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Abstract

Copolyimide thin films, which has the low level stress and stress relaxation induced by water sorption, were characterized for potential
application as encapsulant, stress-relief buffer, and interlayer dielectrics. The polyimides studied are poly(p-phenylene pyromellitimide)
(PMDA-PDA), poly(p-phenylene 4,4'-hexafluoroisopropylidene diphthalimide) (fFFDA-PDA) and their random copolyimides with various
composition. These copolyimide films exhibited good combinations of physical and mechanical properties with low thermal expansion
coefficient (TEC) and residual stress behavior by appropriately selecting the ratios of the acid dianhydride component. For these copoly-
imides, residual stress increased in the range of —5 to 50 MPa, whereas stress relaxation induced by water uptake decreased in the range of
20.5-4.5 MPa at 30°C, 100% relative humidity with increasing 2,2’-bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA)
composition, respectively. The degree of in-plane chain orientation was directly correlated to the residual stress and stress relaxation
coefficient (S) in the film, which is an in-plane characteristic. However, the stress relaxation caused by the water uptake was significantly
influenced by packing order induced by chain mobility, which might occur during thermal imidization. Overall, the candidate for the low
level stress buffer application from the PMDA/6FDA-PDA copolyimide was both the 90/10 (= PMDA/6FDA in molar ratio) and 70/30

copolyimides. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Future multichip packing technologies are expected to
benefit from the use of polymers as interlayer dielectrics,
passivation layers and alpha particle barriers because of
their high thermal stability, relatively low dielectric
constant, high chemical resistance and easy processability
[1-4]. Despite their many advantages, the tendency of poly-
imide films to absorb moisture can pose serious reliability
problems, such as corrosion, internal shorts, delamination,
loss in dimensional stability, and reduction in mechanical
performance. Consequently, many studies have been
conducted on the transport and diffusion of moisture in
polyimide films [5—-8]. Also, the good mechanical proper-
ties are essential in multilevel packaging applications due to
residual thermal stresses caused by differences in thermal
expansion coefficient (TEC) between dissimilar materials
used in the multilayer structure [9—13]. However, these
requirements of polymer properties for more advanced
microelectronic applications are quite severe such that
they cannot be usually met by a single component polymer
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[14,15] Moreover, more functionality is demanded of polymer
dielectrics without compromising the existing properties.

Research conducted over the past decade has understood
the importance of considering the polymer film morphology
contributions to the residual stress and its moisture-induced
stress relaxation behavior of polymer films [5,6,16—19].
Poly(p-phenylene pyromellitimide (PMDA-PDA) film is
well known as a fully rod-like polymer with low residual
stress and low TEC, which are highly required in the fabri-
cation of microelectronic devices [20]. This approach is
very limiting with respect to the number of possible rigid
rod-like structures obtainable and synthetic flexibility. In
addition, fully rod-like PMDA-PDA exhibits a high modu-
lus, but is too brittle and fragile for application as well as
inherently poor adhesion properties. One approach to obtain
the combination of desired properties is copolymerizing a
rod-like polyimide system with a flexible and hydrophobic
component. This could provide enhanced adhesion,
increased toughness and low level water sorption without
sacrificing low TEC, high modulus of elasticity, and thermal
stability of polymer film. Especially, polyimide with bulky
di(trifluoromethyl) (CF;) groups has high transparency,
low dielectric constant, high gas permeability and water
resistance as merits [21-23].
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Fig. 1. PMDA/6FDA-PDA copolyimide films by thermal imidization at 400°C.

