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Transverse isotropic elastic moduli and
in-plane thermal diffusivity in silicon-
supported thin films of a photosensitive
polyimide measured using impulsive
stimulated thermal scattering
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Annita H. Zhong. John A. Rogers and Keith A. Nelson*
Department of Chemistry, Massachusetts Institute of Technology, Cambridge,
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Through impulsive stimulated thermal scattering, the elastic and thermal properties of silicon-supported
thin films (2—11 um thicknesses) of a new low-CTE (coefficient of thermal expansion) photosensitive
polyimide based on a biphenyl dianhydride/p-phenylenediamine backbone were studied. The material was
found to be mechanically anisotropic. The in-plane thermal diffusivity and the in-plane and through-plane
shear and longitudinal sound speeds were determined.
(Keywords: i.s.t.s. characterization; photosensitive thin filn; elastic/thermal properties)

INTRODUCTION

Polymer thin films play crucial roles in a wide variety of
industries such as microelectronics, automotive, paint
and protective coatings, and biomedical. The ability to
determine thermal and elastic properties of thin films in
a rapid and non-invasive manner is crucial for assess-
ment of film performance as well as for refinement of
fabrication procedures. In a series of recent papers' ®, a
laser-based ultrasonic method known as impulsive
stimulated thermal scattering (i.s.t.s.) has been intro-
duced as a fast, non-invasive, non-contact, in situ means
for evaluation of thin films. In this method, two laser
pulses are spatially and temporally overlapped to create
a sinusoidally varying ‘grating’ pattern on a film sample.
Optical absorption at the grating peaks induces sudden
(‘impulsive’) heating and thermal expansion in the
sample with the same spatially periodic geometry. This
gives rise to acoustic and thermal responses with a well
defined wavevector magnitude ¢ given by the wavelength
Ap of and the angle § between the excitation pulses, i.e.
4rsin(6/2) 2w
9= ‘%2 A (1)
L

where A is the grating fringe spacing. The acoustic and
thermal responses result in time-dependent modulation
(‘ripple’) of the film surface, and can be monitored
through measurement of the intensity of time-dependent
diffraction of a probe laser beam®’. The acoustic

response consists of counterpropagating ultrasonic
waves, which give rise to damped oscillations in the

*To whom correspondence should be addressed

diffraction intensity. The thermal response persists until
thermal diffusion in or through the film plane returns the
temperature gradient to zero between the grating peaks
and nulls.

I.s.t.s. data from a single experiment at a selected
wavevector magnitude g yield acoustic frequencies w,
velocities v = w/q and damping rates, and the thermal
diffusion rate at that wavevector. The mechanical
properties, i.e. the elastic moduli (or equivalently, the
shear and longitudinal acoustic velocities), and the in-
plane thermal diffusivity of the film can be deduced from
measurements at several wavevectors' . Ls.t.s. has been
used for rapid and accurate non-invasive characteriza-
tion of a variety of polymer films, inciuding anisotropic
films, as well as ‘hard’ coatings of various kinds®. Similar
work has been done by Cachier’ and Nakano and
Nagailo.

In this paper, we present the results of is.t.s.
experimental characterization of the elastic and thermal
properties of a recently developed'' photosensitive
polyimide (PSPI) based on biphenyl dianhydride
(BPDA)/p-phenylenediamine (PPD). See Scheme I for
PSPI patterning photochemistry for the polyimide. The
shear and longitudinal acoustic velocities and the
thermal diffusivity of the photosensitive material are
reported. The degree of anisotropy of the material is
assessed and compared in molecular terms to that of the
analogous non-photosensitive polymer film.

EXPERIMENTAL

The samples consisted of spin-coated and fully curved
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Scheme 1 PSPI patterning photochemistry
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Table 1 The cure schedule for BPDA/PPD (DuPont 2734) thin films
in air convection oven''

Prebake 55°C for 90 min

Irradiation 30mJem™ at 365nm and 110mJ em™2 at 436 nm
Cure 150°C for 30 min

Bake 300°C for 30 min

Bake 400°C for 60 min

BPDA/PPD on 4 inch (~ 10 cm) diameter silicon wafers.
After spinning, the coating was prebaked at 55°C for
90 min, crosslinked using u.v. irradiation, and fully cured
in a convection oven under a schedule listed in Table 1'!
The samples were fabricated at DuPont and have
thicknesses of 2.95, 3.84, 5.61 and 10.66 + 0.05 um as
measured with a mechanical stylus profilometer (Dektak
8000).

