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The effects of scanning rate and pre-baking time on the imidization extent, thickness, and
stress of polyimide films during the curing process were simultaneously analyzed using
FTIR and the strip end deflection detector complemented with interferometer systems. Film
thickness and stress increased, but imidization extent decreased with increasing scanning
rates. Longer pre-baking times significantly reduced the initial film thickness and stress.
Imidization extent, thickness, and stress behavior of polyimide films during the curing
process were closely related one another. C© 2000 Kluwer Academic Publishers

1. Introduction
Polyimides (PIs) have good properties such as low di-
electric constant, low thermal expansion coefficient,
high glass transition temperature, and high mechani-
cal strength. Because of these properties, PI films are
used in a variety of interconnect and packaging appli-
cations [1–5], including passivation layers and stress
buffers on integrated circuits and interlayer dielectrics
in high-density interconnects on multichip modules in
the electronics industry.

When PIs are used as thin films in the thickness range
of someµm, they are usually coated on the substrate by
a film casting method. As the initially coated PI films
contain much solvent, the solvent evaporation process
takes place coincidentally with the curing process. The
decrease of film thickness and the variation of film prop-
erties such as thermal expansion coefficient, glass tran-
sition temperature, and mechanical properties (Young’s
modulus and Poisson’s ratio) in both the drying and cur-
ing processes are the main causes for the generation and
variation of residual stresses. As the residual stress may
result in mechanical failures by delamination, cracking,
and bending, its behavior should be profoundly studied
for the safe application of PI films.

The stress causes the film/substrate combination to
bend to maintain moment equilibrium. Founded on the
bending beam theory [6], the equibiaxial stressσf is, to a
good approximation, given by Equation 1, provided that
both the thickness and Young’s modulus of substrate,
ds and Es, are much larger than those of film,df , and
Ef , respectively,
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σf = 1

6R
· Esd2

s

(1− γs) df
(1)

Here,R is the bending curvature andγs the Poisson’s ra-
tio of the substrate, respectively. It is noted from Equa-
tion 1 that the determination of varying stressσf during
the curing and drying processes is in relation mostly
with both the bending curvatureR and film thickness
df , since the substrate properties such asEs, ds, andγs
are almost invariant.

The stress analyses of polyimide films has been pur-
sued by several researchers [7–12]. Their analyses,
however, were based on the bending curvature measure-
ments withoutin situ consideration of film thickness
change and imidization kinetics during the curing pro-
cess. In this study the stress behavior of semirigid PI,
spin-coated on silicon wafer, was analyzed byin situ
measurements of radius of curvature and thickness
change using a bending beam system equipped with
a laser interferometer system. The extent of imidiza-
tion from poly(amic acid) (PAA) to PI during the film
formation process was also determined using FT-IR. Its
behavior was correlated with the stress and film thick-
ness behavior, correspondingly.

2. Experimental
2.1. Materials
The pyromellitic dianhydride (PMDA) and oxydian-
iline (ODA) derived poly(amic acid) (PAA) precur-
sor solution (PI-2545, 13.8 wt%) was supplied from
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Figure 1 Synthetic mechanism of polyimide from poly(amic acid).

DuPont Chemical Company and used as received. The
solvent wasN-methyl pyrrolidone (NMP). The sub-
strate was〈100〉 type silicon (Si) wafer strip with the
dimensions of 70 mm in length, 9 mm in width, and
360µm in thickness. It was successively cleaned be-
fore use with deionized water, acetone, methanol, and
HF solution. For〈100〉 type Si wafer, the value of
Es/(1− γs) was 1.805× 105 MPa [13].

2.2. Film preparation
PAA solution (13.8 wt%) was spin-coated on the
Si wafer substrate using the spin-coater (Model 1-
EC101DT-R485, Headway research, Inc.) with the
spinning speed of 1800 rpm for 30 s. After PI pre-
cursor was coated on the wafer, it was pre-baked at
80 ◦C for 15, 30, and 60 min, respectively, and then
cured for complete imidization by heating up to 400◦C
with scanning rates of 2, 4, and 6◦C/min, respectively.
PAA was imidized with evaporation of solvent to the
corresponding PI by the thermal imidization scheme
as shown in Fig. 1. The cured film thickness was deter-
mined by measuring the weight and film dimension, and
was re-examined using ellipsometer (L116B, Gaertner)
and nanospec (Model 200, Nanometrics).

2.3. Film thickness and stress measurement
The stress is given by film thickness and beam curvature
as expressed in Equation 1. Thein situmeasurements of
film thickness and bending curvature during the PAA to
PI curing process were performed using the following
laser interferometer and bending beam theories.