Poly(amic acid)s (PAAs) of PMDA/6FDA-PDA poly-
imides with various 2,2’-bis(3,4-dicarboxyphenyl) hexa-
fluoropropane dianhydride (6FDA) composition were
synthesized as a route to low stress polyimide as well as
structural modification and their effects on the morphology
and mechanical properties. The 6FDA units contributed to a
lower glass transition temperature (7,) and water uptake,
and the PDA contributed to a lower TEC. To achieve the
advantageous property characteristics including low stress
and moisture-induced stress relaxation, PMDA/6FDA-PDA
were used to investigate their morphological structure and
properties. Also, it should be possible that the high brittle-
ness of rod-like PMDA-PDA polyimide is successfully
healed with only a minor effect on the high modulus by
incorporating 6FDA into the polymer backbone.

The residual stress in the copolyimides with different
6FDA composition were measured using a thin film stress
analyzer (TFSA) over the processing temperature from 25—
400°C. And then, the moisture-induced stress relaxation of
fully cured copolyimide was measured at 30°C in 100%
relative humidity (RH) in TFSA and analyzed by the
Fickian process. These stress behaviors were interpreted
with the consideration of the morphological structure,
chain mobility, and thermal expansion parameter. For the
characteristic properties of polyimide thin films, morpho-
logical structures were examined using wide-angle X-ray
diffraction (WAXD) and prism coupler, for the chain
mobility, using dynamic mechanical thermal analyzer

(DMTA) and thermal expansivity by thermal mechanical
analyzer (TMA).

2. Experimental
2.1. Material and sample preparation

PAAs were synthesized in dry 1-methyl-2-pyrrolidinone
(NMP) at a concentration of 15% solids (w/w) by adding a
stoichiometric amount of the combination of dianhydrides
in a powder form to a mechanically stirred solution of the
p-phenylene diamine (PDA) under nitrogen atmosphere at
room temperature as shown in Fig. 1. Pyromellitic dianhy-
dride (PMDA) and p-phenylene diamine were vacuum
sublimed (Aldrich Co.). 2,2/—bis(3,4—dicarboxyphenyl)
hexafluoropropane dianhydride (6FDA) was obtained from
TCI Co., Ltd., and sublimed prior to use. NMP was used as
received from Aldrich Co.

PAAs were synthesized using an equimolar amount of
dianhydride or combination of dianhydride with diamine.
For the preparation of copolyimides, the ratio of anhydrides
(PMDA/6FDA) employed were 90/10, 70/30, 50/50, 30/70,
respectively. All precursor solutions were spin coated on
silicon wafers and soft baked at 80°C for 1 h. In addition,
precursor films were prepared on polished wafers that were
coated with an adhesion primer, 0.1 vol% r-aminopropyl-
triethoxy silane solution in 90 vol% ethanol/10 vol% water,
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and then used for dynamic stress measurements to prevent
the partial detachment of the film. The stress relaxation
behaviors of polyimide films were measured after conven-
tional thermal imidization from 25-400°C. The ramping
rate was 2.0°C/min, and the cooling rate was 1.0°C/min.
In addition, the thicknesses of polyimide films were
controlled range of 9—11 wm to exclude the thickness effect.
The one-side polished Si(100) wafer as substrate used in this
study was 76.2 mm diameter.

2.2. Measurement

The residual stresses of films were measured during
thermal imidization with cure process and subsequent cool-
ing, using a double He—Ne laser beam based TFSA [16—
20,24-26]. To determine the residual stress from the
measured radii of curvature, a well-known Eq. (1) was
employed [27]. The residual stress was calculated from
the measured radii of curvature using the following
equation:

