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ABSTRACT: The effect of curing history on the residual stress behaviors in semiflexible
structure poly(4,4'-oxydiphenylene pyromellitimide) (PMDA~ODA) and rigid structure
poly(p-phenylene biphenyltetracarboximide) (BPDA-PDA) polyimide was investigated.
Depending upon the curing history and different structures of polyimide, the residual
stress behaviors and the morphology of polyimide thin films were detected in situ by
using a wafer bending technique and wide angle X-ray diffraction (WAXD), respec-
tively. For the rigid structure BPDA-PDA polyimide, the residual stress and the slope
decreased from 11.7 MPa and 0.058 MPa/°C to 4.2 MPa and 0.007 MPa/°C as the curing
temperature increased, and the annealing process is done. However, for the semiflex-
ible structure PMDA—-ODA, the change of the residual stress and the slope was rela-
tively not significant. In addition, it was found that the cured polyimide prepared at a
higher temperature with a multistep curing process showed a higher order of chain
in-plain orientation and packing order than does the polyimide film prepared at a lower
temperature with a one-step curing process. These residual stress behaviors of poly-
imide thin films show good agreement with WAXD results, such as polyimide chain
order, orientation, and intermolecular packing order, due to curing history. Specifically,
it shows that the effect of curing history on residual stress as well as morphological
change was significant in rigid BPDA-PDA polyimide but, not in semiflexible PMDA—
ODA polyimide. Therefore, it suggests that the morphological structure depends upon
curing history, and the polyimide backbone structure might be one of important factors
to lead the low residual stress in polyimide thin films. © 1999 John Wiley & Sons, Inc. J
Appl Polym Sci 74: 3287-3298, 1999
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INTRODUCTION

High-temperature polyimides are widely used in
the microelectronics industry as interlayer dielec-
trics and passivation layers, owing to excellent
properties, such as good mechanical properties,
high thermal stability, low dielectric constant,
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and high chemical resistance.'™ Despite their in-
herent attractiveness, there are many problems
associated with polyimide usage. It is commonly
known that for the multilayered device, there are
often reliability problems, such as displacement,
cracks, and delamination at the interface.*~¢ In-
terfacial stress generation is linked to potential
reliability problems in integrated circuits, such as
loss of adhesion and dimensional stability due to
the mismatch of physical properties between lay-
ers. Thus, it is desirable to have low stress level
materials that are inert to ambient fluctuations in
conditions such as temperature and humidity.
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It is well known that imidization of polyimides
under thermal imidization process is completed
by about 250°C.” However, the optimal properties
of the polyimide thin films do not develop until
the cure has reached 400°C. In addition, mechan-
ical drawing and thermal annealing can substan-
tially modify the thermal expansion properties
and geometrical distribution of the amorphous
component. In both of these, there is a tendency to
orient and arrange the fully cured polyimide thin
films. Although the structure is developed in the
annealing process, it is a difficult phenomenon to
observe and understand because it combines the
effect of development of order with the problem of
molecular relaxation in a glassy and near-glassy
system. The changes are slow and often not re-
versible. In addition, the curing of polyimide films
involves the removal of solvent and chemical re-
action, both the solvent and the reaction products
of the imidization process.

In multilayer structure, residual stress is pri-
marily dependent upon the thermal expansion
coefficient and process history of the layers.
Therefore, the matching of these properties for
the interlayers is necessary to minimize the gen-
eration of stress. The thermal expansion coeffi-
cient of a polymer film is strongly dependent on
the polymer chain rigidity as well as molecular
orientation. Here, controlling the thermal expan-
sion coefficient of the polymer through the modi-
fication of the polymer backbone chemistry and
molecular orientation can minimize the stress at
interface of polymer and substrate.

The degree of orientation in the spin-cast
films is suspected to depend on curing condi-
tions, solvent systems, and polyimide chain
characteristics. An important question raised in
many applications concerns the interrelation-
ships between polyimide chemistry, microstruc-
ture, and residual stress behavior. In order to
predict the behavior of interlayer materials and
to optimize their fabrication, it is important to
understand this relationship between polyimide
structures and properties as they related to re-
sidual stress because environmental parame-
ters and curing conditions, including annealing
step, would very significantly affect to the mor-
phology of polyimide.

