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A modification of the optical technique of impulsive stimulated thermal scattering that allows 
real-time data acquisition is introduced. The method is used to characterize the pseudo-Rayleigh 
acoustic modes of thin ( - 1 pm> polyimide films attached to silicon substrates and its potential 
use as a means for extracting the elastic constants of thin-film coatings is demonstrated. 

.- 

1. INTRODUCTION 

Characterization of acoustic and thermal properties of 
thin ( - 1 pm) polymeric films either free standing or used 
as’ coatings is -of great technological importance for the 
polymer, microelectronics, and biomedical industries. The 
ideal method for doing this would be noninvasive and 
would be applicable to films in their ha1 configurations or 
during fabrication and curing. A rapid, noninvasive char- 
acterization method could be used for feedback and control 
over thin-film fabrication and curing. 

Impulsive stimulated thermal scattering (ISTS) is a 
time-resolved optical spectroscopy method that has been 
used extensively for characterization of bulk samples.“2 In 
ISIS, absorption of crossed picosecond excitation pulses in 
a sample gives rise to spatially periodic heating and ther- 
mal expansion which launches counterpropagating acous-e 
tic waves. The acoustic oscillations and decay, and finally 
thermal diffusion, are monitored through measurement of 
the time-dependent diffraction of a third probe beam. ISTS 
has been used for the determination of elastic constants 
and thermal diffusion rates in bulk samples.3 ISTS has pre- 
viously been applied to probe the acoustic responses of 
samples on the order of micrometer thickness by Meth, 
Marshall, and Fayer4 for thin flakes of naphthalene and by 
Rao et aL5 for thin polystyrene layers doped with naph- 
thalene to induce optical absorption. In the earlier bulk 
and thin-film studies, data acquisition involved many rep- 
etitions (typically thousands) of an excitation-probe pulse 
sequence as described below. This leads to long data col- 
lection times and in some cases to cumulative sample heat- 
ing and damage. In a previous study of a polymer film5 the 
sample was translated during data collection to avoid ex- 
cessive heating and damage. Such a scheme is not feasible 
when data is collected in reflection mode (for opaque sam- 
ples as described below) since slight sample warping leads 
to movement of the signal beam upon translation. In a 
recent preliminary report,’ we described a modification of 
the ISTS technique that allows real-time characterization 
of the acoustic modes of thin supported films. Data can be 
collected with minimal signal averaging and even a single 
excitation-probe pulse sequence can yield adequate signal. 

In this paper, we describe these modifications in more 
detail and demonstrate the utility of the technique in ana- 
lyzing the pseudo-Rayleigh or Sezawa acoustic waves 
propagating on a thin polyimide film attached to a silicon 

substrate. We also present a detailed analysis of these 
modes. The main purpose of the treatment is to determine 
which modes are excited most effectively by the crossed 
excitation pulses and which contribute most to the diffrac- 
tion of probe light. It will be shown that this determination 
can simplify the extraction of the elastic properties of the 
system from ISTS data. 

We note that Brillouin scattering offers an alternative 
optical method for the characterization of thin-film acous- 
tic modes.’ However, extensive practical applications are 
unlikely at present since data acquisition times for these 
studies range from 20-30 h. 

II. THE ISTS EXPERIMENT ON THIN SUPPORTED 
FILMS 

In ISTS, two ultrashort excitation pulses are crossed 
temporally and spatially at the sample. An optical inter- 
ference pattern characterized by scattering wave vector q is 
formed, where q is the difference between the wave vectors 
of the crossed pulses. Optical absorption followed by rapid 
nonradiative relaxation leads to the sudden formation of a 
temperature grating which images the optical interference 
pattern. Thermal expansion results in the launching of 
counterpropagating acoustic waves as well as a steady-state 
density modulation which persists until thermal diffusion 
returns the system to equilibrium. The time-dependent ma- 
terial response is probed by monitoring the extent of dif- 
fraction of probe laser light off the density grating. In ISTS 
experiments to date, a picosecond probe pulse has been 
used to determine the diffracted signal intensity at a par- 
ticular time following excitation of the sample. The time 
dependence of the response is obtained by repeating the 
excitation-probe pulse sequence with different delays of the 
probe relative to the pump pulse. Data collection times 
(with laser repetition rates of about 1 kHz) are typically at 
least several minutes for short scans with strong signal 
levels, and can be several hours for long scans or very weak 
signals. 

The modification of the ISTS technique described here 
involves use of a cw probe laser beam or a probe laser pulse 
whose duration is long ,compared to that of the material 
response of interest. The time dependence of the material 
response is then obtained by electronically analyzing the 
time dependence of the diffracted probe beam. In contrast 
to traditional ISTS, this allows the entire response to be 
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FIG. 1. Experimental setup for real-time ISTS experiments on thin-film 
coatings. Two picosecond excitation pulses at 355 nm are crossed at the 
sample surface. The “quasi-cw” probe pulse at 532 nm is spatially and 
temporally overlapped with the excitation beams at the sample and the 
diffracted signal is time resolved electronically with a transient digitizer. 
BS: beamsplitter; 2 X , 3 X : second- and third-harmonic generators. 

analyzed with each excitation-probe pulse sequence. With 
current high-speed electronic capabilities, it is thus possible 
to characterize acoustic excitations with oscillation fre- 
quencies of up to 1 GHz in real time. This modification has 
made possible routine ISTS analysis of polymer films.~ Us- 
ing conventional methods, optical damage to the film could 
not be avoided. 

Ill. EXPERIMENT 

The polyimide/Si samples were made by spin coating 
and then fully curing DuPont Pyralin 2555 onto 330+m- 
thick silicon wafers. The polyimide iilms used in this study 
were 0.92, 1.97, 2.04, 4.01, 4.29, and 5.81 pm thick as 
measured using a mechanical stylus profilometer and are 
accurate to within *to.05 pm. In addition, a 5.99 pm poly- 
imide layer was spin coated onto a quartz substrate so that 
the polyimide absorption spectrum could be measured with 
a standard transmissive UV-visible spectrophotometer. 

The ISTS experimental setup is shown schematically in 
Fig. 1. The excitation pulse is derived from the output of a 
Q-switched, mode-locked, and cavity-dumped Nd:YAG la- 
ser which yields a 1 mJ 1064 nm pulse of 100 ps duration 
at a repetition rate of up to 1 kHz. This light is first atten- 
uated and then passed through a lithium triborate (LBO) 
crystal to yield light at 532 mn. This is then mixed with the 
remnant 1064 nm radiation in a P-barium borate (BBO) 
crystal to yield excitation pulses of approximately 10 PJ at 
355 nm. This wavelength matches the red edge of the poly- 
imide electronic absorption spectrum and leads to efficient 
heating. As shown in Fig. 1, the pulse is split with a 50% 
reflector to yield the two excitation.pulses that are crossed 
at an excitation angle 8 at the film surface. The probe beam 
is derived from a second Q-switched Nd:YAG laser run- 
ning at the same repetition rate as the excitation laser. The 
output is frequency doubled in a second BBO crystal to 
yield a 532 nm probe pulse of approximately 300 ns dura- 
,tion (see inset of Fig. 2). The probe pulse is overlapped 
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FIG. 2. Diffracted ISIS signal from a 5.81 pm DuPont Pyralin 2555 film on a silicon substrate with acoustic wave vector 0.28 pm -‘. The signal is the 
result of averaging over 500 pump-probe laser pulse sequences. The inset shows the temporal profile of the Q-switched probe pulse, also averaged over 
500 pulses. 
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spatially and temporally with the excitation pulses at the 
film surface. 