E 21 1
o=—"—>"|—-—| (D
6(1 —v) 1 \ Ry R,

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 t are Young’s modulus, Poisson’s
ratio, and the thickness of the substrate, respectively. R,
and R, are the wafer curvatures measured before and after
the film deposition. For Si(100) wafer, EJ/(1 — vy) is
180 500 MPa [28]. Before use, the initial curvature and
the thickness of wafers were measured by using the TFSA
and the thickness gauge (SM1201, Teclock Co., Japan).
Stress relaxation due to water diffusion can be determined
by the measurement of the stress difference as a function of
time. Stress relaxation is generally due to creep as well as
moisture uptake in polymer film. The film stress relaxation
at a highly supercooled state is predominated by the moist-
ure uptake in humid environments due to the restricted chain
mobility [24-26]. For high temperature polyimides having
relatively high glass transition temperature, creep-induced
stress relaxation at room temperature is small to overall
stress relaxation. Thus, the stress relaxation is mainly
caused by the moisture so that the rate of stress reduction
may reflect that of water absorbed by the film. For films
in which the moisture uptake obeys Fick’s law, the stress
relaxation rate can be estimated by best fitting the moisture-
induced stress relaxation versus time curves. Thus, the stress
relaxation of polyimide thin film can be expressed quanti-
tatively from a macroscopic viewpoint by Fick’s laws of
diffusion [29-31]. If o(?) is the stress induced by water
diffusion at time ¢ and Ao is the difference between the
stresses at +=0 and 7= oo, then Eq. (2) gives the time
dependence of stress in terms of the stress relaxation

coefficient (S), and thickness (L) of thin film.

oo — 0w(1) 8 Z‘” 1
= 1 —
2
m

2 2
_m 2n—1)
X exp[ i St]. (2)

The experimental data was plotted with stress relaxation
ratio (og — o(1))/Ac as a function of L ". Using Eq. (2),
various values of § were assumed, and error between experi-
ment and relaxation was minimized to produce the fitted
apparent stress relaxation coefficient, S.

For the wide angle X-ray diffraction (WAXD) measure-
ments and other characteristic properties, these fully cured
films were removed from the substrate after soaking in
distilled water for 24 h. They were washed with distilled
water several times and dried. WAXD measurements
were conducted in the /26 method over 3.5-60° using a
Rigaku diffractometer (Model D/Max-200B) with CuKa
A=1.54 A) radiation source. Step and count data were
taken at 0.02° intervals a scan speed of 0.4°/min. The
measured WAXD patterns were corrected to the background
run and then normalized for the film samples by matching
the integrated intensity with the range of 58-60° (26)
[32,33]. For WAXD measurement, transmission runs in
which the diffraction vector is in the film plane can provide
structural information in the film plane, whereas reflection
runs in which the diffraction vector is in the direction
normal to the film plane can give structural information in
the direction of film thickness. For birefringence of poly-
imides films, prism coupling patterns were measured using a
Metricon prism coupler (Model 2010). The refractive index
in the film plane, n,, was measured in the transverse electric
(TE) mode, n, was measured in the transverse magnetic
(TM) mode by choosing the appropriated polarization of
the incident laser light as described elsewhere [9,20,34—
37]. All measurements were performed using a cubic
zirconia prism of npg = npy = 2.1677 at a wavelength of
632.8 nm. The birefringence (A = ny, — n.) is a measure of
the molecular orientation in the in-plane of the polyimide
thin film.

For the other characteristic property, DMTA (Polymer
Lab. MKIII) was used. The employed heating rate and
frequency was 5.0°C/min and 1Hz, respectively. The
thermal expansion properties were measured by a thermo-
mechanical analyzer (Du Pont Model 943). The measure-
ments were carried out under nitrogen at a heating rate of
10°C/min.

3. Results and discussion
3.1. Residual stress measurements

The residual stress behaviors measured on Si(100)
substrate were shown in Fig. 2, and the analyzed results
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Fig. 2. Residual stress behavior of copolyimide film by thermal imidization
at 400°C.

are summarized in Table 1. For the precursor films, the
stress was 22—27 MPa, depending on the degree of drying
as well as the concentration of 6FDA, 27 MPa for the
PMDA-PDA PAA film and ca. 22 MPa for the 6FDA-
PDA PAA. The stress difference between these polyimide
precursor films is only 5 MPa.