The i.s.t.s. experimental set-up is shown schematlcally
in Figure I and has been described in detail’. Briefly,
the excitation pulses are derived from the frequency-
doubled (532 nm) or frequency-tripled (355 nm) output
of a Q-switched, mode-locked and cavity-dumped
Nd:YAG laser. The probe beam is derived from a
CW argon-ion laser (Coherent Innova 70-4, 1 W, single
frequency, 514nm) equipped with an electro-optic gate
(Conoptics model 3) to yield a square pulse with an
adjustable temporal width. The diffracted signal is
monitored with a fast photodiode (Antel ARX-SA)
and transient digitizing oscilloscope (Tektronix DSA
602A).

For the u.v. (355 nm) excitation pulses, the scattering
angles 6 used were 1.25, 1.35, 1.51, 1.75, 2.30, 2.69, 2.88,
3.23, 3.82 and 3.85+0.05 degrees. Green (532nm)
excitation pulses were crossed at the following angles:
1.02, 1.70, 1.87, 2.11, 2.13, 2.39, 2.92 and 3.38 £ 0.05
degrees. The angles were measured using a mechanical
rotation stage.

RESULTS
Ls.t.s. data: acoustic and thermal contributions

Figure 2 shows typical i.s.t.s. data from the 3.83 and
2.95um samples. The material response consists of

damped acoustic oscillations on a nanosecond timescale
followed by thermal diffusion on a microsecond time-

uv |exc. [pulses

Computer

u”' - signal\\\
Transient NS
Digitizer BN

Figure 1 Experimental set-up for real-time i.s.t.s. experiments on
supported thin films. Two excitation pulses are crossed at the film
surface. Diffraction of a spatially and temporally overlapped probe
laser beam is monitored, and the diffracted signal is time-resolved with
a photodiode and a transient recorder

scale. As the wavevector magnitude ¢ varies with
scattering angle, both the acoustic and thermal responses
change. Thermal diffusion between grating peaks and
nulls becomes faster as the grating period becomes
smaller, i.e. at higher ¢q. The acoustic response changes
not only quantitatively, as discussed below in terms of
acoustic frequencies and velocities, but qualitatively, in
that the number and type of acoustic modes observed
are wavevector-dependent. These changes are apparent
in the acoustic data and power spectra shown in Figure 2.
The q-dependent behaviour has been discussed in detail
earlier"? and will be described briefly here. When the film
thickness d is comparable to or less than the acoustic
wavelength A, i.e. gd < 2w, the film exhibits waveguide
effects. In this regime, the acoustic response is no longer
localized within the film, but extends into the substrate
as well. Many acoustlc waveguide modes, called pseudo-
Rayleigh modes'>!®, propagate in the film—substrate
system. Each mode has a distinct displacement pattern,
which includes in-plane and out-of-plane longitudinal
and shear components. The pseudo-Rayleigh acoustic
velocities are therefore determined by both the in- and
out-of-plane elastic properties of the film and the
substrate. From 1i.s.t.s. measurements of the acoustic
velocities at various wavevectors, the anisotropic eiastic
properties (i.e. in-plane and through-plane shear and
longitudinal velocities) can be calculated.

In the limit that the film thickness is considerably
less than the acoustic wavelength, the acoustic velo-
cities approach those of the substrate. For a polymer
film on a silicon substrate, the substrate effectively
stiffens the system and the acoustic velocities increase
as gd decreases. In the opposite limit of large ¢d, the
acoustic wavelength is very short compared to the film
thickness and the acoustic velocities are those of the bulk
polymer material.

For most gd values, the lowest-order mode involves
displacements largely confined to the free surface of
the film. Strongly absorbed excitation pulses deposit
most of their energy near this surface and thereby excite
this mode efficiently. Higher-order modes involve
displacements through the depth of the film. Weakly
absorbed excitation pulses more efficiently couple to
these modes. In the experiments described here, strongly
absorbed u.v. (355nm) and weakly absorbed visible
(532nm) excitation pulses were used in order to maxi-
mize the number of modes observed.

Acoustic signal and data analysis

Frequencies w of the waveguide modes are obtained
through Fourier transformation of the data and are
used along with the values of ¢ determined by equation
(1) to determine the acoustic phase velocities. The
g-dependent velocities of the two lowest-order modes
are used in a non-linear least-squares fitting algorithm
to determine shear and longitudinal velocities. In this
fitting procedure, the film density and the substrate
propertles were fixed. We used values of 5341 and
8945ms™! for silicon shear and longitudinal velocities'*
respectively, and 2.33 gem ™ for the density of sxhcon’5
The value 1.5 gcm ™~ was used as the density of the film'®.
We note that, although this density was measured using
the non-photosensitive version of the polyimide film
studied here, a change of this parameter by up to 20%
has little effect on the best-fit velocities. The data from all
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Figure 2 Diffracted i.s.t.s. signal from a 3.83 ym supported BPDA/PPD sample with an excitation wavelength of 532 nm (upper two frames) and from
a 2.95 um supported sample with an excitation wavelength of 355 nm (lower two frames). These data are the result of 200 averages and require several
seconds to acquire. The two left frames show the damped acoustic oscillations on a nanosecond timescale, and the two right frames show the thermal
diffusion on a microsecond timescale. In the upper 3.83 um sample. where there is a beating pattern and two prominent peaks in the power spectrum,