Since the silicon substrate is opaque to the probe radi- 
ation, the experiments were performed in a reflection ge- 
ometry as depicted in Fig. 1. For these thin samples, the 
Bragg diffraction condition is relaxed and diffraction oc- 
curs for any probe angle of incidence. However, as will be 
discussed later there can be a complicated angular depen- 
dence for diffraction efficiency from thin-film gratings. In 
these studies the probe beam was kept at a fixed angle of 
approximately 45”. One of the two diffracted signal beams 
was detected using a fast amplified photodiode (Ante1 Co., 
2 GHz bandwidth) and then time resolved with a transient 
digitizer (Tektronix DSA 602, 1 GHz bandwidth). This 
digitized signal was then transferred to a computer for 
subsequent analysis. The laser repetition rate used for these 
experiments was only 100 Hz since faster rates could not 
be utilized by the transient digitizer. We note that a cw 
probe beam may also be used, and this has been done 
recently for bulk samples which give strong ISTS signals.’ 
However, we were unable to lind the weaker signals from 
thin tilms using an electronically gated argon-ion probe 
laser. The Q-switched probe pulse is advantageous because 
its intensity is about 50 times higher, and there is no back- 
ground cw light that can contribute to noise and sample 
damage. 

Data were recorded as a function of the excitation an- 
gle 8 for all the polyimide/Si sample thicknesses. The scat- 
tering wave-vector magnitude q associated with each exci- 
tation angle can be calculated according to 

47-r sin(fV2) 
4= A 9-- (1) 

where R is the wavelength of the excitation light. The an- 
gles used in this study were 0.48’, 0.68”, 0.72”, 0.92, 1.07”, 
1.17q 1.62”, 1.67”, 1.77”, 1.93”, 2.37”, 3.40’, 3.92”, and 5.85”. 
These angles were measured mechanically using a cali- 
brated rotation stage and are accurate to f 0.05”: The cor- 
responding scattering wave vectors according to Eq. ( 1) 
are 0.15, 0.21, 0.22, 0.28, 0.33, 0.36, 0.50, 0.52, 0.55, 0.60, 
0.73, 1.05, 1.21, and 1.81 pm-“. These are accurate to 
Ato. pm-‘. The wave vectors were chosen to lie along a 
crystal axis of the silicon substrate. However, experiments 
performed with a wave-vector magnitude of 0.52 pm-’ on 
the 5.81 pm polyimide film sample showed no dependence 
on wave-vector direction. 

IV. QUALITATIVE ANALYSIS OF ISTS DATA 

In this section we present a brief discussion of the main 
features of ISTS data from thin films. The purpose is to 
provide focus for the subsequent theoretical treatment and 
more detailed data analysis. 
A. Data features 

Figure 2 shows typical diffracted signal obtained using 
the Q-switched probe variant of the ISTS method. These 
data are the result of averaging 500 laser shots, and took 
approximately 15 s to obtain. The oscillations in the data 

are due to acoustic oscillations initiated by the crossed 
excitation pulses. The signal intensity depends on the in- 
duced time-dependent material displacements (which are 
described in more detail in the sections that follow), 
weighted by the probe pulse intensity envelope which is 
shown in the inset to Fig. 2. In Fig. 2, the first part ( -85 
ns) of the probe pulse arrives at the sample before the 
excitation pulse, so there is no signal other than that due to 
parasitically scattered probe light. The excitation pulses 
heat the sample and initiate acoustic oscillations which are 
observed in the data. There is also a nonoscillatory com- 
ponent of the signal due to steady-state thermal expansion 
in the heated regions of the sample. This component finally 
decays as thermal diffusion washes away the spatially pe- 
riodic variation in sample temperature. Thermal decay is 
not observed in these experiments because at these wave 
vectors, the time scale for thermal diffusion is much longer 
than the length of the Q-switched probe pulse. Instead, the 
signal in Fig. 2 disappears as the probe pulse ends. In 
separate ISTS experiments with microsecond temporal 
ranges, thermal diffusion rates in bulk samples have been 
determined.3 In addition, recent experiments have mea- 
sured thermal diffusion in thin superconducting films using 
larger excitation wave vectors.’ 

To insure that the signal was due to the presence of the 
polyimide film, control experiments were performed on un- 
coated silicon wafers. Although ISTS signals from surface 
acoustic modes of uncoated metal samples have been ob- 
served, lo we could detect no signal from the silicon surface. 

From the data in Fig. 2, one can easily extract the 
frequency of the surface acoustic wave. A Fourier trans- 
form of the data is shown in the main part of Fig. 3. As 
might be expected from the nature of the time-domain 
signal, the acoustic response is dominated by one mode 
with a frequency of 113 f 2 MHz. The dc component of the 
transform is not shown but is .30 times larger than the 
acoustic peak. Shown in the inset of Fig. 3 is the Fourier 
transform of a diffracted signal taken under identical con- 
ditions as the data in Fig. 2 but with only one laser shot- 
i.e., no averaging. While this spectrum is noisier than the 
spectrum of the averaged data, the position of the main 
peak is identical. The extra noise in the inset of Fig. 3 is 
most likely due to self-mode locking within the one Q- 
switched probe pulse. True one-laser shot experiments are 
clearly possible, but require a smooth probe pulse temporal 
profile for best results. 

Figure 4 shows ISTS data and its Fourier transform for 
the*same sample at a larger scattering wave vector. Here, it 
can clearly be seen that there are at least two surface acous- 
tic’modes that contribute to the signal. As will be shown 
later, there are many surface acoustic modes-eften called 
pseudo-Rayleigh modes11*12-which can propagate on a 
layered medium such as polyimide on silicon. For a given 
system, the number of possible modes depends only on the 
value of the acoustic wave vector times the thickness of the 
film layer. ” This fact allows for a comprehensive ~analysis 
utilizing data from samples with different film thickness, 
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FIG. 3. Fourier transform of the ISTS data of Fig. 2. One peak at 113 12 MHz is clearly resolved. Inset shows the Fourier transform of data taken on 
the same sample and with the same wave vector as in Fig. 2 but with only one pump-probe laser shot sequence. The strongest peak at 113 +2 MHz is 
identical to that found for the averaged data. 

B. Probe diffraction In addition, if elasto-optic coupling were the dominant 
There are two possible mechanisms for the diffraction diffraction mechanism, the signal intensity would be inde- 

of light from pseudo-Rayleigh modes. These are diffraction pendent of scattering wave vector q since the acoustic 
due to modulation of the dielectric constant through strain induced through bulk ISTS excitation is q indepen- 
elasto-optic coupling, and diffraction due to surface and dent.233 By contrast, surface ripple arises from components 
interface “ripple” displacements induced by the acoustic of the acoustic displacement rather than strain and should 
motion. l3 For bulk samples, only the former mechanism is thus vary as q-’ . Signal from surface ripple depends on the 
active. For thin supported films, Brillouin scattering stud-- square of the displacement, and as detailed in Sec. V the 
ies have shown that both mechanisms can contribute to signal intensity due to surface ripple decreases as qw2. 