However, the stress behavior of the copolyimide precur-
sor film is strongly dependent on the composition of dian-
hydrides during thermal curing. For rod-like PMDA-PDA,
the residual stress and slope of cooling curve after fully
cured at 400°C was —5 and 50 MPa for 6FDA-PDA. As
the concentration of 6FDA increased, the residual stress
drastically increased to 10—50 MPa for the PMDA/6FDA-
PDA copolyimide. The high stress component, 6FDA-PDA
significantly influenced the stress in the copolyimide films.
On cooling at 400°C, for 6FDA-PDA polyimide with a rela-
tively low T, the stress started to increase rapidly at ca.
375°C, whereas for PMDA/6FDA-PDA copolyimide with
a high T, > 400°C increased gradually from 400°C. Even if
the small proportion of 6FDA having a flexible linkage is
added into the chain structure, the copolyimide structure is

Table 1

disturbed, and a large development of stress occurred. This
means that the incorporation of larger bulky fragment into
the copolyimide backbone influence the increase in TEC
and easier chain mobility.

In particular, for the PMDA-PDA, the residual stress
decreased with the cooling temperature in compression
mode and varied to —5 MPa at 25°C. This means the curva-
ture of film/substrate warps to the film side and then flips
inversely to the substrate side when thermally cycled over
25-400°C. This phenomenon may severely deteriorate the
interfacial stability in the package, sometimes leading to the
interfacial failure. Therefore, for the substrates coated with
polyimide, the level of residual stress should be kept as low
as possible in a single mode. This shortcoming in PMDA-
PDA may be resolved at once by the incorporation of 6FDA.
The PMDA/6FDA-PDA (90/10) significantly improves the
toughness of a given brittle PMDA-PDA without sacrificing
low residual stress kept in a single mode.

3.2. Stress relaxation measurements

The stress relaxation of PMDA/6FDA-PDA copolyimide
films was also studied in ambient air at 30°C, 100% RH at
room temperature. In general, the stress of a polymer film on
a substrate in air ambient relaxes due to moisture uptake.
The stress relaxation results of the copolyimide films are
illustrated in Fig. 3. When a copolyimide film on Si
substrates was exposed to ambient air with 100% RH, the
stress rapidly relaxed with time at the initial stage, thereafter
gradually decreased, and finally leveled off. The stress
difference between the initial and relaxed states reflects a
degree of moisture uptake. The stress relaxation plots show
that the PMDA-PDA polyimide relaxed more in comparison
with the 6FDA-PDA polyimide. The copolyimide films
showed water uptake behavior intermediate between those
of the component. The stress relaxation Ao was 20.5 MPa
for the PMDA-PDA, 17.1 MPa for the 10/90 (= PMDA/
6FDA in molar ratio) copolyimide, 11.7 MPa for the 30/
70 copolyimide, 9.5 MPa for the 50/50 copolyimide,
7.0 MPa for the 70/30 copolyimide, and 4.5 MPa for the
6FDA-PDA. Therefore, we suspect that the PMDA-PDA
films absorb more water in comparison with the 6FDA-
PDA because the magnitude of Ao in the relaxation may

Residual stresses of PMDA/6FDA-PDA polyimides at 30°C after full cure at 400°C for 1 h

Molar ratio PMDA/6FDA Residual
stress after

full cure at

Slope in cooling curve (MPa/°C)

Thickness (m)

25°C (MPa)

0/100 50 0.1287 10.3
30/70 47 0.1199 11.3
50/50 33 0.0781 11.0
70/30 21 0.0423 11.2
90/10 15 0.0012 10.9
100/0 -5 —0.0515 10.7
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Fig. 3. Moisture-induced residual stress relaxations of the PMDA/6FDA-
PDA copolyimide films on Si measured at 30°C and 100% RH as a function
of time.

reflect the amount of water absorbed by the film. The initial
slope in the Ao versus time plot indicates the stress relax-
ation coefficient induced by moisture diffusion. The steeper
slope results from the faster diffusion coefficient in the films.
The stress relaxation rate, S was 16.30 X 107" ¢cm?s for the
PMDA-PDA film and 67.38 X 10~"" cm®/s for the 6FDA-
PDA polyimide as shown in Table 2.

