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Characterization of 6FDA-APBP polyimide films 
through impulsive stimulated thermal scattering 

J. K. COCSON, C. S. HAU, P. M. LEE, C.C. POON, A. H. ZHONG, J .A .  ROGERS, 
K. A. NELSON 
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, 
USA 

The elastic and thermal properties of 4,4'qhexafluoroisopropylidene)-bis (phthalic 
anhydride)-4,4'-bis(4-aminophenoxy) biphenyl (6FDA-APBP) free-standing polyimide films 
(2-10 pm) were investigated using impulsive stimulated thermal scattering (ISTS), 
a non-contact optical method for thin film characterization. Shear and longitudinal 
velocities, Young's modulus, Poisson's ratio and the in-plane thermal diffusivity are 
reported. 

1. Introduct ion 
In recent decades, polymer thin films have become 
increasingly important in microelectronics, automo- 
tive, aerospace, magnetic disk and many other ap- 
plications. In most cases, accurate quantitative char- 
acterization of polymer films is crucial. However, in 
situ measurement of mechanical and thermal trans- 
port properties is often difficult or time consuming. 
Measurements may be restricted to special test sam- 
ples rather than actual finished devices. In addition, 
characterization of polymer films during, as well as 
after, fabrication would be extremely useful for pro- 
cess monitoring and refinement of fabrication proced- 
ures. This has not been possible for mechanical or 
thermal properties, in general. In a series of recent 
papers I-1-6], a laser-based ultrasonic method known 
as impulsive stimulated thermal scattering (ISTS) has 
been introduced for fast, non-invasive, non-contact in 
situ evaluation of thin films. In ISTS, two short excita- 
tion laser pulses are crossed spatially and temporally 
in the film sample to create a sinusoidally varying 
interference or "grating" pattern. This gives rise to 
sudden ("impulsive") heating and thermal expansion 
with the same spatially periodic geometry. The result- 
ing acoustic and thermal responses of the sample are 
observed by monitoring the time-dependent diffrac- 
tion of a probe laser beam off the generated material 
grating. ISTS studies of supported and unsupported 
polymer films, including anisotropic films and films 
undergoing cure, have been reported: In addition, 
"hard" films including ferroelectric ceramics, dia- 
mond-like carbon, carbon nitride and others have 
been examined. 

In this paper we report the results of an ISTS 
investigation of a series of free-standing films of the 
polyimide 4,4'-(hexafluoroisopropylidene}-bis(phthalic 
anhydride)-4,4'-bis(4-aminophenoxy) biphenyl (6FDA- 
APBP, commercially known as Amoco UD4212) with 
thicknesses in the 2-10 gm range. Elastic properties, 
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namely the shear and longitudinal velocities, Young's 
modulus and Poisson's ratio, are determined. Also 
reported is the in-plane thermal diffusivity. The sam- 
ples were checked for mechanical anisotropy and for 
any variation of the properties with film thickness. 

2. Experimental procedure 
The samples consisted of two sets of spin-coated and 
fully cured UD4212 (6FDA-APBP) on 3 and 4 inch 
diameter silicon wafers. The chemical structure of the 
polyimide is shown in Fig. 1. Curing was performed in 
a temperature-regulated oven under a Nz atmosphere 
using the schedule described in Table I [7]. Six of the 
samples were fabricated at MIT and 12 at Amoco. The 
MIT films had thicknesses of 3.93, 4.00, 5.01, 6.96, 7.44 
and 9.76 +_ 0.05 gm and the Amoco films had thick- 
nesses of 2.86, 2.99, 3.97, 4.93, 5.83, 6.68, 6.98, 7.60, 
7.97, 8.88, 8.97 and 9.88 +_ 0.05 gin, as measured with 
a mechanical stylus profilometer (DEKTAK 8000). As 
described in Refs 8-10, two 1 inch regions in each of 
the wafers were etched away with a solution mixture 
of 6 : 1 : 1 hydrofluoric acid : nitric acid: acetic acid, 
leaving unsupported regions of the polymer films. 

The ISTS experimental set-up is shown schemati- 
cally in Fig. 2. Two 355 nm excitation laser pulses 
derived from a Q-~witched, mode-locked and cavity- 
dumped Nd: YAG laser (modified Series 520 Control 
Laser) were crossed spatially and temporally at the 
film surface. Interference between the excitation pulses 
produced a grating intensity pattern characterized by 
a wavevector q of magnitude 

4resin(0/2) 2~ 
q - - ( 1 )  

)~ A 

Where )~L is the laser wavelength, 0 is the angle between 
the excitation pulses and A is the grating fringe spac- 
ing. Light absorption led to sudden formation of 
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Figure 1 Chemical structure of 6FDA APDP. 