signal.7 We could detect no depolarized component of the dif- 
Experimentally, it is possible to distinguish between fracted signal. We also observed that the diffracted signal 

these two scattering mechanisms through analysis of the intensity decreases sharply as the q is increased. This indi- 
polarization properties of the diffracted light and the cates that our diffracted signals are due predominantly to 
acoustic wave-vector dependence of the diffracted signal surface and interface ripple induced by the pseudo- 
intensity. Pseudo-Rayleigh waves have both transverse and Rayleigh waves. 
longitudinal character, *’ and therefore give rise to modu- 
lation of both diagonal and off-diagonal elements of the 
dielectric tensor of a thin film through elasto-optic cou- 
pling. If elasto-optic coupling is a significant source of dif- C. Surface ripple amplitude 

fraction, then a component of the diffracted probe beam An order-of-magnitude estimate can be made for the 
should be polarized at an angle of 90” relative to the inci- surface ripple generated in an ISTS experiment by calcu- 
dent probe beam (depolarized or VH scattering). The lating the magnitude of the temperature grating set up by 
magnitude of this component relative to the nondepolar- the excitation laser pulses and then relating this to a dis- 
ized diffracted component depends on the square of the placement amplitude using the linear thermal-expansion 
ratio of off-diagonal to the diagonal elasto-optic coupling 
coefficients.r4 By contrast, for a coplanar scattering geom- 

coefficient. The temperature change h T for light impinging 
on the surface (in they= --h plane) in they direction and 

etry surface ripple does not rotate the polarization of the 
diffracted light.i3 

setting up a grating of wave vector q in the z direction can 
be written 
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FIG. 4. Diffracted ISTS signal and Fourier transform (inset) for a 5.81 pm Pyralin 2555 film on a silicon substrate with an acoustic wave vector of 0.60 
pm-‘. The signal is the result of averaging over 500 pump-probe sequences, and it clearly illustrates the existence of multiple modes. 

AT&z) =Ae-o( l+e@‘), (2) 

A=(l/pC)P,(l--R)Ide-@, (3) 

where 2.303c is the material absorption coefficient, IE is 
the total energy per unit area of the excitation laser pulses, 
p is the mass density, C is the heat capacity per unit mass, 
R is the reflectivity for the material/air interface, and P, is 
the fraction of absorbed light that is converted to heat. An 
upper limit for the average value of the temperature in- 
crease over the thickness of the film can be estimated with 
F!q. (2) by setting Pa= 1 and R =O. For these experiments, 
I,=16 mJ/cm2 and c-1.3 pm-‘. Using values of p=l 
g/cm3 and C=2.3 J/(g K) which are typical for poly- 
mers15 leads to an average temperature increase of approx- 
imately 8 K for a 4-pm-thick film. 

This temperature change can be related to the change 
in the y-direction length of a volume element SL,(y,z) us- 
ing the linear thermal-expansion coefficient (Tr as in 

&,(y,z) =aTAT(y,z)dy. (41 

For the general case, the total surface ripple Rtip(z) can be 
found by integrating this expression over the sample thick- 
ness. In these experiments, the silicon substrate does not 
absorb the 355 nm excitation light so the integration only 
extends over the thickness h of the thin film. Performing 
this integration leads to 

Rti,(z) = (l/pC)P,( 1 -R)IE( 1 -e-‘%x,( 1 +eiqz). (5) 
Using a typical polymeric value of +=80x low6 m/ 
(m K) (Ref. 16) for the linear thermal-expansion coeffi- 
cient yields an upper-limit estimate of 0.005 pm for the 
surface corrugation amplitude excited by ISTS. This esti- 
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mation assumes that neighboring volume elements slide by 
one another, and does not consider the effects of stress that 
will tend to reduce the corrugation. For this reason, ex- 
pression (5) does not show the expected l/q dependence. 

V. THEORY 

In order to extract the elastic constants of the thin film 
from the pseudo-Rayleigh mode frequencies measured at 
different scattering wave-vector magnitudes q, it is neces- 
sary to understand the dispersion of w(q) for the various 
modes. In fact, the phase velocity depends only on the 
product qh, where h is the film thickness, so that the results 
of measurements on films of different thickness can be 
compared. As mentioned earlier, it is also necessary to 

hl 

FIG. 5. System geometry used in ah theoretical calculations. The film tills 
the space between y=O and y= -h and the substrate fills the area from 
y=O toy= + H. The acoustic wave-vector setup by the pump beams is in 
the z direction. 
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know the ISTS excitation efficiencies and the probe diffrac- 
tion efficiencies for each of the modes. The theory for 
acoustic wave propagation in layered media is well 
known.” Here we will derive the ISTS signal expected 
from a supported film treating first the excitation then the 
probing process. For simplicity we will use an isotropic 
theory since no effects of the elastic anisotropy of silicon or 
the film were observed. 

A. ISTS excitation of the system 

We start with the equations of thermoelasticity for an 
isotropic, elastic, and homogeneous medium,17 

a2u 
cd++ (%--c&V(V*u) =rVT+p %, 

aT au 
~v~?=--C,p ar-‘lKV’~= -Q. 

In these expressions, u is a vector describing the material 
displacements, T is the fluctuation in temperature relative 
to the equilibrium temperature, p is the equilibrium den- 
sity, and ceg and cl1 are the elastic constants which are 
related to the bulk longitudinal and transverse acoustic 
velocities according to uL= (cl l/p) 1’2 and UT= (c&p) 1’2. 
y is a constant related to the elastic constants and the 
coefficient of linear volume expansion aT by y= (3cii 
-4c&a, K is the thermal conductivity, v = yTd~, and C, 
is the constant strain specific heat per unit mass. Finally, Q 
represents the absorbed heat per unit time per unit volume 
derived from the excitation laser pulses. 

If one expresses u in terms of longitudinal (4) and 
transverse Y potentials, 

u=Vlj+VXY, V*Y=O 

then Eqs. (6) and (7) can be written as follows: 

KV~T--C,~ g= -Q, 

P a24 Y 
v24-z p=c,, TY 

(8) 

(9) 

(10) 

(11) 

Here we have also assumed that longitudinal compressions 
do not cause substantial changes in temperature [v--O in 
Eq. (711. 
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Note that for a bulk system, the last two equations 
describe uncoupled longitudinal and transverse acoustic 
modes, respectively. It is clear that since the laser heating 
enters through Eq. (9), which is only directly coupled to 
Eq. (lo), ISTS only excites longitudinal acoustic modes in 
bulk isotropic systems. However, this simple picture breaks 
down for a thin film, since boundary conditions must be 
satisfied. In particular, for a thin fihn in intimate contact 
with a substrate, the material displacements and the nor- 
mal components of the stress must be continuous across 
the interface and the normal components of the stress at 
any free surface must vanish. These boundary conditions 
lead to coupling between the longitudinal and transverse 
potentials so that every surface acoustic mode has both 
longitudinal and transverse character. 

The film/substrate system geometry is depicted in Fig. 
5. The substrate fills the region from y=O to y= +H and 
the fihn fills the region from y =0 to y= - h. It is assumed 
that the ISTS excitation beams form an infinite uniform 
grating pattern with wave vector q in the z direction which 
is independent of x and damped along y due to optical 
absorption. In this analysis, H is considered intinite so that 
the substrate fills the whole y > 0 half-space. The Appendix 
demonstrates the corrections that occur when the finite 
size of the substrate is explicitly accounted for. 