As the solvent included in the coated film evaporated
in the imidization process of poly(amic acid) to poly-
imide, the film thickness,df , in Equation 1 decreased
continuously. A laser interferometer was an effective
apparatus to measure this thickness change, observing
the ratio of reflected to incident intensity [14–18]. In a
three medium system composed of a polymer layer of
refractive indexn2, air of indexn1, and a substrate of
indexn3, there are two reflections, from two interfaces
of polymer/air and substrate/polymer. Interference ef-
fects caused by the path difference between these two

reflected light beams change the total reflection inten-
sity. In this case, fringes were observed when the phase
shiftφ2 changed by 2π . When the film thickness contin-
uously changed and the incident beam angle was close
to 90◦, the thickness change per fringe,1L2/fringe,
was given by Equation 2 [15].

1L2

fringe
=
(

dφ2/dL2

2π

)
= λ

2nsol
(2)

Here,nsol is the refractive index of solvent. Thus, the
film thickness change1L2 during the curing process
of PI was determined from Equation 2 by counting the
number of fringes observed.

On the other hand, the bending curvature,R, in Equa-
tion 1 was correlated with the end deflection of film-
coated substrate,δ, shown in Fig. 2 from the simple
geometrical analysis.

R= 2δ

l 2
(3)

Here,l is the length of film/substrate composite strip.
Fig. 2a shows a schematic of thein situmeasurement

systems for film thickness and bending curvature. The
film-coated substrate was clamped vertically in a heat-
ing block with N2 gas purge line. Several pieces of sili-
con wafers were placed between the sample and clamp
to inhibit transverse bending. The heating coils could
raise the temperature up to 450◦C at desired scanning
rates controlled by a temperature controller (Model
3000, LFE Instruments). As shown in Fig. 2b, the bend-
ing curvature measurement system was composed of a
8 mW He-Ne laser I (Model 1134P, Uniphase) as a
light source, a position sensitive detector (Model 1239,
UDT sensors) for the measurement of the reflected light
position from the deflected strip end spot, and an os-
cilloscope (Model OS3040, LG Precision) for the data
acquisition. The beam from laser I was focused on the
top end spot of strip where the film had been specifi-
cally scratched out to minimize the interference effect.
The position sensitive detector was well aligned so that
the reflected laser beam position moved along thex- or
y-axis of sensor. This position sensitive detector was
originally designed to produce linearly increasing val-
ues of output (voltage) with increasing beam position
displacement from the initially detected spot,1. The
output from the position sensitive detector was signi-
fied by an amplifier (Model 301DIV, UDT sensors) to
obtain more accurate beam displacement. After calibra-
tion of the detected laser beam intensity with its position
displacement, the variation of end deflection,δ, was
geometrically determined from the light position dis-
placement,1, monitoring the amplified light intensity
reflected from the strip end spot. No transverse bending
effect on the stress was assured by observing no varia-
tion of reflected light displacement from the bare wafer
strip end spot along bothx andy direction of detector
for similar thermal process to actual imidization pro-
cess. Also, no variation of reflected light displacement
was observed for the film-coated substrate along the
transverse direction of the detector.

The bending curvature measurement system was
complemented with an interferometer system where the
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Figure 2 (a) Schematic of thein situ measurement systems for film
thickness and bending curvature, (b) more detailed description of bend-
ing curvature measurement system, and (c) interference pattern generated
at the bottom end spot of strip.

laser beam was targeted to the other end spot (bottom
spot) of film/substrate strip as shown in Fig. 2a. Before
measurement no bending at this very bottom spot of
strip was confirmed using position sensitive detector.
The interferometer system was composed of a 1mW
He-Ne laser II (Model 1507P-0, Uniphase) as a light
source, a photo-diode (Model S2386-8K, Hamamatsu)
for the detection of reflected laser beams, and a multi-
meter (Model Fluke45, Fluke) for A/D conversion. As
shown in Fig. 2c, the intensity of the interference signal
caused by the path difference between the two reflected
beams from the wafer/film and film/N2 gas interfaces
was measured by a detector.

All experiments were performed in a black box to
minimize the scattering effect caused by environmen-
tal light. All optical instruments were positioned on the

optical table (Edmund Scientific Company) to mini-
mize noise. All data obtained were saved in a personal
computer through a RS-232 cable.

2.4. Imidization kinetics measurement
Fourier transform-infrared (FT-IR) spectroscopy
(Matison 1000, UNICAM) was used to determine the
imidization extent of PAA to PI. For this experiment,
PAA solution was spin-coated on Si wafer and pre-
baked at 80◦C for 15, 30, and 60 min, respectively.
Each film-coated wafer was broken into twelve frag-
ments of similar size. The FT-IR spectra were obtained
periodically until the completion of imidization
process at each scanning rate of 2, 4, or 6◦C/min.