In this work, hinged poly(4,4’-oxydiphe-
nylene pyromellitimide) (PMDA-ODA) and lin-
ear poly(p-phenylene biphenyltetracarboxim-
ide) (BPDA-PDA) polyimide were prepared by
different thermal imidization history in the
range of 25—-400°C. The idea is to develop dif-

ferent degree of packing, chain orientation, or
crystallinity in fully cured polyimide thin films.
The developed structure may have a significant
impact on residual stress behavior in polyimide
films. The residual stress behaviors induced by
thermal mismatch with substrate were investi-
gated in detail by using a thin film stress ana-
lyzer (TFSA). Molecular order and chain orien-
tation in the films was characterized by Wide
Angle X-ray Diffraction (WAXD). These are un-
derstood, together with morphological change,
such as polymer chain rigidity and chain order
and curing history.

EXPERIMENTAL

Materials and Sample Preparation

The poly(amic acid)s (PAAs) were synthesized in
normal methyl pyrollidone (NMP) from the fol-
lowing respective dianhydrides and diamines:
poly(4,4-oxydiphenylene pyromellitamic acid)
(PMDA—-ODA PAA) and poly(p-phenylene biphe-
nyltetracarboxamic acid) (BPDA-PDA PAA)."®
For all the one-side polished Si (100) wafer of 3-in
diameter used in the study, the curvatures were
measured with the aid of a thin film stress ana-
lyzer (TFSA). Then, adhesion promoter solution,
r-aminopropyltriethoxysilane solution (0.1 vol %)
in ethanol-deionized water, was used prior to the
spin-coating of polyimide on the Si (100) sub-
strates and baked at 100°C for 30 min on the hot
plate. The thin films of polyimide were prepared
by spin-coating and soft-baked at 80°C in a con-
vection oven. The dynamic residual stress behav-
iors of polyimide thin films were investigated by
using the TFSA.

Residual Stress Measurement

Dynamic residual stress measurements were per-
formed during thermal imidization of the soft-
baked precursor films on Si wafers by using the
TFSA. Here, the imidization was performed with
a one-step and multistep curing process with a
ramping rate of 2.0°C/min as shown in Figure 1
and Table I. The schematic bending apparatus,
TFSA, was set up and used, as shown in Figure 2.
Polyimide thin films (PMDA-ODA and BPDA-
PDA) were in the thickness range from 9-11 um
to exclude the effect of thickness in polyimide.
To determine the residual stress from the mea-
sured radii of curvature, a well-known eq. (1) by
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Figure 1 Curing sequences for the residual stress
experiment.

Timoshenko was employed.” The residual stress
was calculated from the measured radii of curva-
ture using the following equation:

E, (1 1 )
~6(1-0) ¢ \R, R, W

where o is the residual stress in the polyimide
film. The subscripts f and s denote the polyimide
film and the substrate. E, v, and ¢ are Young’s
modulus, Poisson’s ratio, and the thickness, re-
spectively. R, and R, are the wafer curvatures
measured before and after the film deposition.
For Si (100) wafer, E_/(1 — v,) is 180500 MPa.'°
Before use, the initial curvature and the thick-
ness of wafers were measured by using the TFSA

o
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Figure 2 The schematic of the bending wafer appa-
ratus.

and the thickness gauge (SM1201, Teclock Co.,
Japan), respectively. In addition, the residual
stress of a polymer film on a wafer may relax due
to moisture absorption over range of 25—-60°C in
cooling process.'! Thus, the residual stress behav-
ior due to thermal history after cure was consid-
ered from final cure temperature to 60°C to ex-
clude the effect of stress relaxation by the water
molecules.

The thermal mismatch between polyimide
films and Si substrate were estimated during
cooling process from final cure temperature to
25°C by the curvature change of substrate by
using the TFSA. On thermal curing cycling for the
polyimide film, the difference of the film stresses
at any two given temperatures can be attributed
to the mismatch in the thermal expansion coeffi-
cients between the polymer film and the silicon

Table I Temperature-Time Curing Cycles for Polyimide Thin Films

Thermal
Imidization Process

Imidization Schedule with 2.0°C/min
Ramping Rate per Step®

230°C/1 h
300°C/1 h
350°C/1 h
400°C/1 h

TOoHAEHT QW

150°C/30 min + 230°C/1 h

150°C/30 min + 230°C/30 min + 300°C/1 h

150°C/30 min + 230°C/30 min + 300°C/30 min + 350°C/1 h
150°C/30 min + 230°C/30 min + 300°C/30 min + 400°C/1 h