The first step in solving Eqs. (9)-( 11) is to determine 
the temperature distribution set up by the excitation 
pulses. The dynamics of thermal diffusion take place on a 
much longer time scale than the acoustic dynamics. Thus, 
for analyzing the excitation of the film-substrate system, K 
can be set to zero in Eq. (9). In ISTS, the excitation laser 
pulse duration is short compared to the acoustic oscillation 
period. Here we assume that conversion of optical energy 
to heat through molecular electronic and vibrational relax- 
ation also occurs on a fast time scale relative to the acoustic 
oscillation period so that the time dependence of Q in Eq. 
(9) can be approximated by a 6 function at zero time. 
More gradual thermalization will reduce all the acoustic 
amplitudes but should not affect the relative amplitudes of 
the different modes substantially. Equation (9) is solved 
for the temperature distribution set up by the laser excita- 
tion beams to yield 

T(y,z,t) =Ae-cb+h)( 1 +eiqZ)6(t), (12) 

where 6(t) is the Heaviside step function that turns on at 
r=O, and A and c were introduced in Eqs. (2) and (3). 
Since the film absorbs strongly and the silicon substrate 
reflects the 355 nm excitation light used in these experi- 
ments, T(y,z,t) is only nonzero in the film (for -h <y 
<O). 

With this functional form for the temperature distri- 
bution, Eqs. ( 10) and ( 11) can be solved using transform 
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techniques. Since the temperature distribution is indepen- 
dent of x, all derivatives with respect to x are neglected. 
From the geometry of the system and the nature of the 
temperature distribution given in Eq. (12), a Laplace 

transform for the time variable and an exponential Fourier 
transform for the z coordinate are the natural choices. The 
transformed solutions for the potentials 4 and Y are then 
found to be 

I -$bWexp[yJl +$W)fw[ -uJm1 

- oh <y-co, 

[C” (k,s)exp[yJm] +Db(k,s)exp[ -yJml, H>y>O, 

I h(k,s)fexp[y~~l +Bdk,s)P exp[ -ydm1, -h <y<o, 
Wkw) = 

%(kJ~)~expbd~l +&(k,s)2exp[--y,/w], H>y>O, 

(13) 

(14) 

where k is the Fourier transform variable conjugate to z and s is the Laplace variable conjugate to time. In these 
expressions, vu, urf, vLF, and urS are the bulk longitudinal and transverse velocities in the film and substrate, respectively. 
In taking the Laplace transform, the initial conditions that there is no displacement or motion at t=O when the laser pulses 
first arrive at the sample have been used. Note that choosing the only nonzero component of Y to lie along the x axis allows 
for trivial satisfaction of the gauge (V-Y =0) used here. Finally, all but the third term in the expression for the longitudinal 
potential in the film are homogeneous solutions to the equations of motion. This third term is the particular solution of Eq. 
( 10) and can be thought of as driving the motion of the film and giving rise to a response consisting of a longitudinal 
disturbance propagating along z, a periodic stress pulse propagating along y, and a dc response. 

The variables A4( k,s), B,& k,s) , D4( k,s), etc. are potential constants that are determined by imposing the necessary 
boundary conditions and physical realizability requirements. For the system of Fig. 5 with H infinite and for phase 
velocities less than uTS, the terms involving C+(k,s) and C,(k,s) represent physically unreasonable solutions. For this 
reason, they are set to zero. The other six constants are determined with the boundary conditions. As stated earlier, these 
are that II and the normal components of the stress are continuous at y=O and’that the normal components of the stress 
vanish for y= -h. The stress tensor is calculated using the Duhamel-Neumann relation shown in IQ. (15) in order to 
properly take into account the contribution from the temperature grating: 

au, au1 
qi’C44 s’s ( ) / i 

+ [ (c*~-2c‘&V*u--yT]sp (1% 

Using Eqs. (8), ( 15), and (12)-( 14), the boundary conditions can be imposed. The six relations thus derived are most 
conveniently expressed in matrix form, 

CD=F, (16) 

where 

C= 

( 1 +p*) eWfikh ( 1 +p2)enkh 2ipe-pkh - 2ipe Pkh 0 0 

2ine-nkh - 2inenkh -(l+p*)e-pkh -(l+p2)ePkh 0 0 
1 +p* 1 +p* 2ip -2ip -(1+&T 2irg 

2in - 2in -U+p2) -U+p2) 2img (l+?)g 

-1 -1 -ip ip 1 -ir 

in -in -1 -1 im 1 

, 

i 

(17) 
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(20) 

(21) 

(22) 

031 

(24) 

and pf and ps are the densities in the film and substrate, 
respectively. The first two rows of the matrix equation en-, 
sure that the yy and the yz components of the stress, re- 
spectively, are zero at the surface of the film. The next two 
rows require continuity of theyy and yz components of the 
stress, respectively, at the interface. Finally, the last two 
rows require that the z and y components of the material 
velocities, respectively, are continuous at the interface. For 
notational convenience, the k and s dependence of the po- 
tential constants has been dropped. Also, the Laplace vari- 
able s has been written as ?= -02= -v’k2, where w is the 
real frequency and v is the phase velocity of the acoustic 
mode solutions. This transformation limits the possible so- 
lutions to strictly pseudo-Rayleigh modes with velocities 
below the transverse velocity of the substrate. A contin- 
uum of “leaky mode” solutions with complex frequency 
are also possible for velocities greater than vrr.” These 
solutions are damped as energy is “lost” to the semi-infinite 
substrate. Normal mode solutions of Eq. (16) occur when 

An example of typical dispersion curves for the sub- 
strate loading case (i.e., urs> vr.) is shown for the lowest 
16 modes in Fig. 6. As qh approaches zero only one mode, 
whose velocity approaches that of the substrate pure Ray- 
leigh mode u&, exists. At large qh, this lowest mode be- 
comes the pure Rayleigh surface mode of the film with 
velocity DRY Each of the higher-velocity modes, often 
called Sezawa modes, has a limiting qh value below which 
it does not propagate. At this qh value, the velocity of each 
mode is equal to the substrate transverse velocity UT9 As 
shown in Fig. 6, as qh is increased, these modes all asymp- 
totically approach the flhn transverse velocity. 

In order to solve for the displacements of a particular 
mode j excited through ISTS, one must solve the full Eq. 
(16) for the potential constants at the qh value and veloc- 
ity of interest. It can be shown using Rqs. (8) and (13)- 
(14) that the normal mode displacements uj with wave 
vector q obey the following equation: 

u’(q,y,z,t) = [ 24 $(q,y)B+ 24 !(q,y)G] e’qZei”iqt, 

where 
(26) 
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(18) 

(19) 

I 

det(C) =O. (25) 

Aside from kh and v, and the matrix C only contains con- 
stants related to the thin film and the substrate. All of the 
laser and optical properties appear in the column matrix F. 
Thus Eq. (25) can be solved to yield the dispersion rela- 
tions (qh vs v, where q is the acoustic wave vector) for the 
various pseudo-Rayleigh modes irrespective of the ISTS 
excitation source. 

Downloaded 07 Aug 2003 to 18.60.3.3. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



+G?,Y) = 
qnj(A#e -i Y4”i-~~e-Yqnj)+iq(~~eY~j+~~,-Y~;), -h<y<O, 

-qmi~~e-Yqrni+iq~~e-Yg’i, Y>OJ 
(27) 

&hY) = 
iq(-$e -i .YV/+j&-Y!Pj) +4pi( -z&2 YQpJ+&>-YW), -h <Y <O, 

iqD$e -1 -w”j-/-qrj Dqe “i -wq (28) , Y>O. 