These stress relaxation behaviors may be attributed to
the difference in their chemical structures or their morph-
ologies. By comparing the chemical structures of PMDA-
PDA and 6FDA-PDA, one can attribute the slower stress
relaxation induced by water diffusion in the films of 6FDA-
PDA to the presence of the —C(CF;),-hexafluoroisopropyli-
dene linkage. This linkage can be treated as a diffusion
unfavorable site since it is hydrophobic [37-39]. However,
stress relaxation rate of 6FDA-PDA is much more rapid than
that in PMDA-PDA films. From this standpoint, the signifi-
cant difference between their stress relaxation rates can be
attributed to the morphological difference in their crystal-
linity or packing order. However, the extent of stress relaxa-
tion of rod-like PMDA-PDA having higher crystallinity is
significantly higher than that of amorphous 6FDA-PDA.
This suggests that PMDA-PDA has morphological defect
for the water uptake.

Table 2
Residual stress relaxation behavior of PMDA/6FDA-PDA polyimides at
30°C after full cure at 400°C for 1 h

Molar ratio PMDA/6FDA Stress relaxation Stress relaxation, AS
coefficient, S

(%107 cm?s)

0/100 16.30 20.5
30/70 25.20 17.1
50/50 40.40 11.7
70/30 42.85 9.5
90/10 54.56 7.0
100/0 67.38 4.5

3.3. Morphological structure

The morphological structures of the homopolyimides and
the copolyimides from four composition system can be
obtained from WAXD patterns of the polyimides shown
in Fig. 4.

For PMDA-PDA, the transmission pattern apparently
shows multiple diffraction peaks from the high chain order-
ing along the chain axis, but exhibits only on amorphous
halo peak in the reflection pattern. These indicate that
PMDA-PDA chains are mainly oriented in the film plane
and highly ordered due to the rod-like chain nature,
but irregularly packed together. The lack of regular inter-
molecular packing might be the result of the limited chain
mobility due to its high glass transition temperature.

The transmission patterns show that the (001) peaks were
affected by the 6FDA-PDA composition. The (001) peak
became weak and broad as the concentration of the 6FDA
component increased. The (001) peaks were significantly
broadened in the film imidized from the copolyimide
precursor with only 30 mol% 6FDA-PDA, and almost
disappeared particularly for the film from the copolyimide
from the precursor with 50 mol% 6FDA-PDA. The multiple
(001) peaks have appeared only in the transmission geo-
metry in >50 mol% PMDA-PDA ratio, indicating that the
polyimide molecules ordered highly along the chain axis are
preferentially aligned in the film plane. For this reason, the
residual stress of both the 90/10 and 70/30 copolyimide
revealed relatively low level because higher in-plane orien-
tation in the film causes low in-plane TEC, causing low
stress in the tension mode. In fact, the PMDA-PDA has
only a rod-like conformation per repeat unit with a limited
rotational freedom, resulting in the inherent high chain order
along the chain axis. Thus, the weakening of the higher
ordered (001) peaks for the copolyimide films containing
above 50 mol% 6FDA molar ratio might result from the
disturbance of the molecular in-plane orientation caused
by the bulky di(trifluoromethyl) groups.

The reflection pattern was also influenced by the 6FDA
fragment. 6FDA-PDA polyimide revealed structureless
WAXD patterns. 6FDA-PDA showed three broad peaks in
the reflection as well as the transmission pattern. The first
diffraction peak at 15.34° can be assigned as the first order
amorphous halo, consequently giving the mean intermol-
ecular distances of 5.8 A. These might result from very
poor chain ordering caused by the bulky di(trifluoromethyl)
group. The PMDA-PDA showed an amorphous halo at 21°.
However, the amorphous halo is relatively much sharper in
shape and in intensity for the PMDA-PDA than the 6FDA-
PDA. Also, this amorphous halo shifted left and the inten-
sity of the halos drastically decreased as the content of
6FDA-PDA increased in the copolyimide. This means that
the population of the ordered phase is higher in the PMDA-
PDA than in the 6FDA-PDA.