3. Results and discussion
3.1. Effect of scanning rate on the film

thickness, imidization kinetics,
and stress

After the precursor was pre-baked at 80◦C for 60 min,
the variation of bending beam curvature and film thick-
ness during the curing process was monitoredin situ
over the temperature range from 23 to 400◦C.

Fig. 3 shows the time dependence of interference
signal intensity when the scanning rate was 6◦C/min.
From Equation 2 the distance between the adjacent
fringes corresponded to a film thickness decrease of
approximately 0.216µm, because the values ofλ, the
wavelength of laser andn, the refractive index of the
NMP were 0.6328µm and 1.4684, respectively. As
14 fringes were detected on heating up to 400◦C, it
was noted that the total film thickness decreased by
3.024µm for complete cure. This reduction of film
thickness resulted mainly from volume reduction asso-
ciated with evaporation of solvent of NMP. From the
observation that the film thickness was 4.661µm after
complete cure, it was estimated that the film thickness
decreased by 39% of its initial thickness during the cur-
ing process. The fact that all fringes were observed from
about 200 to 350◦C revealed that the film thickness re-
duction was remarkable in this region.

Fig. 4 shows the FT-IR spectra of PI films during the
imidization process with the scanning rate of 2◦C/min.
The absorbance peak at 1776 cm−1 originating from
the symmetric carbonyl stretching in imide group could
hardly be observed at 100◦C. At temperatures above

Figure 3 Voltage trace during PI curing process for the scanning rate of
6 ◦C/min.
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Figure 4 FT-IR spectra of PI film during the imidization process for the
scanning rate of 2◦C/min.

150◦C, the peak at 1776 cm−1 appeared and its inten-
sity increased with the increasing temperature. These
IR spectra of PI films successively sampled during the
imidization process were analyzed by the band ratio
method. The area of IR peak at 1776 cm−1 was com-
pared with that at 1012 cm−1 originating from the in-
variant aromatic vibration. The extent of imidization
was calculated by normalizing the ratio of characteris-
tic imide band area at 1776 cm−1 to the reference band
area at 1012 cm−1 with that of the completely cured PI
films. Imidization kinetics for other scanning rates of 4
and 8◦C/min were also obtained using this method.

a, b, and c of Fig. 5 show the variations of film thick-
ness, extent of imidization, and residual stress, respec-
tively, during the curing process of PI films for varying
temperature scanning rates.

In Fig. 5a the film thickness difference,1df , defined
by the difference between real time film thickness and
final (cured) film thickness, was represented after nor-
malization with total film thickness difference,1df0,
defined by the difference between initial and final film
thickness. The value of1df0 obtained by interferom-
eter technique was confirmed by the measurement of
initial and final film thickness using the ellipsometer.
Each curve in Fig. 5a was obtained from the fringe
curve as shown in Fig. 3 for the corresponding scan-
ning rate. As the temperature scanning rates increased
from 2 to 6◦C/min, the temperatures at which the vari-
ation of film thickness started and completed increased.
The evaporation of solvent and water took place mostly
from 23 to 280◦C with a scanning rate of 2◦C/min,
from 190 to 350◦C at 4◦C/min, and from 220 to 350
◦C at 6◦C/min, respectively.

The temperature dependence of imidization extent in
Fig. 5b was obtained from the FT-IR spectra in Fig. 4.
For the scanning rate of 2◦C/min, imidization extent

Figure 5 (a) Normalized thickness difference, (b) extent of imidization,
and (c) normalized stress behavior of PI film during the curing process
for the temperature scanning rates of 2, 4, and 6◦C/min, respectively;
the subscriptst and 0 denote the states at arbitrary and initial curing
temperatures, respectively.

was less than 10% at 100◦C, about 50% at 200◦C, and
100% at about 275◦C. The imidization process started
and completed at higher temperature with increasing
scanning rates. For the scanning rates of 4 and 6◦C/min,
the imidization processes started from about 100◦C and
completed at the temperature higher than 325◦C.