In these expressions, the tildes denote the residue of the 
quantity evaluated at the appropriate pole. Note that the 
material displacements oscillate with frequency Wj=Vj q. 
Examples of the pseudo-Rayleigh displacements for vari- 
ous modes at one qh value are shown in Fig. 7. The total 
displacement at a particular wave vector and sample thick- 
ness will be the sum of the uj values for each pseudo- 
Rayleigh mode plus a nonoscillatory term due to steady- 
state thermal expansion. 

6. Probe diffraction -_ 

A complete treatment of the diffraction of light from 
pseudo-Rayleigh waves in thin supported tims which in- 
cludes both elasto-optic and surface corrugation effects has 
been presented by Bortolani et ~2.‘~ in the context of Bril- 
louin scattering. In this subsection, we present a simplified 
analysis appropriate for the ISTS experiments described 
here in which ripple effects were found to dominate. We 
start with results derived by Leanlg for the reflected and 
transmitted first-order diffracted components of light from 
a corrugated half-space. These expressions are modified to 
deal with the case of arbitrary indices of refraction on ei- 
ther side of the corrugated interface, and to the case of 

standing-wave corrugation. In addition, index modulation 
contributions to the phase are neglected. The results are 

E,= ~f~eiOfe-‘“lkiRoJ,(al) 

[l+.r(&)]cos ed-[ l-r(&)]cos 6, x 

2c0sei 

f q[l+r(ej)](sined+sinej) 
2nlki COS Oi(COS edd+COS or> ’ (29a) 

al=6(t)nlki(cos &+cos e,), (29b) 

SKI e&l=sin e$ (q/nlki), WC) 

Et= ~~&&*e-i&fb’n~J, (a;) 

[l+r(ej)](n2/nl)cose,+[1--r(ei)]cOsej 
2 COS Oi 

r q[l+r(&)] [ (n*/ni)sin B,+sin ei] 

2nlkicos Oj[ (n2/nl)cos e,-cos e,] 
J (3Oa) 

ai=ll(f)nlk;[ (nJnl)cos &-cm e,], (3Ob) 

sin O,,l=(ni/n&in 8,*(q/n2ki). (3Oc) 

R ‘RF 

qh 
FIC3. 6. Pseudo-Rayleigh mode dispersion generated using substrate elastic parameters v,=8945 m/s, v,=5341 m/s, p,=2.33 g/cm3, and film elastic 
parameters vu= 1300 m/s, vTS- -700 m/s, pr= 1.45 g/cm3. The acoustic wave vector is given by q, the film thickness is h, and v, and ~/are the substrate 
and film Rayleigh surface velocities, respectively. 
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i V2 = 2235 ~/SW. A = 0.92 R = 0.33 

V3 = 3218 ~/SW: A = 0.29 R = 0.51 

Distance Along the Grating in Microns Distance Along the Grating in Microns 

v5 = 4701 nl/sec A=0.18 R = 0.81 

V6 = 5218 m/scz Az0.17 R-0.30 

FIG. 7. Material displacements for the first six pseudo-Rayleigh modes that propagate on a 1 pm film (F) coating an infinite substrate (S) at a qh value 
of 2.5. The displacements were calculated for the film layer and to a depth of 1 pm into the substrate using the best-fit elastic constants listed in the 
caption of Fig. 12. The scale factors (A) for each mode are determined such that the largest component of displacement in the mode that is driven most 
efficiently is equal to one. The ripple amplitude (R) for each mode is given relative to the maximum displacement amplitude for that mode. 

In these equations, IO is the intensity of the probe measured 
in medium 1, and ki is the wave vector of the probe mea- 
sured in vacuum; f3[ is the angle of the probe relative to the 
corrugated interface, u is the unit vector representing the 
polarization of the probe, r is the reflection coefficient for 
transmission from medium 1 to medium 2, and RO is the 
distance from the point at which the diffraction is gener- 
ated to the detector. Also, q is the wave vector of the 
corrugation and S(t) is the time-dependent amplitude of 
the corrugation. Finally, the upper signs refer to the + 1 
diffracted order, while the lower signs refer to the - 1 
diffracted order. 

For a thin supported film, there are four sources of 
first-order ripple diffraction which must be considered. 
These are shown schematically in Fig. 8. Parts (a) and (b) 
of this figure represent the probe and diffracted beam paths 
for the two final signal directions seen experimentally. The 
first three paths show the components involving diffraction 
from the film surface ripple. The fourth path describes the 
component arising from diffraction from the interface rip- 
ple. In general, all four components contribute to the dif- 
fracted signal in the two signal directions. 

The electric fields at the detector associated with these 
four diffraction contributions can be obtained using Eqs. 
(29) and (30)) Snell’s law, and taking into account reflec- 
tive losses at the film-air interface. In the folltiwing, it is 
assumed that all light striking the film-substrate interface is 
reflected. In addition, due to the spatial size of the probe 
pulse, the thickness of the filirithe index of refraction of 
the film, the wave vector of the corrugation, and the angle 
of incidence, it is a good approximation to assume that all 
of the diffracted beams given in Figs. 8 (a) or 8 (b) emerge 
from the same point on the film and travel parallel to one 
another. The results, written in terms of sums over pseudo- 
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Rayleigh mode amplitudes, are shown in the following 
equations: 

N 

El=Fi?,&&lei‘%-ik@o c u$(&;=--h)sin(u]qt), 
.- j=O 

(314 
K1=ki(cos Od+COS 6,) 

cos e,- [ 1 - Y( ei) ] cos ei 
4C0SOi 

* 
q[ l+r(eJ] (sin &+sin &) 

4ki cos ei( cos Od+cos Oi) ’ (31b) 

(1) (2) (3) (4) 

SUBSTRATE 

(1) (2) (3) (4) 

:;#\jq( \“/ Iv< 

SUBSTRATE 

FIG. 8. Schematic illustration of the beam paths for the four components 
of first-order ripple diffraction that contribute to ISTS signal. Parts (A) 
and (B) describe the different paths for the two 6nal signal directions 
observed experimentally. 
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h3 =2h/cos Brfr, 
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(33c) 

(33d) 

We) 

x j;. u;kY=o)sw,qtL 

K4=nki(cos BA+cos Qr) 

(344 

x 
( 

tt cos e; 
2 cos erfr f 

q(sin Bi+sin erfr) 
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(34b) 

sin 6:, i = sin f3,..+ (q/nki) , (34c) 

h4= (h/cos 8rfr) + (h/cos e;, 1 ) , (34d) 

wherej runs from 0 to N and represents the mode solutions 
for I>0 and the dc term for i=O (i.e., vo=O), t is the 
transmission coefficient for passage from the air into the 
film, and t’ is the transmission coefficient for passage from 
the film into the air. Finally, in these expressions the small- 
argument expansion of the Bessel function [Ji (x) -x/2 for 
x(1] has been used since the ripple amplitude (as esti- 
mated in Sec. IV) times the grating wave-vector magnitude 
is small compared to one for all excitation geometries in- 
vestigated in this experiment. 
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The signal intensity can be written as the square of the 
sum of the four electric fields given in Eqs. (3 1 >-( 34). The 
resulting intensity will exhibit varying interference effects 
depending on the probing angle and wavelength, the index 
of refraction and thickness of the l&n, and the grating 
excitation wave vector. For the purpose of analyzing the 
relative intensities of the various pseudo-Rayleigh modes in 
an ISTS experiment, the only important interference oc- 
curs between the E fields derived from the surface ripple 
(El-E3) and the field derived from the interface ripple 
(EJ. Such interference can cause a mode with a large 
surface corrugation amplitude to only appear as a weak 
Fourier component in the experimentally measured dif- 
fraction signal and vice versa. The final ISTS intensity I 
can be written in a manner which emphasizes this effect as 

I=IO 
( 

C C[F(n,h,ki,q,ei)ztiy(qty= --k) 
i 

+G(n,h,ki,q,Wu$(q,y=O)]sin(u,qt)} c.c., 
1 

(35) 

where C.C. denotes complex conjugate, and where F and G 
are functions determined by summing terms in Eqs. (3 l)- 
(34). This expression was obtained by averaging over an 
optical cycle with the assumption that acoustic terms are 
constant over this interval. One can see that, in general, the 
measured signal consists of a dc term, a series of hetero- 
dyned components oscillating at the pseudo-Rayleigh 
mode frequencies which arise from a beating against the dc 
term, and terms oscillating at sums and differences of the 
normal mode frequencies. 