2 After imidization, the cooling rate of each process was 1°C/min.
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Table II Residual Stress for Polyimide Thin Films Prepared by Different Curing Processes

Curing Thickness Final Cure Slope in Cooling Curve Residual Stress

Process (pm) Temperature (°C) (MPA/°C) (MPA) at 50°C
BPDA-PDA A 10 230 0.058 11.7
BPDA-PDA B 10 300 0.032 7.5
BPDA-PDA C 10 350 0.019 6.3
BPDA-PDA D 9 400 0.015 6.0
BPDA-PDA E 10 230 0.045 9.8
BPDA-PDA F 10 300 0.024 5.3
BPDA-PDA G 10 350 0.015 5.2
BPDA-PDA H 9 400 0.007 4.2
PMDA-ODA A 11 230 0.123 37.7
PMDA-ODA B 9 300 0.089 31.1
PMDA-ODA C 10 350 0.086 30.5
PMDA-ODA D 10 400 0.081 29.5
PMDA-ODA E 11 230 0.112 37.5
PMDA-ODA F 11 300 0.087 30.8
PMDA-ODA G 11 350 0.082 29.9
PMDA-ODA H 10 400 0.079 29.3

substrate.'®3 It can be expressed as follows in eq.

(2):

E
A/ =T) = g5 la—a) @

Where, Ao/(T; — T) is the slope of the cooling
process curve, which means the residual stress
change in the polymer film per temperature vari-
ation. E, and v, are the relaxation modulus and
Poisson’s ratio of the polymer film, respectively.
T;and T are the final temperature of fully cured
polyimide film and the temperature when radius
is measured, respectively. When the biaxial mod-
ulus of the film is known, its thermal mismatch
between polymer film and silicon wafer due to
different thermal expansion coefficient can be ob-
tained from the slope of the resulting curve of
stress versus temperature by eq. (2). In addition,
WAXD was used for characteristics of molecular
order and orientation in these polyimide films.
WAXD patterns were collected using the 6-26
method in the reflection and transmission mode
over 3.5° < 260 < 60°. The measured X-ray diffrac-
tion (XRD) intensities were corrected by the back-
ground run and then normalized for the film sam-
ples by matching the integrated intensity over the
range of 58—60° (26).'*'® The X-ray generator,
CuKa radiation sources (A = 1.54 A) was run at
35 kV and 40 mA.

RESULTS AND DISCUSSION

The effect of curing history on the residual stress
behaviors of the linear structure BPDA-PDA and
hinged structure PMDA~ODA polyimides was in-
vestigated in this study. The thickness of polyim-
ide films was controlled by approximately by 10
pm (9-11 wm) to minimize the effect of thickness
deviation. Eight different imidization protocols
for the polyimide curing process are given in Ta-
ble I and Figure 1.

The residual stress behaviors with curing tem-
peratures were significantly different depending
upon the linear structure BPDA-PDA and the
hinged structure PMDA-ODA polyimides, as
shown in Table II.

The curing steps were reflected in the stress—
temperature profile. The resulting residual
stresses, as well as the slopes of cooling curve,
mean the thermal mismatch between polyimide
thin film and substrate during curing process. As
shown in Figures 3 and 4, the residual stress
behaviors of BPDA-PDA polyimide thin film are
investigated, depending upon the various curing
schedules.

For the BPDA-PDA polyimide films imidized
by one-step curing processes, the residual stress
and the slope of cooling curve were decreased
with increasing curing temperature from 11.7
MPa and 0.058 MPa/°C at 230°C to 5.15 MPa and
0.015 MPa/°C at 400°C, as shown in Table II.
Depending upon multistep curing processes, the
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Figure 3 Dynamic residual stress behaviors for the BPDA-PDA polyimide with

one-step curing processes.

residual stress and the slope of cooling curve were
decreased with increasing curing temperature
from 7.5 MPa and 0.032 MPa/°C at 230°C to 4.2
MPa and 0.007 MPa/°C at 400°C.