Equation 1 was possibly applied to calculate the
residual stress in this system, as the maximum
film thickness,df (=7∼ 8µm) and Young’s modulus,
Ef (= about 5 GPa) of PI films during the curing pro-
cesses were much lower than those of substrate, 360µm
and about 100 GPa, respectively. In Fig. 5c the stress
was represented after normalization with the initial
stress ofσ0= 23 MPa. The value of stress was cal-
culated from Equation 1 using the bending curvature
and film thickness data shown in Fig. 5a. As much
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solvent evaporated during the pre-baking process, the
residual stress of 23 MPa was observed at the initial
curing state, and then decreased to zero at complete
imidization and solvent evaporation. The decreasing
stress behavior was also shifted to higher temperatures
with increasing scanning rates. The resulting values
of residual stress were higher for higher temperature
scanning rates at the fixed curing temperatures. In this
imidization (thermal) process, several thermo-physical
properties of polymer films such as thermal expansion
coefficient, modulus and other viscoelastic relaxation
properties varied continuously by the formation of net-
work structure (imidization) and reduction of solvent.
As the thermal expansion coefficient of polymer films
decreased but that of substrate was almost invariant dur-
ing imidization process, the decreasing thermal expan-
sion coefficient difference between polymer films and
substrate gave the most significant contributions to the
increasing bending beam curvature,R, or decreasing
stress in caseEf ¿ Es as observed [6].

The scanning rate effect on the imidization extent,
film thickness, and stress behavior was very similar
in that first, temperature dependence of their behavior
shifted to higher temperatures for higher scanning rates,
and second, their starting and completion temperatures
were almost the same.

3.2. Effect of thermal sensitivity on stress
Fig. 6a shows the sinusoidal temperature schedule
applied during the curing process with the average scan-

Figure 6 (a) Temperature schedule applied during the PI curing process
with the average scanning rate of 6◦C/min, and (b) the resulting stress
for the curing temperature schedule of (a).

ning rate of 6◦C/min, and Fig. 6b shows the correspond-
ing stress behavior. When the curing temperature oscil-
lated, the resulting stress also oscillated significantly.
This result implied that the optimal and stable control
of curing schedule would be very important factors in
the fabrication of PI films for safe applications.

3.3. Effect of pre-baking time on the film
thickness, imidization kinetics, and
stress

The variation of thickness, imidization extent, and re-
sidual stress of the PI films prebaked at 80◦C for 15, 30,
and 60 min, respectively, was analyzed during the cur-
ing process.

Fig. 7a shows the prebaking time effect on the actual
film thickness difference,1df , in the curing process. As
the pre-baking time increased, more solvent evaporated

Figure 7 (a) Thickness difference, (b) extent of imidization, and (c)
stress behavior during the curing process of PI films after pre-baked for
15, 30, and 60 min, respectively. The scanning rate was 2◦C/min.
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during this process so that the film thickness at the end
of the prebaking process decreased. By the completion
of curing process after pre-baking process, the total film
thickness decreased by 2.9µm for the 15 min, 2.1µm
for 30 min, and 1.77µm for 60 min pre-baked samples,
respectively. Also, the temperature at which the film
thickness started to decrease increased for the longer
pre-baked samples.

Fig. 7b shows the pre-baking time effect on the ex-
tent of imidization over the curing temperature range
from 23 to 400◦C. Slight imidization during the pre-
baking process was observed for 60 min pre-baked sam-
ples, but not for both 15 and 30 min pre-baked samples.
In the curing process, the extent of imidization for 60
min pre-baked sample was higher than 15 or 30 min
pre-baked samples throughout all curing temperatures.
The imidization rate was remarkable in the temperature
range from 150 to 275◦C.

The effect of pre-baking times on the stress was
shown in Fig. 7c with the incorporation of film thick-
ness shown in Fig. 7a. As pre-baking time increased,
the stress at the initial curing process decreased. Stress
decreased to zero at around 300◦C.

4. Conclusions
The performance of cured PI films is significantly af-
fected by the extent of imidization, residual solvent and
stress in the films. Thus, the PI films fabricated even
under different curing processes may provide the same
performance, when the extent of curing, film thickness,
and residual stress are in the same ranges. In this work
the effects of temperature scanning rate and pre-baking
time, major variables in the film manufacturing con-
ditions, on the variation of the extent of imidization,
film thickness, and stress in the curing process of PI
films were simultaneously analyzed. Higher scanning
rates resulted in the higher temperatures where the vari-
ation of imidization extent, film thickness, and stress
started and completed. The decreasing trend of resid-
ual stress was sensitive in accordance with the oscillat-
ing temperature schedule. The residual stress and film
thickness at the initial curing process decreased with
increasing pre-baking times. Our results will provide
the fundamental information of performance evaluation
with respect to the operation conditions in the practical
PI film fabrication.

As shown in Equation 1 the value of stress is greatly
affected not only by the radius of curvature but by the
film thickness, when it changes not in small amount like

the present system. In this analysis the value of stress
was determined by consideration of both the bending
curvature and film thicknessin situmeasured during the
curing process of PI films. There have been no reports
in the calculation of stress with the incorporation ofin
situ measured film thickness. This is another scientific
significance in this study.
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