modulus. For ultrathin films, we observe two oscil-
lations [Fig. 1(b)]. The first oscillation appears just after
the excitation and quickly decays. The second oscillation
follows with lower attenuation. The resonant spectrum
identified the second oscillation as the one caused by the
interference between the light reflected at the substrate
surface and the light diffracted by the acoustic wave prop-
agating into the substrate [17]. This oscillation frequency is
given by 2nv/ A for the normal incident light, where n, v,
and A denote the refractive index of the substrate, the sound
velocity in the substrate, and the wavelength of the light.
Taking n = 5.57 at A = 400 nm [18] and v = 8437 m/s
for Si, we predict the oscillation frequency of 235 GHz,
which agrees well with the peak observed in the spectra
[Figs. 1(c) and 1(d)]. Therefore, the other peaks are con-
sidered as the local resonances of acoustic phonons given

by f,, = m\/Cs3/p/(2d). C3; and p are the out-of-plane
longitudinal-wave modulus and the mass density of the

film, and d is the film thickness. m denotes the mode index
number. As shown in Fig. 1(c), the acoustic-phonon reso-
nances up to m = 3 were observable. Using the bulk mass
density and the fundamental resonance frequency (f;), we
determined the modulus Cs;. For thicker films (d >
40 nm), we determined it by measuring the round-trip
time from the pulse-echo signals.

Figure 2 shows thickness dependences of Cs3, internal
friction Q~', and the (111)-plane distance. As the film
thickness decreases, the modulus first decreases slowly,
and then increases rapidly for d < ~20 nm, where Sj
changes from positive (tension) to negative (compression).
Cs3 exceeds the ideal bulk value (C(j;yy) at d ~ 5 nm. This
increase is significant because the negative factors (nano-
cracks and incohesive bonds) to deteriorate the stiffness
must coexist in ultrathin films. One may attribute this
stiffness enhancement to the Pt silicides which would be
formed near the interface, but this effect will not contribute
to the stiffness increase because typical Pt silicides
(a-Pt,Si and PtSi) show lower longitudinal-wave moduli
than that of Pt [19]. Thus, the modulus enhancement has
been confirmed in ultrathin Pt films. We also determined
the apparent internal friction from the peak width for the
resonance measurements and from attenuation of the
pulse-echo signals for the pulse-echo measurements. The
major part of internal friction arises from the energy loss

Biaxial Poisson’s ratio vy; and the sensitivity of the modulus C(;yy to the biaxial in-
plane strain Sy of (111) textured fcc materials.

Pt Ag Al

Au Cu Ni Pb Pd

i 120 088  1.00

1.27 0.73 0.59 1.07 1.01
453 2.49 1.92 6.89 4.62
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into the substrate. We estimate this using the acoustic
impedances and obtain Q™' =~ 0.15, being comparable
with the observation. Internal friction is lowered when
the film thickness is smaller. Because internal friction
would have increased when many defects existed, the
lower internal friction indicates dense and less-defective
microstructures. We observed the microstructures by a
field-emission scanning electron microscopy and found
no visible defects and confirmed that they were continuous,
not island microstructures (see the inset at d = 8.5 nm in
Fig. 2).

The thickness dependence of the modulus correlates
well with that of the out-of-plane strain, and we intend to
calculate the change of the elastic constant by the lattice-
anharmonicity theory. Thurston and Brugger [20] studied
the equations of small-amplitude waves in a homogene-
ously deformed material and reached the propagation con-
ditions poW2U; = w;;U;, where py, W, U; denote the
mass density at the unstrained state, the natural sound
velocity, and the natural displacement. Thus, p,W? corre-
sponds to the governing elastic constant, and they are
eigenvalues of the second-rank tensor w;; given by

wij = NyN[8;Tk + (8 + 21 ) Citomi): (D

Here, ;= c?jklnkl + 3 Ciittmn MM and &5 =
it + CijkamnMmn> gy and Cijyy, are the second-order
elastic constants at unstrained state and the third-order
elastic constants. N; is the eigenvector, which is along
the propagation direction. 7;; denote the homogeneous
Lagrangian strains. Thus, using the reported values of
c?jkl and Cjjgmn [21], we calculated the change of the
elastic constants in the presence of the biaxial strain field:
first, the biaxial field in the (111) plane coordinate system
was converted into that in the usual cubic coordinate
system to obtain 7;;. Then, the longitudinal-wave velocity