TABLE-I  Cure schedule for UD4212 thin films in nitrogen [73 

Temperature (~ Time (rain) 

Soft cure 140 30 hold 

Hard cure 100-200 30 ramp 
200 30 hold 
200-400 10 ramp 
400 60 hold 

u.v~lexc ,ulses / /   Computer L' / 
/ signal ~ / probe 
Q .[-Em--I ~ " " - ' ' " - /  ] / )  i~eam 

I -r Transient I '~/"-,,,N~,, // I digit'zer I ~" " ~ / ~  

Figure 2 Experimental set-up for real-time ISTS experiments on 
thin films. Two excitation pulses are crossed at the film surface, 
overlapping spatially and temporally with a probe laser beam 
generated by an argon ion laser. The diffracted signal is time- 
resolved with a phntodiode and a transient recorder. 

a temperature grating which imaged the optical inter- 
ference pattern. Thermal expansion then launched 
acoustic and thermal responses with wavevectors 
_+ q. These responses resulted in spatially periodic 

modulation ("ripple") of the film surface, which acted 
as a diffraction grating. Damped acoustic oscillations 
and thermal diffusion were monitored directly 
through measurement of the time-dependent diffrac- 
tion of a probe laser beam [2, 11]. 

The probe beam was derived from a c.w. argon ion 
laser (Coherent Innova 70-4, lW, single frequency, 
514 nm) equipped with an electro-optic gate (Con- 
Optics Model 3) to yield a square pulse with an 
adjustable temporal width. The diffracted signal was 
monitored with a fast photodiode (Antel ARX-SA) 
and transient digitizing oscilloscope (Tektronix DSA 
602A). 

Data were collected at crossing angles of 0.733, 
0.825, 1.05, 1.24, 1.25, 1.51, 1.59, 1.75, 2.02, 2.30, 2.32, 
2.69, 2.80, 2.88, 3.05, 3.23, 3.59, 3.82, 3.85 and 
3.99 _+ 0.05 ~ The angles were measured using a mech- 
anical rotation stage. 

3. Results 
3.1. ISTS data: Qualitative description 
Typical ISTS data from the 5.01 and 7.44 ~tm samples, 
recorded at two different crossing angles, are shown in 

Fig. 3. The material response consisted of damped 
acoustic oscillations observed on a nanosecond time- 
scale followed by thermal diffusion observed on 
a microsecond timescale. As the wavevector magni- 
tude q was varied by changing the scattering angle, 
both responses changed. Thermal diffusion between 
grating peaks and nulls became faster as the grating 
period became smaller, i.e. at higher q. The acoustic 
response changed not only quantitatively, as discussed 
below in terms of acoustic frequencies and velocities, 
but qualitatively in that the number and type of acous- 
tic modes which were observed were wavevector 
dependent. This is apparent from the Fourier trans- 
forms of the data in Fig. 3, which show the acoustic 
mode frequencies. The q-dependent behaviour has 
been discussed in detail previously [-1,2]. Briefly, 
when the acoustic wavelength is comparable to 
or less than the film thicknesses, the film acts as an 
acoustic waveguide which supports many acoustic 
modes called Lamb modes [-12,13]. This is in 
contrast to the behaviour of a bulk isotropic material 
in which there are only three acoustic modes, two 
transverse and one longitudinal, for each wavevector. 
The bulk limit is reached when the acoustic 
wavelength becomes very short compared to the film 
thickness. In the waveguide regime (unlike the bulk 
case), the acoustic velocity varies sharply with 
wavevector magnitude. In particular, the velocity of 
each mode depends on the ratio of the acoustic 
wavelength, A, to the film thickness, d, i.e. on the 
product qd. The velocity also depends on the 
elastic properties of the film, i.e. the bulk shear and 
longitudinal acoustic velocities. The velocity and its 
dispersion with wavevector can be mapped out 
through ISTS measurements with different crossing 
angles. From the results, the elastic properties can be 
determined [2]. 

3.2. Acoustic signal and data analysis 
From the acoustic frequencies, co, and the wavevector 
magnitudes, q, the phase velocities, v = o~/q, for each 
mode observed at each wavevector are determined. 
The acoustic velocities of the two lowest-order modes 
were used to determine the elastic properties through 
a non-linear least-squares fitting algorithm. The 
values determined in this manner were then used to 
calculate the velocity dispersion curves of the first 
eight acoustic waveguide modes. The measured phase 
velocities are shown as a function ofqd along with the 
best-fit calculated dispersion curves in Fig. 4a (MIT 
samples) and b (Amoco samples). The fits and cal- 
culated curves are based on an isotropic model of 
a stressed unsupported film [14]. The values of the 
elastic moduli were not sensitive to the residual stress 
values, which were in the 30 60 MPa range and were 
only determined to within _+50% uncertainties. More 
precise residual stress determination would require 
measurements at smaller qd values [14]. The fits indi- 
cate that there is no significant anisotropy in the film 
moduli. 