two Lamb modes were clearly excited
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Figure 3 Acoustic dispersions of BPDA/PPD using (left) an isotropic model and (right) a transverse isotropic model. There are clear systematic
inconsistencies in the lowest mode of the dispersion for the isotropic model. Measured data, however, agree well with the transverse isotropic mode
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Figure 4 Thermal decay rate as a function of wavevector squared for four BPDA/PPD samples with various thicknesses (2—11 g#m). The in-plane

thermal diffusivities are determined by halving the slopes of the plots

samples were simultaneously fitted using both an iso-
tropic model and a transverse isotropic model. (In the
latter the in-plane properties are isotropic but are
different from the out-of-plane properties.) Best fits
based on each of these models along with data from all
samples are displayed in Figure 3. It is apparent that the
velocities measured at many g values from films of
different thicknesses d scale with the gd product. This
indicates that the elastic properties show no systematic
thickness-dependence or sample to sample variation. For
each of the models, higher-order modes were calculated
using best-fit parameters determined from fitting the two
lowest modes. As can be seen, the measured dispersion is
reproduced well with the transverse isotropic model but
not the isotropic model. Although the deviations of the
data points from the isotropic fits appear small, they are
systematic and well outside of experimental uncertain-
ties. Based on this fact, we can conclude that the film
mechanical properties are anisotropic. The average
elastic properties of all samples are listed in Table 2.

Thermal signal and data analysis

Three factors govern the thermal decay rate: (1) the
intrinsic in- and through-plane thermal diffusivities; (2)
the scattering angle between the excitation pulses, which
determines the magnitude of the wavevector and thus
how far heat must travel in the in-plane direction to
wash out the thermal grating; and (3) the nature of out-
of-plane heat flow, e.g. the convection coefficient at the
air—film interface and the thermal impedance between
the film and the substrate. It has been shown that the
time-dependent diffraction efficiency due to thermal
decay is!”:

n(t) =17(t) exp(~2D1q’1) @
where f(r) describes out-of-plane heat flow and is
dependent on quantities such as the out-of-plane thermal
diffusivity, the excitation wavelength absorption depth,
the convection coefficient at the air—film interface, and

other material parameters associated with signal genera-
tion. The exponential term describes the in-plane thermal

Table 2 Summary of elastic and thermal properties determined by i.s.t.s. measurements of supported BPDA/PPD (DuPont 2734)

Sample thickness ( um)

Properties 295 3.84 5.61 10.66
In-plane shear velocity (ms™") 1650 & 200

Out-of-plane shear velocity (ms™) 1170 £ 100

In-plane longitudinal velocity (ms™") 3000 + 300

Out-of-plane longitudinal velocity (ms™") 2350 & 300

In-plane thermal diffusivity (um2 us™h 0.37 £0.01 0.40 £ 0.01 0.38 £0.02 0.37£0.01
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Table 3 Mechanical and thermal properties of non-photosensitive
BPDA/PDA films

Best fit values

Properties

In-plane longitudinal acoustic speed 3580 = 150ms
In-plane shear acoustic speed 2050 + 100ms '
Out-of-plane longitudinal acoustic speed 2330 + 100ms '
Out-of-plane shear acoustic speed 1130 £ 50ms ™'

In-plane thermal diffusivities 0. 60 i 0 01 um s :

Table 4 Residual stress values of the non-photosensitive (PI) and
photosensitive (PSPI) polymer films (adapted from ref. 1 l)

Strcss (MPd)
PI IIIA 2.0
PSPI IIIB 42.2

flow, where Dt denotes the in-plane thermal diffusivity
and ¢ denotes the magnitude of the excitation wave-
vector as defined by equation (1). Typical measured
thermal decays are illustrated in Figure 2.