along the (111) direction was determined by solving the
eigenvalue problem for w;;. The results are shown in
Table I, demonstrating the high sensitivity of C;;y of Pt
to the biaxial in-plane strain S, owing to large biaxial
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FIG. 2. Thickness dependence of the out-of-plane modulus,
internal friction (upper), and the distance between the normal
(111) plane (lower) of Pt thin films. The broken line in the lower
figure denotes the measurement of an unstrained bulk Pt. C¢;yyy is
the longitudinal-wave modulus along the (111) direction of bulk
Pt, and Cj, is the modulus of the aggregated isotropic Pt. The
inset for the 8.5 nm thick film confirms a continuous micro-
structure. Two insets for 70 and 100 nm thick films show the
crashed surfaces, which occurred after 20 days from the depo-
sition; all the measurements had been completed before the in-
plane buckling occurred.
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Poisson ratio and larger third-order elastic constants in
magnitude.

The XRD results in Fig. 2 indicate that S5 = —0.55 and
0.2% at d = 5.5 and 107 nm, respectively, and the calcu-
lation predicts the increase and decrease of C33 by 9.6 and
3.5 GPa relative to Cjyyy, respectively, which approxi-
mately explains the observed modulus changes. The ob-
served changes are, however, larger in magnitudes,
indicating that the absolute values of Cjj;,,, may be larger
than those reported.

We show an obvious evidence of a large compressive in-
plane stress for thicker films. The films of 70 and 107 nm
thick showed the in-plane buckling to develop beautiful
hexagonal ridges after 20 days since the deposition (see
insets in Fig. 2). These are caused by the in-plane stress
condensation [22,23], and the ridge width w is related with
the film thickness and the ridge length X as w = d'/3x2/3
[23]. We calculated w from this equation using X from the
optical-microscopy images and compared them with the
observed w. The calculations yielded w = 3.1 and 5.4 um
for 70 and 107 nm thick films, respectively, which agree
with the observed values of 3.9 and 4.6 wm. Therefore, the
biaxial compressive stress existed in the thicker films.

Furthermore, we measured the change of Cs3; at a low
temperature (77.5 K): the specimen was attached on a Cu
heat exchanger, which was connected to a liquid-nitrogen-
filled stainless-steel chamber located inside a high-vacuum
cryostat. The laser beams irradiated the specimen surface
via a sapphire window. We repeated the measurement of
C33 at room temperature and 77.5 K several times to
confirm repeatability of the modulus change. The elastic
constants of bulk Pt at low temperatures [24] predict about
2% increase of Cs3 at 77.5 K, but we observed much larger
increases for the ultrathin films. Cz3 increased by 7.8, 4.4,
and 2.8% at 77.5 K for thicknesses 5.5, 13, and 107 nm,
respectively. Therefore, the modulus increase in the ultra-
thin film is too large to be explained only by the tempera-
ture effect. Considering the mismatch of the thermal
coefficients, a 220-K decrease of temperature will cause
the additional biaxial strain S; = 0.0014 and S$3 =
—0.0017 in the Pt layer, corresponding to the increase of
C33 by about 1% according to the above analysis. Totally,
3% increase is expected at least. This is an approximate
based on the linear dependence of the elastic constants
when the strain field is small in magnitude. However,
because the energy is increased more steeply by the de-
crease of the interatomic distance, the large compressive
strain will cause much larger increase of the elastic con-
stant when the shrinkage begins from the precompressed
state. Therefore, the modulus increase at a low temperature
can be more remarkable in the prestiffened films.

We have measured C;; of Ni, Co, and Cu films as well.
They decreased or remained unchanged as the thickness
decreased, and their out-of-plane moduli were always

smaller than their bulk values. Thus, only Pt showed ob-
vious increase of the out-of-plane modulus, exceeding the
bulk value at present.

In conclusion, we observed the evidence of stiffness
enhancement in ultrathin Pt films by measuring resonances
of acoustic phonons using the femtosecond light pulses.
The out-of-plane elastic constant is larger than the bulk
value by 5%—8% for the films thinner than 10 nm, which
was principally explained by the strain dependence of the
elastic constant. This enhancement was observed only in
Pt thin films so far because of its larger biaxial Poisson’s
ratio (>1.2) and larger magnitudes of third-order elastic
constants.
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