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Abstrac t .  Surface Acoustic Wave (SAW) pulses were 
excited in C60 f i l l s  deposited on quartz and silicon sub- 
strates using pulses from excimer lasers with wave- 
lengths of 248 nm and 308 nm for excitation. An optical 
beam-deflection technique and polymer electret trans- 
ducers were utilized to detect the propagation of the 
SAW pulse with high spatial and temporal resolution, al- 
lowing an accuracy of better than 0.1% for SAW velo- 
city measurments. With this technique the frequency de- 
pendence of the SAW velocity was determined for a 
number of fullerite films and density, as well as elastic 
bulk properties of the films were derived by a theoreti- 
cal analysis of the dispersion effect. 

PACS: 62.20.Dc, 62.65. +k 

The availability of C60 as single crystals and thin films 
has stimulated the interest in the physical properties of 
this new class of van-der-Waals solids [1]. In addition to 
the well-studied optical and electrical properties, the 
mechanical properties are of fundamental interest for an 
understanding of the lattice dynamics of solid C6o (ful- 
lerite) materials [2-5]. Due to limited quantities of ma- 
terial, many of the classical mechanical methods are dif- 
ficult to apply, or provide results with limited accuracy. 
For studies of the mechanical properties of thin films on 
a substrate, Surface Acoustic Waves (SAW) are the 
ideal tool [6]. In these waves the elastic energy is con- 
fined at the surface of the sample to a layer with a 
thickness of approximately one wavelength. With SAW 
pulses, excited for example by a suitable short laser 
pulse, the elastic properties of a thin film on a substrate 
can be determined simultaneously over a wide frequency 
range. If laser pulses of less than 20 ns duration are 
used for excitation, the bandwidth of the emitted SAW 
pulse is usually limited by the dimensions of the focus, 

and pulses with bandwidths exceeding 1 GHz can be 
generated. A ringing-free detection of transient SAW 
pulses with a bandwidth of up to 150 MHz is possible 
with a polymer electret foil transducer, which is pressed 
onto the surface [7, 8]. For detection with a higher band- 
width, an optical detection scheme was developed that 
relies on the deflection of a probe-laser beam by the 
transient SAW pulse [9]. Optical excitation and detection 
of SAW has, in addition to a bandwidth of 1 GHz, higher 
spatial resolution and requires no mechanical contact 
with the sample under study. 

1. E x p e r i m e n t  

In the present experiments SAW pulses were excited in 
the C60 films with laser pulses from excimer lasers. A 
conventional XeC1 laser (Lambda Physik LPX105i) with 
a wavelength of 308 nm and a pulse duration of 20 ns 
and a KrF picosecond laser system (Lambda Physik PSL 
400) with a pulse of 10 ps duration at a wavelength of 
248 nm were used for excitation. For minimum width of 
the focus, the laser pulses were directed through a slit 
before passing through a cylindrical lens. According to 
micrographs of ablated samples, the focus was about 
10+20 mm long and 20+30 /zm wide. For pulse ener- 
gies below 500 /zJ, normally employed in these experi- 
ments, the acoustic pulses were generated predominantly 
by a thermoelastic mechanism, whereas at higher pulse 
energies, ablation of the C6o film was observed and con- 
tributed to nonlinear-signal generation. 

Detection of SAW was accomplished by two dif- 
ferent techniques. The first one used a 9/zm thick pie- 
zoelectric polymer f i l l  [poly (vinylidene) by Solyay] 
that is pressed against the sample under study by a knife 
edge with a width of approximately 45/zm resulting in a 
bandwidth of 150 MHz [7]. The signal is amplified by a 
Miteq AU-4A-0150 amplifier with a bandwidth of 500 
MHz and recorded with a Tektronix digital storage os- 
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cilloscope TD 540 with an analog bandwidth of 500 
MHz and a sampling rate of 1 Gs/s. With this experi- 
mental setup, very low laser pulse energies (<50FJ) and 
extensive signal averaging were employed. To take full 
advantage of the high bandwidth that laser generation of 
SAW affords, an optical probe technique has been devel- 
oped [8]. A 20 mW diode laser with a wavelength of 691 
nm is focussed onto the sample in an area of approxi- 
mately 7/zm diameter. The reflected beam is divided by 
a reflecting knife edge into two beams which are de- 
tected by two Hamamatsu $4753 high-speed PIN diodes 
with a bandwidth of 1.5 GHz. Compared to a position- 
sensitive photodiode, this approach offers higher band- 
width and, compared to a standard knife-edge detection 
scheme, it offers a better signal-to-noise ratio. The dif- 
ference signal of the two diodes is amplified by a Tron- 
tech W1G2K preamplifier with 1 GHz bandwidth and, 
when appropriate, a 2 GHz bandwidth Sonoma 330 amp- 
lifier was, in addition, employed. This signal is then re- 
corded and averaged by a 1 GHz bandwidth Tektronix 
7104 oscilloscope equipped with a Digital Camera Sys- 
tem (DCS). The overall bandwidth of the detection sys- 
tem is 1 GHZ, and SAW rise times shorter than 1 ns 
were observed. 