At relatively large wavevector magnitudes, i.e. short
peak—null distances, the decay is dominated by in-plane
thermal diffusion. At these wavevectors, the second part
of equation (2) decays completely before f(¢) under-
goes any significant change. In this case the out-of-plane
heat flow described by f(7) can be described approxi-
mately as a single exponential, and the time-dependent
decay of diffraction efficiency 7(s) becomes a single
exponential as well. The thermal decay rates as
determined from the slope of In7(z) are then expected
to show linear ¢ —dependence In this case, the in-plane
thermal diffusivity is found by halving the slope of the
plot of decay rates versus g°. The v intercept is related
to the out-of-plane thermal flow rate. Figure 4 shows
such plots for the four BPDA/PPD samples analysed. In
calculating in-plane thermal diffusivities, data measured
at the smallest wavevectors in which the decays were

2 M g

0 0
OH HO H
o (o}

HEAT

non-exponential were discarded. Also not included in
the calculation are data recorded with green excitation
pulses. Because of their larger absorption length, the
green pulses may deposit heat onto the substrate as
well as in the film and increase the importance of film—
substrate heat exchange. The in- -plane thermal diffusivi-
ties of the four sample films, ranging from 0.37 to
0.40 um? pus™' (see Table 2), are found to be consistent
with one another within the uncertainty range. The results
indicate that the in-plane thermal diffusivity of the
BPDA/PPD polyimide thin film is thickness-independent
over the thickness range (2—11 um) investigated.

The y intercepts of the decay rate plots vs. ¢~ are
related to the out-of-plane thermal flow rates. However,
owing to the small values and large percentage uncer-
tainties in the y intercepts, no useful information
regarding out-of-plane thermal flow can be obtained.
The randomness in y intercepts versus thickness, never-
theless, indicates that there is not significant film-to-
substrate heat flow.

Finally, we note that the thermal decay rates showed
significant (10%) spot-to-spot variations within a
single film, which were comparable to the variations
(20%) between films at large g values. The spot-to-spot
variations are outside the range of uncertainties in the
measurements, and therefore reflect genuine variation
within the films.

DISCUSSION

It is interesting to note that the elastic and thermal
properties of the photosensitive BPDA/PPD differ
significantly from those of the non-photosensitive
BPDA/PPD, which were studied in detail previously
(see Tables 2 and 3)*'S. In particular, the mechanical
properties of the non- photosensmve BPDA/PPD are
more anisotropic and the in-plane thermal diffusivity is
much larger than those of the photosensitive BPDA/
PPD. We speculate that the differences between the

mf &@ o

+H,0

Scheme 2 PiI chemistry
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chemical structures of the two polymer precursors are the
cause of this result. These differences are apparent in
Schemes I and 2. The BPDA/PPD polymer precursor is
made photosensitive through replacement of carboxyl
hydrogen atoms with bulky 2-hydroxyethyl methacrylate
(HEMA) photosensitizers (denoted as R groups) to form
the photosensitive poly(amic ester). The bulky R groups
may frustrate in-plane chain orientation by forcing the
polymer chain to bend so as to minimize steric
interactions between the R groups. In contrast, the
small H atoms could permit in-plane chain orientation
by allowing the chain to lie flat in the plane. This
difference in orientation could be at least partially
maintained throughout the curing step, and for the
photosensitive polyimide could give rise to a decreased
number of covalent bonds in the film’s plane and an
increased number of covalent bonds out of the film’s
plane. Because of this, we would expect the in-plane
mechanical properties, e.g. shear and longitudinal
velocities, to decrease and the out-of-plane mechanical
properties to increase. The in-plane thermal diffusivity
of the photosensitive BPDA/PPD could also decrease,
because the heat flows less continuously in this direction.
These trends were all observed in the data. The same
conclusions were reached using X-ray and optical bire-
fringence measurements on a similar photosensitive poly-
imide'®. Furthermore, we note (see Table 4, ref. 11) that
there is a significant increase in residual stress in the
photosensitive BPDA /PPD (I1IB) thin films compared to
the non-photosensitive BPDA/PPD (IIIA). This can also
be explained by the difference in the degree of orientation
in the polymer precursors.

CONCLUSIONS

Elastic and thermal properties of silicon-supported thin
films of a recently developed HEMA-induced photo-
sensitive biphenyl dianhydride (BPDA)/p-phenylenedi-
amine (PPD) of thicknesses 2—11 um were determined
through i.s.t.s. A tranverse isotropic model was needed
to describe accurately the observed elastic behaviour. In-
plane shear and longitudinal velocities were determined
to be 1650 +200 and 3000+ 300ms™', respectively,
while out-of-plane shear and iongitudinal velocities were
determined to be 1170+ 100 and 2350 +300ms™',
respectively. The in-plane thermal diffusivity typically
falls within the range of 0.37—0.40 um? us—!. For the
thickness range investigated, it was found that the elastic
and thermal properties are thickness-independent.

The lower degree of anisotropy and the lower in-plane
thermal diffusivity in the photosensitive polymer relative

to a non-photosensitive analogue were rationalized in
terms of molecular structures, which would suggest a
higher degree of in-plane orientation in the latter.
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