Generally, water diffusion probably occurs in the amor-
phous region with looser molecular packing. 6FDA-PDA
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Fig. 4. WAXD patterns of PMDA/6FDA-PDA copolyimide films.

indeed leads to lower crystallinity and, simultaneously, to
looser molecular packing in the amorphous region in
WAXD. This suggests that morphological structures, such
as lower population of ordered phase and crystallinity in
6FDA-PDA polyimide leads to a higher stress relaxation
rate (S) despite having hydrophobic hexafluoroisopropyl-
idene linkage. This result indicates that the major factor in
determining the magnitude of the stress relaxation rate
induced by water diffusion in films should be the morpho-
logical factor rather than water affinity.

However, stress relaxation variations in the copolyimides
do not follow this prediction. PMDA-PDA exhibited the
highest stress relaxation in spite of small mean inter-
molecular distance and higher crystallinity, compared to
the other copolyimides. These may be attributed to high
levels of morphological defects, e.g. relatively large-scaled
free volume and voids possibly formed by the insufficient
chain mobility due to rod-like chain characteristics during
the thermal imidization. As a result of the high T, over the
final curing temperature of curing process, there will be very
limited mobility and less degree of chain relaxation to
permit any chain organization, which may result in poor
packing order and the morphological defects for water
uptake [5,6,17,25]. Compared to the reflection patterns of

PMDA-PDA, similar reflection patterns were observed for
the other copolyimides; however, the additional shoulder
diffraction peaks at 20-30° were found as the 6FDA com-
position increases. This shoulder diffraction peak in the
reflection pattern may be related to the intermolecular pack-
ing order. From the peaks of this range, it is speculated that
the packing order in the ordered phase increased with
increasing 6FDA units. This indicates that chain mobility
during thermal process is also important to the degree of
stress relaxation due to water uptake.

The molecular orientation in the polyimide was further
studied by film refractive indices and birefringence
measurement. The results are summarized in Table 3. The
in-plane refractive index (n,,) and the out-of-plane refrac-
tive index (n,) at a wavelength of 632.8 nm varied in the
ranges 1.7168—1.7474 and 1.6409-1.6595 depending on
those of components, respectively. The estimated film bire-
fringence, which is a measure of molecular orientation,
increased from 0.0705 to 0.0925 as ratio of 6FDA
decreased. This indicates that the high level of in-plane
orientation of rod-like polyimide chains gets disturbed
with increasing 6FDA. During the thermal imidization, the
presence of the bulky hexafluoroisopropylidene groups may
increase the tendency such that the polymer molecules are
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Optical properties in thin films of polyimides
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Molar ratio PMDA/6FDA Refractive index” Birefriengence Film thickness (um)
In-plane (n,,) Out-of-plane (n,)
0/100 1.5844 1.5752 0.0092 10.3
30/70 1.6141 1.5879 0.0262 11.3
50/50 1.6535 1.5875 0.0660 11.0
70/30 1.7012 1.5886 0.1126 11.2
90/10 1.7617 1.5892 0.1725 10.9
100/0 1.8202 1.5902 0.2300 10.7

* Measured at 632.8 nm (i.e. 474.08 THz).

randomly oriented in the film, ultimately leading to a
decrease in the in-plane orientation of polymer chains.
Therefore, the higher thermal mismatch-induced residual
stress in the tension mode and faster moisture-induced stress
relaxation in the compression mode in the copolyimide
result mainly from the disturbance of molecular in-plane
orientation (lower birefringence) in film, as presented in
Table 3.