As shown in Figure 3, the highest residual
stress and slope at 230°C was observed. It may
show that the polyamic acid precursor (PAA) is
initially a relatively random coil polyelectrolyte
dissolved in a solvent NMP. During curing step,
imide groups appear along the chain backbone,
transforming the initial polyamic acid homopoly-
mer first into an imide—amic acid copolymer and
then ultimately into an imide homopolymer as
the curing temperature increase. With conver-
sion, the polymer chain significantly stiffens and
the random coil appearance diminishes. It may
show that the residual stress and the slope are
decreased as the cure temperature increases. It
means that the final residual stresses of polyim-
ide thin films were remarkably dependent to final

curing temperatures for the imidization of poly-
imide.

Also, the effect of the multistep curing process
on the residual stress and slope of cooling cycle of
polyimide was observed, as shown in Figure 4.
The residual stress and slope of cooling cycle of
polyimide with the multistep curing process was
more or less lower than that the polyimide with
one-step curing. The residual stress and slope of
cooling cycle of BPDA-PDA polyimide decreased
remarkably with annealing step process. It may
suggest that there is some equilibrium reached in
a dynamic process associated with the dwelling
temperature. When a higher temperature dwells,
certainly the chain mobility may exist, and fur-
ther molecular rearrangements may be possible
during step process. In addition, a higher final
curing temperature shows a more significant ef-
fect on slope of the cooling curve, as well as resid-
ual stress after cures, then the annealing step, as
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Figure 4 Dynamic residual stress behaviors for the BPDA-PDA polyimide with

multistep curing processes.

shown in Figure 5. It suggests that a curing tem-
perature may be one of important factors to lead
to a low stress in polyimide thin film, as shown in
Figure 5.

In addition, it may suggest that the morpho-
logical structure, degree of chain orientation,
packing, and crystallinity, are significantly re-
lated to the residual stress in polyimide thin film.

The effect of the thermal imidization history on
the residual stress behaviors was investigated.
WAXD measurement was performed for the
BPDA-PDA polyimide film in both transmission
and reflection pattern, which can give structural
information in the film plane and in the out-of-
film plane, respectively. WAXD clearly shows the
effect of cure temperature and multistep curing
on the degree of chain order in the films, as shown
in Figure 6.

The transmission data in Figure 6 show that
diffraction peaks, which reflect from the polymer

chain order along the chain axis, increase in
sharpness as curing temperature increase. The
intensity of a diffraction peak is indication of the
fraction of the ordered state in a material. These
are improved through imidizing at a higher tem-
perature and step curing. Thus, as the cure tem-
perature increases, the increased intensity signi-
fies that more of the BPDA-PDA chains are lining
up in an ordered state. For (004) diffraction, the
coherence length was estimated from Scherrer
equation.'®'” The coherence length was 105-125
A, depending on the curing history for the films
over imidized over 230—-400°C, as shown in Table
III. The enhancement in the intensity and shape
of the (001) peaks by imidization at higher tem-
perature for step curing might result from an
increase in the molecular in plane orientation, as
shown in Figure 6.

In contrast to the transmission experiments,
the reflection diffraction spectra depend on the
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Figure 5 Residual stress behaviors for the BPDA-
PDA polyimide films with different curing history.

degree of order in the a and b directions. The
dependency of cure temperature and step curing
on the molecular packing is clearly evident in the
reflection pattern. At low temperatures of curing,
there is a broad peak at 20 = 20° that appear to be
a fusion of the (110), (200), and (210). These are
very broad and ill-defined peaks in polyimide
films with low temperature curing process. It
means that the degree of chain order was rela-
tively low in polyimide thin film with low temper-
ature of curing process. As the curing tempera-
ture increases, the total area of the diffraction
pattern in the reflection mode increases slightly.
These diffraction peaks were very much enhanced
in intensity and shape for the samples cured with
high temperatures above 300°C. The (210) and

(200) peaks appeared for the samples imidized
above 350°C. Furthermore, for the (110) peak, the
position of the peak maximum was slightly
shifted in the high 26 region. It indicates that the
molecular packing order in the BPDA-PDA poly-
imide film has significantly improved by curing at
a higher temperature. In addition, the samples
that were cured by the multistep process, showed
increased intensity of peak in the range of 10—
30°, indicating enhancement of intermolecular
packing order. Thus, there is increase in the mass
of material that is ordered with respect to the a
and b directions of the crystal structure. The
(110), (200), and (210) reflection peaks are all
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Figure 6 WAXD patterns of the BPDA-PDA polyim-
ide films depending upon different curing histories.
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Table III Change in the (001) Peak of Polyimides with Different Curing Histories