C. Qualitative considerations 

The relative intensities of the various modes seen with 
ISTS depend on two factors-the extent to which the dif- 
ferent modes are excited by the pump pulses and the effi- 
ciency with which the surface and interface mode displace- 
ments diffract the probe pulse. Both of these factors can be 
quantified at a particular qh value by solving the full ma- 
trix Eq. (16) for each mode. This was done using the 
elastic constants found for the polyimide/silicon system as 
described in Sec. VI. Aside from an overall constant factor, 
the only additional input parameter needed to perform this 
computation was the polyimide absorption coefficient c. 
This was measured to be 1.3 pm-’ using a polyimide film 
coated onto a fused silica substrate. Figure 7 shows the 
results of the calculations at qh=2.5. This figure shows 
material displacements for the first eight modes that exist 
at this value of qh. The relative excitation efficiencies for 
the different modes are indicated by the relative amplitudes 
A (A= 1 for the mode with the largest displacements). The 
surface ripple amplitude relative to the maximum ampli- 
tude for each mode is given by R. Modes with large values 
of the product AR contribute most to ISTS signal. There 
are several guidelines that can be determined through a 
study of these and other such figures that allow for an 
understanding of the level of excitation and the resulting 
diffraction efficiency of a particular mode. First, modes 
with fewer spatial modulations along the y direction are 
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FIG. 9. Plot of the film surface ripple amplitude vs qh and velocity for a 
given ISTS heat input using the best-fit elastic constants listed in the 
caption of Fig. 12. Each symbol represents a different mode dispersion 
curve to facilitate comparison with Fig. 12. T’he units of the z axis are 
arbitrary. 

FIG. 10. Plot of the film-substrate interface ripple amplitude vs qh and 
velocity using the same parameters as Fig. 9. The onits of the z axis are 
the same as those given in Fig. 9. 

excited more strongly than those with many nodes along y. 
This is reasonable since the heating excitation mechanism 
will tend to displace material in only one direction for a 
given value of z. Next, lower-velocity modes in general 
have larger peak displacements than high velocity modes. 
This is due to the fact that as the mode velocity is increased 
and approaches the substrate transverse velocity, the mode 
displacements become spread out over both the film and 
far into the substrate. This leads to smaller peak displace- 
ment amplitudes compared to those of the low-velocity 
modes whose displacements are well localized in the film. 
Finally, it is evident that some modes involve much more 
surface and interface ripple than others. Since detection 
results predominantly from diffraction from surface and 
interface ripple, only modes with significant surface dis- 
placements along y are detected. With these guidelines, it is 
possible to qualitatively explain relative signal amplitudes 
from the various modes over a wide range of qh. For pur- 
poses of data analysis, the calculations provide a clear in- 
dication of which modes in a thin film are likely to be 
observed in ISTS data. In most of our data, only one or two 
frequency components are observed predominantly. Dis- 
persion curves like those in Fig. 6 can be fit to the fre- 
quency values determined from the data, with the-elastic 
moduli as adjustable parameters to be deduced from the 
best fit. To do this correctly it is essential to know which 
modes are under observation, i.e., which of the many dis- 
persion curves should be fit -to the experimentally deter- 
mined frequency values. 

Figure 7 illustrates bulk and surface ripple amplitudes 
for a single value of wave vector q, given the film thickness 
h. Figure 9 is a three-dimensional plot showing the calcu- 
lated film surface ripple (the product AR) excited through 
ISTS as a function of qh and velocity for the various modes 
in a.1 pm film. Figure 10 displays the analogous results for 

the interface ripple. The x-y plane of these figures shows 
the mode velocity dispersion as in Fig. 6, while the z axis 
shows the relative ripple displacements for a given energy 
density of the ISTS excitation pulses. Note that since the 
displacements associated with each pseudo-Rayleigh mode 
are different, the relative ripple displacements for the film 
surface and the film-substrate interface are also different. 
Both, however, exhibit the same general trend of decreas- 
ing ripple amplitude with increasing qh. For fixed h as in 
this simulation, this corresponds to decreasing mode dis- 
placement amplitude with increasing wave vector which, 
as discussed earlier, is expected for ISTS excitation. In 
addition to this decrease in amplitude, which is approxi- 
mately like l/q for values of qh above 1, there is a distinct 
decrease in the magnitude of the surface ripple for small 
values of q. This decrease is attributed to the fact that as q 
is decreased to values near zero, even the lowest modes 
take on large velocities. Thus, as discussed above, these 
modes are not well localized and so have small peak dis- 

-I v1=3018m/seG A = 0.67 R =0.29 1 

FL 

t 

v) 

V2 = 4092 m/set A- 1.0 R = 0.94 

14 

i 

Ia 

Distance Along the Grating in Microns 

FIG. 11. Lattice distortion figures of the first two modes at qh=O.& 
Upon comparison of this figure with Fig. 7, the existence of a crossover is 
apparent. 
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JX3. 12. Experimental data (symbols) and theoretical pseudo-Rayleigh 
mode dispersion curves (solid lines) for Pyralin 2555 films on silicon 
substrates with film thicknesses h in micrometers as shown in the legend. 
The elastic parameters used in generating the dispersion curves were op- 
timized to best fit the data that fall on the two lowest-velocity curves. The 
substrate parameters used were ~~~8945 m/s, +,=5341 m/s, p,=2.33 
g/cm3, and the film parameters determined were uLf=2650 m/s, uTf 
= 1160 m/s, and p/= 1.45 g/cm’. 

placements. For this reason, the ripple due to such modes 
is small. 

In addition to the decrease in surface ripple at both 
high and very low values of q, it is seen in Fig. 9 that there 
is a “crossover” near qh= 1.5 where, upon increase in qh, 
the surface ripple due to mode two becomes small and that 
due to mode one becomes large. This occurs because the 
character of these two modes switch in this region. This 
“crossover” is evident through a comparison of modes one 
and two at qh = 2.5 given in Fig. 7 and at qh = 0.8 given in 
Fig. 11, and from the dispersion curves of Fig. 12, in which 
there is an “avoided crossing” of the first two frequencies. 