3.4. Thermal properties

In addition to the molecular order and orientation, the
chain mobility should be considered as a key factor in influ-
encing the stress behavior. The chain mobility is directly
related to the 7, which is a measure of chain flexibility. In
other words, the temperature and magnitude of the mech-
anical relaxation are critically dependent upon the chain
rigidity, ordered structure, and cooperativeness of the
segmental motion. Higher chain flexibility leads to lower
T,, providing higher chain mobility. 7,s of the polyimide
were examined as shown in Fig. 5. Here, for each copoly-
imide, the dynamic mechanical properties (storage modulus
and tan &) were superimposed to compare them with the
temperature range 25—-500°C. All the copolyimides exhibited
a single T,, which vary between those of the components.

PMDA-PDA did not show glass transition over 50—
500°C, indicating that its T, is higher than 500°C, whereas
the 6FDA-PDA showed a relatively sharp glass transition
over the range of 350-400°C. The copolyimide films
exhibited intermediate glass transition behavior between
those of the components. From the tan & profiles, T, was
estimated to be >460°C for the 70/30 copolyimide, 450°C
for the 50/50 copolyimide, 430°C for the 70/30 copoly-
imide, and 375°C for 6FDA-PDA homopolyimide. In the
copolyimide films, 7, decreased as the concentration of
6FDA increased. In particular, the tan 6 of 6FDA-ODA
showed a sharp glass transition, whereas the other copoly-
imides relatively exhibited broad transition. It was in good
agreement with the absence of (001) peak due to intrinsically
amorphous structure in the polyimide thin films based on the
morphology.

In comparison to PMDA-PDA, 6FDA-PDA is relatively
less rigid. The magnitude of tan § is sharper and higher than

that of copolyimide, indicating that 6FDA-PDA is more
mobile. This sharp and high magnitude of tan 6 might be
due to both lower polyimide chain rigidity and less crystal-
linity. That is, the accelerated chain mobility induced by
lower T, and crystallinity in 6FDA-PDA during thermal
imidization may approve the stress development of fully
cured in PMDA/6FDA-PDA. In these results, the tan &
shifts systematically to lower temperature with increasing
contents of 6FDA-PDA. This suggests that 6FDA molecules
were well dispersed in a matrix of PMDA/6FDA-PDA
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Fig. 5. Temperature dependence of the dynamic tan 6 as function of
composition. The copolyimide films were thermally imidized at 400°C.
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Fig. 6. Thermomechanical analysis for PMDA/6FDA-PDA copolyimide as
function of composition.

copolyimide. Additionally, this may be used in explaining
why the amount of stress relaxation decreases with the
increase in 6FDA incorporation. During thermal imidi-
zation, the imidized PMDA-PDA chains are immediately
frozen because the T, is higher than the final imidization
temperature (400°C). Under this circumstance, microvoids
generated in thermal imidization process may not be healed
completely. The limited chain mobility may contribute to
the relatively high water uptaking site and then higher stress
relaxation. Thus, unfavorably high stress relaxation due to
water uptake in rod-like PMDA-PDA having morphological
defect due to its high T, decrease as the 6FDA-PDA compo-
sition having more chain mobility increase during thermal
imidization.

The film stress is mainly contributed by the thermal stress
component, which is proportional to several factors, such as
mismatched TEC («,, a) and modulus (£). For Si(100), the
o is 3.0 ppm/°C over 25-400°C. Therefore, the film stress
mainly depends on the factors, afand E. As shown in Fig. 5,
E decreased with increasing concentrations of 6FDA,
contributing to the lower film stress. Despite the lowering

Table 4

of stress by the decrease in E, the copolyimide film showed
high thermal mismatched stress, indicating that a; was
significantly increased by the 6FDA incorporation. In
addition, the relatively low T, of 6FDA-PDA component
may provide relatively high molecular mobility in their
copolyimides with PMDA-PDA having undergone thermal
curing, consequently allowing a limited level of moisture-
induced stress relaxation.