The velocity of SAWs was measured by determining 
the propagation time of the transient acoustic pulses 
along the surface for different distances between excita- 
tion laser-line focus and detector. This measurement of 
the arrival time of the SAW pulse eliminates concerns 
about nonlinearities of SAW propagation at the ampli- 
tudes that were employed in .these experiments. The 
propagation distance of the order of several mm was 
measured using a micrometer with a precision of ap- 
proximately 1/zm leading to a negligible error in the vel- 
ocity. The experiments were performed on the (001)- 
and (111)-planes of silicon for different propagation di- 
rections and on fused-silica substrates. The silicon 
single crystals were intrinsic material with resistivities 
between 40 and 200 f~cm. The surfaces were lapped and 
polished to a surface roughness of less than 2 nm rms. 
SAW velocities as a function of propagation direction on 
these crystals are reported elsewhere [9]. The polished 
quartz substrates (Heraeus Suprasil 3) had a comparable 
surface finish. 

Fullerite films of thicknesses between 860 and 1300 
nm were deposited on the substrates in a thermal evap- 
orator at deposition rates between 2 and 18 nm/min 
from 99.9% pure C6o. C60 was prepared and purified 
with our standard procedure [9] or provided by commer- 
cial sources [11]. The purity of the material was verified 
with standard analytical techniques. The film thickness 
was determined with optical and conventional mech- 
anical means; a quartz microbalance was utilized during 
the deposition process. SAW velocities were measured 
immediately after deposition and for an extended period 
of time after the deposition. Despite the fact that the 
optical appearance of the C6o film changed in the first 
hour after deposition, no change in the elastic properties 
was detectable, even after weeks. 

2. Results 

The laser-generated SAW pulses were detected optically 
or with the piezoelectric transducer at different dis- 
tances from the laser-generated source. Optical detec- 
tion was performed for distances from between 2 and 15 
ram; piezoelectric detection was employed from 10 to 22 
mm. At the longer distances SAW frequencies above 100 
MHz are attenuated considerably. Attenuation and nonli- 
near effects that might occur at high sound intensities 
were observable but are not analyzed quantitatively in 
this paper. 

From the observed time-dependent SAW signals, 
velocity and attenuation are derived by Fourier analysis 
of signals measured from at least two different distances 
away from the source. An example of a time-domain 
signal for a 860 nm thick C60 film on Si ( l l l )  with the 
SAW pulse propagating in the (ll2)-direction and de- 
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Fig.1. Typical SAW signal for a 830 nm thick fullerite film on 
a Si(lll) substrate. The SAW pulse is propagating along the 
(ll2)-direction of the Si substrate and is detected 9 mm away 
from the line focus of the excimer laser with optical beam de- 
flection 
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Fig.2. Fourier transformation of the time-domain signal 
shown in Fig. 1 
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Table 1. The elastic properties of C60 films and crystals 

C60 film C60 crystal 

On substr. Free 
(this work) standing 

Density p [kg/m 3] 1660+10 1672 [3] 

Young's mod- 12+1 45.4 [5] 15.9 [4] 
ulus E [GPa] 81.7 [5] 

Bulk modulus 6.4 +0.5 14.4 [2] 
K [GPa] 18.1 [3] 

Poisson's ration v 0.18+0.04 
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Fig.3. Frequency dependence of the SAW phase velocity der- 
ived from the SAW signal shown in Fig.l: - -  experimental 
data; . . . . .  numerical fit based on the parameters of Table 1 