In Fig. 5, dispersion results from all of the MIT 
(Fig. 5a) and Amoco (Fig. 5b) samples are plotted. It is 
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Figure 3 Diffracted ISTS signals from 5.01 (upper frames) and 7.44 gm (lower frames) unsupported UD4212 films with grating wavelengths of 
27.7 and 8.84 gin, respectively. The data are the result of 100 averages and were acquired over a time of several seconds. The left-hand frames 
depict acoustic oscillations and damping while the right-hand frames show the subsequent thermal decays. The upper left-hand acoustic 
oscillation pattern suggests that only one Lamb acoustic mode is excited in the 5.01 gm film at the excitation wavevector used, The lower 
left-hand oscillation pattern and power spectrum (inset) reveal several acoustic modes in the 7.44 gm film at the excitation wavevector used. 
A typical logarithmic plot of the thermal diffusivity data is shown in the lower right-hand frame (inset). 

apparent that the velocities measured at many 
q values from films of different thicknesses, d, scale 
with the qd product. This indicates that the elastic 
properties show no systematic thickness dependence. 
The longitudinal and shear velocities obtained from 
the curves fit to all the data in Fig. 5a and b are within 
uncertainties of the velocities obtained from the fits of 
data from samples of each thickness individually. 
Table II shows the shear and longitudinal velocities 
for each thickness and for the combination of all 
samples in each of.the two sets. 

From the shear and longitudinal velocities obtained 
(c~ and cL, respectively) and from the known film 
density ( p =  1 .1gcm -3) [15], Young's modulus, 
E = 9K~t/ (3K + IX), and Poisson's ratio, ~ = 
( 3 K -  2g)/(6K + 2IX), can be determined for each 
thickness, and for the combination of all samples in 
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a set. In these equations, K and Ix are the bulk and 
shear moduli, respectively, and are related to c~, cL and 
p by: CL = [(3K + 4g)/p] 1/2 and c~ = (ix/p) 1/2 [16]. As 
can be seen in Table II, these values are consistent 
within a set. Uncertainties of _+ 2% for the shear 
velocity and _+ 5% for the longitudinal velocity are 
determined using the 90% F-test. 

3.3. Thermal diffusion 
The decay of signal on microsecond timescales is due 
to thermal diffusion within the film plane, between the 
grating peaks and nulls, and perpendicular to the film 
plane, both into the depth of the film (since the light 
intensity, and therefore the heating, is greatest at the 
front surface) and into the surrounding air. In general, 
the time dependence of diffraction efficiency governed 
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Figure 5 Measured acoustic velocities (symbols) and best-fit calculated dispersion curves in UD4212 unsupported films of various thicknesses 
fabricated at MIT (a) and Amoco (b). The fits were calculated using an isotropic model of a stressed unsupported film. The good agreement 
between fits and data from films of different thicknesses indicates that the acoustic velocities scale with qd and therefore that the elastic 
properties of the thin films scale are thickness independent. In (b), the data points represented by O belong to a 3.97 gm unsupported film 
whose elastic properties (but not thermal diffusivity) appear to be significantly different from the other 12 samples. Thickness of films in (a) 
(Ixm) : i ,  3.93; e, 4.00; Ik, 5.01; 0 ,  6.96; D, Z44; o, 9.76. 

TABLE II Summary of elastic and thermal properties determined from ISTS measurements in unsupported UD4212 thin films 

In-plane 
Sample Shear Longitudinal Young's Poisson's thermal 
thickness velocity velocity modulus ratio diffusivity 
( • 0.05 gm) ( • 20 ms -1) (ms -I) ( • 0.3 GPa) ( • 0.03) (gm 2 gs -a) 

UD4212 fabricated at MIT 
3.93 930 2160 • 110 2.6 0.39 0.171 • 0.005 
4.00 950 2180 • 110 2.8 0.38 0.170 • 0.004 
5.01 940 2170 • 110 2.7 0.39 0.171 • 0.005 
6.96 940 2180 • 110 2.7 0.38 0.192 • 0.005 
7.44 940 2170 + 110 2.7 0.39 0.163 • 0,006 
9.76 940 2150 4- 110 2.7 0.38 0,172 • 0.005 
All samples 940 2170 • 110 2.7 0.38 NA 