The effect of 6FDA molar ratio on TEC in copolyimide
was obtained by TMA from 25 to 300°C under nitrogen at a
heating rate of 10°C/min. Fig. 6 shows the effect of com-
positions of dianhydride on the elongation, temperature
behaviors of the copolyimide. As expected from molecular
structures and stress behaviors, PMDA-PDA exhibited stiff
and hard properties while 6FDA-PDA had a flexible and soft
behavior. In Table 4, the elongation was 0.81% for PMDA-
PDA, and 3.12% for 6FDA-PDA. Copolyimide films of
these components exhibited mechanical properties between
those of the components. The slope of the elongation curve
became steeper as molar ration of 6FDA increased. This
could be attributed to the systematic variation in the film
orientations and chain mobility as observed in the X-ray
measurement and DMTA results.

4. Conclusion

With 2,2'-bis(3,4-dicarboxyphenyl) hexafluoropropane
dianhydride (6FDA), pyromellitic dianhydride (PMDA)
and p-phenylene diamine (PDA), the homopolyamic acids
and copolyamic acids were synthesized and thermally
converted to the polyimides in thin films. In this study, the
weak elongation and overbrittleness of rod-like PMDA-
PDA was successfully healed with only a minor effect on
the high modulus and low thermal expansion by incorporat-
ing 6FDA into the copolymer backbone having low level of
residual stress induced by thermal mismatch between
the film and the substrate. In particular, for the (90/10)
PMDA/6FDA-PDA copolyimide, the residual stress main-
tained low level with temperature in tension mode. Thus, for
this interfacial stability, addition of <10 mol% 6FDA was
proposed to deliver a minimized stress in the mechanically
stable copolyimide.

For these copolyimides, residual stress increased in the
range of —5 to 50 MPa, whereas stress relaxation induced

Thermal expansion properties and glass transition temperature of PMDA/ 6FDA-PDA copolyimide by thermal imidization at 400°C for 1 h

Molar ratio PMDA/6FDA Elongation (%)

T, (°C) by DMTA

Thickness (pm)

0/100 3.12 375
30/70 2.10 430
50/50 1.07 450
70/30 1.05 > 460
90/10 0.91 -
100/0 0.81 -

10.3
11.3
11.0
11.2
10.9
10.7
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by water uptake decreased in the range of 20.5-4.5 MPa
with increasing 6FDA compositions, respectively. The
stress relaxation results due to water uptake indicated that
PMDA-PDA absorbs more water than 6FDA-PDA, and
their compolyimides showed stress relaxation intermediate
between those of both components. This indicated that chain
mobility during thermal process is also important to the
degree of stress relaxation due to water uptake. Overall,
the major factor in determining the magnitude of the stress
behavior induced by both the thermal mismatch and water
diffusion in films should be the morphological factor such as
in-plane orientation, crystallinity, molecular packing order
and microvoids. The degree of in-plane chain orientation is
directly correlated to the residual stress and stress relaxation
coefficient (S) in the film, which is an in-plane character-
istic. However, the stress relaxation caused by the water
uptake is significantly influenced by packing order due to
restricted chain mobility or chain organization, which might
occur during thermal imidization. Their morphological
structures were examined by WAXD and prism coupler,
and for thermal properties using DMTA and TMA. In
conclusion, both the 90/10 (=PMDA/6FDA in molar
ratio) and 30/70 composition of the PMDA/6FDA-PDA
copolyimide films, which had the low level stress showed
the possibility in potential application as encapsulant, stress-
relief buffer, and interlayer dielectrics. However, the degree
of stress relaxation induced by water uptake still remained
high because the imidized copolyimide chains had higher 7,
than the final imidization temperature (400°C) during
thermal imidization. Under this circumstance, microvoids
generated in thermal imidization process may not be healed
completely.
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