The relative contribution of each pseudo-Rayleigh 
mode to the ISTS signal can be calculated using Eq. (16) 
and the ripple information contained in Figs. 9 and 10. The 
resulting mode intensity ratios can then be compared to the 
ratios found in the raw ISTS data for each value of qh and 
h. When the interface displacements are not negligibly 
small compared to the surface displacements, interference 
effects between these two contributions to diffracted signal 
become important so that with different experimental 
conditions-such as probe angle of incidence or film 
thickness-ISTS data can show vastly different mode in- 
tensity ratios [see Eq. (35)]. Conversely, when one or the 
other set of displacements dominates, interference effects 
can be ignored and the resulting mode intensity ratios be- 
come independent of the precise experimental conditions 
and mimic the behavior of the relevant ripple displace- 
ments. From Figs. 9 and 10 and it is clear that the theo- 
retical surface displacements are over an order of magni- 
tude larger than the interface displacements for the two 
lowest-velocity modes with qh values above -0.5, while 
for the other modes and at lower qh, the surface and in- 
terface displacements are of the same order. Calculations 
performed at other film thicknesses between 1 and 5 pm 

show this same general behavior. Thus, for the samples 
examined in this study, one would expect the relative in- 
tensities of the two lowest modes to mirror the relative 
intensities shown in Fig. 9 for qh > 0.5, but an analysis of 
the complete mode intensity spectrum would require the 
full solution of Eq. (35). 

VI. QUANTlTATlVE ANALYSIS OF ISTS DATA 

As stated earlier, the dc term dominates the ISTS sig- 
nal for these experiments. In fact the power in the zero- 
frequency peak of the Fourier transforms ranged from 30 
to 200 times greater than the acoustic peaks. Thus, the 
heterodyne terms in Eq. (35) dominate and the frequen- 
cies of the most intense Fourier peaks will correspond to 
the fundamental pseudo-Rayleigh mode frequencies wj 

The values of Wj found for all the scattering wave vec- 
tors and sample thicknesses in this study were converted to 
phase velocities and plotted versus qh. The results are 
shown in Fig. 12. In cases where multiple modes were 
excited, only those with Fourier-transformed intensities 
greater than half that of the largest peak were plotted. In 
addition, to eliminate the possibility of spurious peaks due 
to sample imperfections, data points were taken at several 
spots on each sample and only frequencies that were con- 
sistent from spot to spot on the same sample were kept. 
The estimated experimental uncertainties for the velocities 
range from 1% d the highest qh values to 5% at the lowest 
qh values observed for each sample. The qh values are 
accurate to *O. 1. The main source of error results from 
uncertainties in the scattering wave vector which are de- 
rived from uncertainties in the mechanical measurement of 
the scattering angle. This error could be substantially re- 
duced in future experiments by deducing the scattering 
wave vector directly from ISTS data taken with a well- 
characterized reference sample. 

The solution for the pseudo-Rayleigh mode dispersion 
of this system requires the density and the longitudinal and 
transverse velocities for both the silicon and the polyimide 
as inputs. For silicon, p,=2.33 g/cm3,” and the isotropic 
velocities are ok=8945 m/s and +,=5341 m/s.21 For 
polyimide, the values given by DuPont for the density and 
Young’s modulus Y are 1.45 g/cm3 and 2.4 GPa, respec- 
tively.22 To the authors’ knowledge, there is no reported 
measurement of Poisson’s ratio Y for this film. All three of 
these values are necessary to obtain the longitudinal and 
transverse velocities for the film according to 

Y 
uc=2p( 1 +Y) ’ 

ui=j&( l+&). 
Different sets of dispersion curves were generated by solv- 
ing E?q. (25) using the silicon and polyimide parameters 
given above and varying Poisson’s ratio for the polyimide 
from 0 to 0.5. None of these theoretical data sets were able 
to fit the experimental data adequately. 

It was thus decided to fit the experimental data numer- 
ically using the Marquardt-Levenberg nonlinear least- 
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squares algorithm. In performing such a calculation, one 
must assign each experimental point to a particular disper- 
sion curve. This was fairly straightforward for the data 
shown in Pig. 12 since the experimental points group to- 
gether into well-defined curves resembling the pseudo- 
Rayleigh dispersion curves. The theoretical results shown 
in Figs. 9 and 10 and discussed above indicate that the two 
lowest-velocity pseudo-Rayleigh modes should give rise to 
the strongest signals for most of the wave vectors used. We 
therefore assumed that the two lowest-velocity sets of data 
points correspond to the two lowest-velocity pseudo- 
Rayleigh dispersion curves. The polyimide velocities (uLf 
and urf) were adjusted to fit the points on these lowest- 
velocity curves with the density fixed at the previously 
measured22 value of 1.45 g/cm3. Figure 12 shows the data 
points and the fit. Using the values obtained, higher- 
velocity pseudo-Rayleigh dispersion curves were calculated 
and plotted on Fig. 12. The agreement between these 
higher-velocity pseudo-Rayleigh dispersion curves and the 
higher-velocity data points is excellent, with no further 
adjusting of any parameters. 

The polyimide velocity parameters determined from 
the fit are ~~~~2650 m/s and urf= 1160 m/s. While it is 
never certain that one has reached the global minimum in 
the value of 2 using nonlinear least-squares-fitting rou- 
tines, these values correspond to the lowest minimum 
found after starting from many different initial guesses for 
the parameter values. Varying either of the polyimide ve- 
locity parameters by 10% led to substantially worse fits. 
The fits were relatively insensitive to the value chosen for 
the polyimide density as changes in this parameter by as 
much as 50% did not lead to significant changes in the 
quality of the fits. Varying the substrate parameters by 
10% led to worse fits for values of qh < 1, but did not affect 
the quality of the fits at higher qh values. Based on these 
considerations, we estimate the overall uncertainties in the 
polyimide velocity parameter values to be =l=5%. 

The outlying high-velocity data points observed are 
not strictly pseudo-Rayleigh surface modes but rather rep- 
resent modes that arise from interactions with the free sub- 
strate boundary. Their counterparts for the semi-infinite 
substrate are known as “leaky” modes which are damped 
due to the fact that they lose energy to the semi-infinite 
substrate as they propagate.i8 The behavior of these modes 
can be elucidated by treating the finite size of the substrate 
explicitly. This is demonstrated in the Appendix. 

In these initial experiments, care was not taken to ac- 
curately 6x or measure the probe angle of incidence ei. 
This precludes a quantitative mode intensity analysis since, 
according to Eqs. (29)-(34), changes in 81 significantly 
change the values of F and G in Eq. (35)) which in turn 
can change the final mode intensities seen in an ISTS ex- 
periment. However, as discussed above, the relative inten- 
sities of the two lowest modes can be compared to the film 
surface displacements of Fig. 9 for qh ~0.5. Experimen- 
tally, Fig. i2 shows that at least one of these two modes is 
present for all the samples. According to Fig. 9, the second 
lowest mode should dominate from qh-0.5 to qh- 1.5 
while at higher qh values, i.e., above the crossover dis- 

cussed earlier, the lowest mode should have a higher in- 
tensity. Upon examination of Fig. 12, this qualitative be- 
havior definitely obtains since, for all the samples, the 
density of observed data points is much higher for the 
second mode than for the first for q/z values less than the 
crossover, while at higher qh values the only observed data 
points correspond to the first mode. Further experiments 
are required in order to more quantitatively test the rela- 
tive pseudo-Rayleigh mode intensity spectrum predicted 
for an ISTS experiment according to the method outlined 
above. 