Curing Final Cure d-Spacing Coherence Length
Process Temperature (°C) (A) (A)
BPDA-PDA A 230 7.46 105
BPDA-PDA B 300 7.60 115
BPDA-PDA C 350 7.80 118
BPDA-PDA D 400 7.87 123
BPDA-PDA E 230 7.51 106
BPDA-PDA F 300 7.72 118
BPDA-PDA G 350 7.87 120
BPDA-PDA H 400 7.96 125
PMDA-ODA A 230 14.48 71
PMDA-ODA B 300 14.72 72
PMDA-ODA C 350 14.78 74
PMDA-ODA D 400 15.12 75
PMDA-ODA E 230 14.48 71
PMDA-ODA F 300 14.75 72
PMDA-ODA G 350 15.85 74
PMDA-ODA H 400 15.12 75
40 I I I I 1 1 1 1
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Figure 7 Dynamic residual stress behaviors for the PMDA—ODA polyimide with
one-step curing processes.
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Figure 8 Dynamic residual stress behaviors for the PMDA—ODA polyimide with

multi-step curing processes.

indicative of interchain packing density and or-
der. It shows that at a given temperature, the
packing order apparently was improved by step
curing.

In a comparison of reflection and transmission
patterns, the multiple (001) peaks, which present
a high degree of the polymer chain order along the
chain axis, appeared on the transmission pattern,
indicating that polymer chains are highly aligned
in the film plane. In transmission pattern, the
intensity of the (004) peak, which is a probe of
in-plane orientation, was slightly varied by an-
nealing at a chosen step process and, however,
significantly increased by the elevation of curing
temperature. This result suggests that in-plane
orientation could be controlled by imidization
temperature than step curing process. Conclu-
sively, the degree of in-plane orientation and the
molecular packing order were enhanced by ther-
mal imidization at higher temperature with an-
nealing step process. It shows that there is a good

agreement with results of residual stress behav-
iors of polyimide thin films, as shown in Figure 5.

The flexible PMDA—-ODA polyimide was also
investigated, depending upon the same curing
process. The dynamic residual stress behaviors
are analyzed with the various curing conditions,
as shown in Table IT and Figures 7 and 8.

For the PMDA-ODA polyimide film imidized
by one-step curing, the residual stress and the
slope of cooling curve decreased from 37.7 MPa
and 0.123 MPa/°C at 230°C to 29.5 MPa and
0.081 MPa/°C at 400°C, respectively. For the
PMDA-ODA polyimide imidized by multistep
curing, the residual stress and slope of cooling
curve also decreased from 37.5 MPa and 0.112
MPa/°C at 230°C to 29.3 MPa and 0.079 MPa/°C
at 400°C, respectively. It is also clear that the
polyimide films imidized at a higher temperature
with the step cure showed a lower slope and re-
sidual stress than did the polyimide film at imi-
dized lower temperature with one step.
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Figure 9 Residual stress behaviors for the PMDA—
ODA polyimide film with different curing history.

Figure 9 shows that the residual stress of
PMDA-ODA polyimide thin films is continuously
decreasing as the curing temperature increase up
to 400°C. However, the residual stress behavior of
semiflexible PMDA-ODA polyimide thin film
with the multistep curing process was not signif-
icantly different with that of the PMDA-ODA
polyimide with the one-step curing process, as
shown in Figure 9. Also, there is a slight but not
very significant decrease in the slope of cooling
curve and the residual stress with the curing pro-
cess above 230°C in contrast to the residual stress
behavior of BPDA-PDA polyimide. It may indi-
cate that the ODA structure in PMDA—-ODA poly-
imide is inherently more flexible because of its
hinged character. Thus, it may not easily align

the chain order or alter its morphological change
of polyimide by high temperature curing.