Velocity of sound 1750+60 
transverse v t [m/s] 

Velocity of sound 2820+80 
longitudinal v I [m/s] 

E/(1-~) [GPa] 14.6+2 55.4 [5] 
99.6 [5] 

tected 9 mm away from the laser-induced source by opt- 
ical detection is shown in Fig.l; Figure 2 presents the 
corresponding Fourier transformation of this pulse. The 
virtual absence of signals above 300 MHz in the fre- 
quency-domain data is due to the strong attenuation of 
the SAW above 300 MHz. The frequency dependence of 
the phase velocity, also known as "dispersion effect", 
was fit with the Thierston model [12] to determine the 
density and the elastic constants of the film material. In 
the case of the anisotropic Si substrates it was necessary 
to solve the full 9 ×9 matrix instead of the reduced 4.4 
matrix for isotropic substrates. By combining data from 
the experiments on different substrates and along dif- 
ferent directions of the Si single-crystal substrates, a 
consistent set of parameters for the C60 films was der- 
ived. The errors shown in Table 1 reflect the sensitivity 
of the fit procedure and the sample-to-sample varia- 
tions. In Fig.3 the SAW velocity as a function of fre- 
quency is shown for the same Si substrate covered with 
a 810 nm thick fullerite film that was used to record the 
time- and frequency-domain responses of Figs.l,2. The 
agreement between experimental data and the curve that 
is based on the parameters that are summarized in Table 
1 is excellent; hardly any difference between experimen- 
tal and fit curve is noticeable between 25 MHz and 250 
MHz. In this frequency range the fit is sensitive to 
changes of any one of the parameters; below and above 
this frequency range numerical artifacts dominate the 
picture and do not contribute towards the interpretation 
of the data. 

3. Discussion 

In addition to the elastic properties that were derived 
from our experiments, Table 1 also summrizes data that 
were recently reported in the literature for C60 single 
crystals and free-standing films. To the best of our 
knowledge, our experiment is the first measurement of 
the elastic constants of fullerite films on a substrate. In 
addition, this method provides an accurate value of the 
density. Within the experimental error this density value 
is identical to that of C6o single crystals. This is rather 
unexpected since evaporated films typically have densi- 
ties well below bulk samples of the same material due to 
numerous lattice defects in the film. One explanation 
for this surprisingly high density of the C6o films would 
be that the reported densities of C60 single crystals 
might be too low due to a small amount of low-density 
solvent, used during crystal growth, being trapped in the 
crystal. 

A Young's modulus of 1210 GPa has been reported 
for diamond; values of 686 and 10 GPa are given for 
graphite, parallel and perpendicular to the slip planes, 
respectively [13]. This highlights the strong dependence 
of the elastic properties of carbon allotrops from the 
chemical bond between nearest-neighbor atoms. The e- 
lastic properties, e.g., the Young's modulus, of our C60 
films are similar to the lower value for graphite. This is 
to be expected since van-der-Waals interaction is domi- 
nant between the individual molecular units of these two 
carbon allotrops. 

The Young's modulus obtained for our fullerite 
films is, with 12 GAp, somewhat smaller than the value 
of 15.9 GPa recently reported for C6o crystals [4]. Using 
our value for the Posson's ratio, a Young's modulus of 
45.4 and 81.7 GPa, respectively, can be derived from re- 
cent experiments on two free-standing C60 films [5]. 
These rather large differences indicate that the Young's 
modulus of C60 samples depends critically on the sam- 
ple-preparation technique. Differences could be due to 
distortions and lattice defects in the structure of the 
films. It was also found that small concentrations of C70 
decrease the elastic moduli of the film substantially. 
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Trapped solvent molecules would have the same effect. 
These explanations can be ruled out for our samples, 
however, due to the purity of the C60 material used and 
the deposition conditions. 

Two values have been reported for the bulk mod- 
ulus of C6o crystals, namely 14.4 GPa [2] and 18.1 GPa 
[3]. Both values are considerably larger than our result 
of 6.4 GPa for fullerite films. This highlights the fact 
that the fullerite films prepared at deposition rates of 
the order of several nm/min are, due to their disordered 
structure, substantially softer than the single crystals. 
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