VII. DISCUSSION 

The values of oLf=2650f 130 m/s and v,=1160*60 
m/s deduced in this study for polyimide 2555 combined 
with the previously measuredz2 density of 1.45 g/cm3 cor- 
respond to a Young’s modulus of 5.4hO.5 GPa and a Pois- 
son ratio of 0.38 *0.02. (The uncertainties given for 
Young’s modulus and the Poisson ratio are calculated from 
the uncertainties for uLf and urf determined from our 
study and do not account for any uncertainties in the pre- 
viously measured value for the film density.) To our 
knowledge, this represents the first measurement of the 
Poisson ratio in this material. We note that our value for 
Young’s modulus is over 100% higher than the previously 
measured value22 of 2.4 GPa. This should not be surprising 
since it is known that the value of Young’s modulus can 
depend very sensitively on the method of tilm curing. Thus, 
the difference is probably due to intrinsic differences in 
sample characteristics. 

Recent work has shown that polyimide films can ex- 
hibit variation in the degree of chain orientation and in 
density as a function of depth.23-26 Our measurements yield 
values that are averaged over the film thickness and so do 
not provide direct information about depth dependencies. 
It is possible that measurements of thinner films could 
yield different parameters, indicative of differences in film 
properties very close to the substrate surface. It may also 
be possible, for example, by tilting the grating wave vector 
so that it has a component perpendicular to the film, to 
determine separate in-plane and out-of-plane elastic mod- 
uli. It would then be necessary to generalize the theoretical 
treatment outlined here to take this into account. At 
present, the measurements and a simple extension of the 
theory can be used to determine anisotropic properties 
within the plane of the film only. 

In general, there are several different protocols avail- 
able for extracting the elastic parameters from ISTS data 
on thin supported tilms. One method, which was demon- 
strated above, involves determining the mode velocities at 
a range of qh values- by either changing scattering angle 
or sample thickness or both-and then varying the elastic 
parameters until a good match between theoretical disper- 
sion curves and data is obtained. With some refinement, 
especially in the accuracy of the scattering wave-vector 
measurement, the experimental errors can be reduced and 
an analysis along these lines should be possible with fewer 
qh values and higher accuracy. An alternative or comple- 
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FIG. 13. Dispersion curves for the first 22 normal modes for a 3 pm film 
on a 330 pm substrate using the best-fit elastjc constants for the 
polyimide/.silicon system listed in Fig. 12. Note the existence of modes 
with velocities above Us which was the cutoff value for the pseudo- 
Rayleigh modes calculated for an infinite substrate as in Figs. 6 and 12. 

mentary method would involve using the relative ISTS sig- 
nal intensity information obtained for the different modes 
at each qh value. As discussed earlier, a  quantitative anal- 
ysis of the relative intensities would require accurate spec- 
ification of the incident probe angle, the indices of refrac- 
tion of the film  and substrate, and  the film  thickness. The  
first parameter is easily determined in the ISTS experi- 
ment. .The indices of refraction and  film  thickness could be  
measured by other techniques, or treated as free parame- 
ters in a  fitting scheme. Ideally it should be  possible to 
extract the elastic parameters using data from only one  qh 
value at which mu ltiple modes are observed, by fitting both 
the pseudo-Rayleigh mode  velocities and  relative intensi- 
ties. W ith the development of efficient computing algo- 
rithms to accomplish this fitting, it should be  possible to 
extract the elastic parameters with the same real-time rates 
demonstrated here for the data acquisition. 

The  refinement of “one-shot” data collection, already 
demonstrated here but not yet optimized, is an  important 
step in either protocol. This should be  straightforward as it 
depends only on  an  improved probe pulse temporal profile. 

VIII. CONCLUSION 

In this paper, it has been demonstrated that ISTS ex- 
periments with real-time data acquisition rates are possible 
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and can be  appl ied to studying the pseudo-Rayleigh acous- 
tic modes that propagate in thin-film coatings. Experi- 
ments were performed on  polyimide films of varying thick- 
ness coated onto silicon wafers. For these samples, real- 
time  data acquisition was crucial in avoiding optical 
damage to the polymer film . It was found that a  diffract&d 
ISTS signal arises predominantly from corrugation or rip- 
ple displacements at the film  surface and  the am/substrate 
interface due  to the propagat ing pseudo-Rayleigh modes.  
The  relative contribution of each acoustic mode  to the 
ISTS signal depends on  the efficiency with which each 
mode  is excited by the excitation pulses and  on  the effi- 
ciency with which each mode  diffracts the probe beam due 
to surface and  interface ripple. A formalism was developed 
to quantify both of these factors. Using this formalism a  
method for extracting the elastic constants of the film  by 
analyzing the dispersion of the pseudo-Rayleigh modes was 
described and appl ied to the polyimide/silicon system. 

The  techniques under  development should find wide 
applications in nondestructive, real-time characterization 
of thin films. For many applications, such as mon itoring 
thin-film fabrication and  cure or determination of the spa- 
tial uniformity of coatings, it may not be  necessary to de- 
termine elastic modu li but merely to mon itor changes in 
acoustic frequency. F inally, real-time characterization of 
thermal diffusion rates through the use of a  probe pulse 
with a  longer temporal duration will present a  similar 
range of applications in polymeric, d iamond, and  other 
thin films. 
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APPENDIX 

In this Appendix, the solution for the transient grating 
excitation of a  thin ti coating is general ized to include 
the effects of a  substrate with finite thickness. The  formal 
solution for the displacement potentials is still given by 
Eqs. (13) and(  14); however, now the finite substrate has a  
free boundary at y=H (see F ig. 5) which is ignored for the 
semi-infinite system. For this reason, the C+ and CXp terms 
of Eqs. ( 13) and  ( 14) are no  longer unphysical and  must 
be  retained in order that the normal components of the 
stress at this new surface can be  fixed to zero. 

W ith the two new boundary condit ion equat ions and  
the two new unknown potential constants, Eq. (16) be- 
comes an  8x8 matrix equation. Using the Duhamel-  
Neumann expression for the stress [Eq. ( 15)], and  assum- 
ing as before that there is no  heating of the silicon, it can he  
shown that the new matrix equat ion takes the form 

CfDf=Ff, (AlI 
where 
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Information is extracted from this matrix equation 
with the same techniques that were used for the 6 x 6 equa- 
tion in the main text. The resulting dispersion curves for 
the 30 lowest-velocity modes of a system composed of a 3 
pm polyimide film on a 330 pm silicon substrate are shown 
in Fig. 13. One can see that relaxing the semi-inllnite sub- 
strate assumption gives rise to extra plate modes propagat- 
ing predominantly within the substrate with velocities 
above the substrate transverse velocity uTr which was, in 
the semi-infinite case, the cutoff for propagating modes of 

the system. The dispersion curves for velocities sufficiently 
below the uTS are almost identical to those for the pseudo- 
Rayleigh modes calculated using the semi-inkite substrate 
system and shown in Fig. 12. The only differences occur at 
phase velocities near the cutoff and, for the lowest-velocity 
mode, at very low ( ~0.2) qh values. This behavior is ex- 
pected” and confirms that the semi-iminite substrate ap- 
proximation is adequate to explain nearly all of the pseudo- 
Rayleigh modes seen in these experiments. 

The extra plate modes above uTS are produced as a 
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result of acoustic reflections from the free substrate sur- 
face. They can be obtained within the semi-infinite sub- 
strate approximation as well, but only as “leaky” modes 
with finite lifetime due to energy flow into the infinite sub- 
strate.” As eluded to in the main text, the existence of 
these modes for the polyimide/silicon system used in these 
experiments provides an explanation for the ISTS data 
pomts occurring above urf in Fig. 12. 
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