UD4212 fabricated at Amoco 
2.86 950 2080 _ 100 2.7 0.37 0.120 • 0.006 
2.99 940 2090 • 100 2.7 0.37 0.126 • 0.010 
3.97 940 2080 • 100 2.7 0.37 0.147 • 0.003 
4.93 940 2140 • 110 2.7 0.38 0.173 • 0.004 
5.83 930 2150 4- 110 2.6 0.38 0.188 • 0.004 
6.68 940 2150 • 110 2.7 0.38 0.185 • 0.004 
6.98 940 2200 • 110 2.7 0.39 0.183 • 0.005 
7.60 980 2230 • 110 2.9 0.38 0.186 • 0.005 
7.97 940 2150 • 110 2.7 0.38 0.180 • 0.004 
8.88 980 2240 • 110 2.9 0.38 0.191 • 0.005 
8.97 940 2160 i 110 2.7 0.38 0.191 4- 0.005 
9.88 940 2180 • 110 2.7 0.39 0.166 • 0.005 
All samples 940 2140 • 110 2.7 0.38 NA 

by thermal diffusion can be described by [17] 

n(t) =f2(t) exp( -- 2DTq2t) (2) 

where f(t) describes the heat flow in the out-of-plane 
direction and is a complicated function of excitation 
light absorption length, out-of-plane thermal diffus- 
ivity, rate of heat flow from film to surroundings 
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and material parameters associated with signal gen- 
eration. D T is the in-plane thermal diffusivity and 
q is the magnitude of the excitation wavevector 
(Equation 1). 

At large wavevector magnitudes corresponding to 
short peak-null distances, the decay is dominated by 
in-plane thermal diffusion, i.e. the second part of 
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Figure 6 Measured thermal signal decay rates as a function of the excitation wavevectors squared for UD4212 polyimide films fabricated at 
MIT (a) and Amoco (b). The in-plane thermal diffusivities are found by halving the slopes of the lines. With one exception, the MIT samples 
show thermal diffusivity values which are consistent with one another within the uncertainty range. The Amoco samples yield thermal 
diffusivity values which are comparable to each other except for the two thinnest samples whose values are far smaller. 
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Equation 2 decays essentially completely before f2 ( t )  

undergoes any significant change. This is the simplest 
case since the signal is described by a single exponen- 
tial decay giving the in-plane thermal diffusivity. In 
practice, since f z ( t )  c a n  be approximated by an ex- 
ponential [18], the thermal decay data at almost all 
wavevectors can be well described by a single ex- 
ponential function. Decay rates, determined from the 
slope of In rl(t), are plotted versus q2 to yield a line 
whose slope is 2DT and whose y-intercept is related to 
the out-of-plane heat flow rate. Fig. 6a and b show the 
q2 dependence of the measured signal decay rates in 
6FDA-APBP films with various thicknesses. Their 
in-plane thermal diffusivities are listed in Table II and 
are found to be consistent with results previously 
reported [19]. It is noted that at the two lowest 
q values in the thinnest (2.86 and 2.99 lxm) samples, the 
decays are no longer exponential. This may be due to 
more rapid thermal diffusion into the air from both 
sides of these samples. An experiment conducted in 
one of the films in vacuum showed a significantly 
slower decay rate. In calculating thermal diffusivity 
values, the four data sets in which the decays were 
non-exponential were discarded: 

In general, the films show more variation in thermal 
diffusivity values than in mechanical properties. This 
is also the case for spot-to-spot variations within 
a single film, which are comparable to the variations 
between films at large q values. The variations ob- 
served are outside the range of uncertainties of the 
measurements, and therefore it is believed that they 
reflect genuine variation within and among the films. 
Small variations in polymer morphology may be re- 
flected more distinctly in the thermal diffusion rates 
(which ultimately reflect anharmonic parts of the 
microscopic polymer potential energy surfaces) than 
in the mechanical properties (which reflect the har- 
monic parts of the polymer potential). Alternately, 
variations in surface roughness may have little effect 
on elastic properties, but measurable influence on heat 
flow into the air. As shown in Fig. 6 and Table II, there 
is no systematic relation between the measured ther- 
mal diffusivities and film thicknesses. 

4. Conclusions 
The elastic and thermal properties of 4,4'-(hexa- 
fluoroisopropylidene)-bis (phthalic anhydride)-4,4'-bis 
(4-aminophenoxy) biphenyl (6FDA-APBP) free- 
standing polyimide films with various thicknesses in 
the 2-10 gm range have been determined through 
ISTS. It is found that an isotropic model of stressed 
unsupported films can account for the observed elastic 
behaviour. Young's modulus and Poisson's ratio were 
determined to be 2.7 _+ 0.3 GPa and 0.38 _+ 0.03, re- 
spectively. Thermal diffusivities showed significant 
sample-to-sample variations from 0.120 to 
0.192 gm 2 gs- 1. Both the elastic and thermal proper- 
ties of fabricated 6FDA-APBP films appear to be 
independent of thickness. 
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