Thus, WAXD measurements were performed
for the PMDA—ODA polyimide films. As shown in
Figure 10 and Table III, the transmission and the
reflection diffraction results are presented. The
transmission diffraction peak at 260 = 8° resulted
from the polymer chain-order, and its intensity is
increased as the curing temperature increase.
However, unlike the case of linear structure BP-
DA-PDA, the intensity and the shape of peaks for
the semiflexible PMDA-ODA polyimide does not
significantly depend upon the curing history. Fur-
thermore, there is little evidence of specific dif-
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Figure 10 WAXD patterns of the PMDA-ODA poly-
imide film depending upon different curing history.
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fraction patterns characteristic of scattering
planes in the in-plane direction, and there is no
change in the nature of this broad peak with
curing temperature increase, as shown in Figure
10. It means that there is no significant evidence
in the reflection spectra of any identifiable diffrac-
tion feature that anticipate significant develop-
ment of a or b axis cell order.

In addition, the low-angle diffraction peak be-
comes strong and sharp in the transmission pat-
tern of PMDA-ODA polyimide film imidized at
higher temperature with a multistep cure. The
diffraction peak in the region of 10-40° (26) im-
proves slightly but is still relatively broad. For
the low-angle peak, the d-space, which corre-
sponds to the projected length of the chemical
repeat unit ordered along the chain axis increased
from 14.72 A at 230°C to 15.12 A at 400°C.
Whereas the coherence length determined from
its half-width increased from 71 A at 230°C to 75
A at 400°C. The reflection patterns, which give
structural information in the out-of-film plane,
showed a broad peak, regardless of thermal imi-
dization history, as shown in Figure 10. The
broad peak is slightly sharpened as the curing
temperature and step cure, but the effect was
small. It seems that although the chain order in
PMDA-ODA can be improved somewhat by an-
nealing at higher temperature, no major depar-
ture from the order in polyimide films occurs re-
gardless of curing temperature and annealing
step. It may show that the chain rigidity of hinged
PMDA-ODA was relatively not sensitive to curing
history in comparison to rigid structure BPDA-
PDA.

It means that the residual stress behavior of
PMDA-ODA was not significantly dependent
upon curing history due to its relatively flexible
structure. It shows a good agreement with results
of residual stress behaviors of PMDA—ODA poly-
imide thin film, as shown in Figure 9.

CONCLUSIONS

The effect of curing history on the residual stress
in semiflexible poly(4,4'-oxydiphenylene pyromel-
litimide) (PMDA-ODA) and rigid poly(p-phe-
nylene biphenyltetra carboximide) (BPDA-PDA)
polyimides was investigated. The residual stress
and the slope the rigid structure BPDA-PDA
polyimide with increasing curing temperature
and the multistep process decreased from 11.7
MPa and 0.058 MPa/°C to 4.23 MPa and 0.007

MPa/°C. The semiflexible structure PMDA-ODA
polyimide with increasing curing temperature
and multistep process decreased from 37.6 MPa
and 0.123 MPa/°C to 29.3 MPa and 0.079 MPa/°C.
It is clear that the cured polyimide films at a
higher temperature with the multistep curing
process show lower residual stress than that does
the imidized polyimide film at lower temperature
with one-step process.

With WAXD results, the polyimide prepared at
high curing temperature and with the multistep
process shows a high order of molecular orienta-
tion in the plain of the film and a higher packing
order than the polyimide film prepared at a lower-
temperature curing temperature and with the
one-step process. In addition, it shows that the
morphological change (chain order, intermolecu-
lar packing, and coherence length) of rigid-struc-
ture BPDA-PDA was influenced significantly by
thermal curing history, whereas that of semiflex-
ible-structure PMDA-ODA was not relatively
sensitive. These residual stress behaviors of poly-
imide thin films show a good agreement with
WAXD results, such as polyimide chain order,
orientation, and intermolecular packing order,
due to curing history.

Therefore, it was found that the effect of curing
history on the residual stress behavior is depen-
dent upon the following polyimide backbone
chemistry: semiflexible PMDA-ODA and rigid
BPDA-PDA. However, the effect of curing history
on the residual stress as well as the morphologi-
cal change was significant in rigid BPDA-PDA
polyimide, but not in semi-flexible PMDA-ODA
polyimide. It suggests that the morphological
structure depending upon the curing history and
the polyimide backbone structure might be one of
important factors leading to the low residual
stress in polyimide thin films.

This work was supported by a grant No. KOSEF 96-
0200-06-01-3 from Korea Science and Engineering
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