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ABSTRACT: Four different p-PDA—-based polyimide thin films were prepared from their
respective poly(amic acid)s through thermal imidization at 400°C: poly(p-phenylene
pyromellitimide) (PMDA-PDA); poly(p-phenylene biphenyltetra carboximide) (BPDA-
PDA); poly(p-phenylene 3,3',4,4'-oxydiphthalimide) (ODPA-PDA); and poly(p-phe-
nylene 4,4'-hexafluoroisopropylidene diphthalimide) (6FDA-PDA). Water-sorption be-
haviors of polyimide films were gravimetrically investigated at 25°C and 22-100%
relative humidity by using the modified electromicrobalance (Thin Film Diffusion
Analyzer). The diffusion coefficients of water for the polyimides varies in the range of
1.6 to 10.5 X 107 '° cm?/s, and are in the increasing order: BPDA-PDA < PMDA-PDA
~ ODPA-PDA < 6FDA-PDA. The water uptakes of polyimides vary from 1.46 to 5.80 wt
%, and are in the increasing order: BPDA-PDA < ODPA-PDA < 6FDA-PDA < PMDA-
PDA. The water-sorption behaviors for the p-PDA-based polyimides are closely related
to the morphological structure; specifically, the diffusion coefficients in p-PDA—based
polyimide thin films are closely related to the in-plane orientation and mean intermo-
lecular distance, whereas the water uptakes are affected by the packing order. © 2000

John Wiley & Sons, Inc. J Appl Polym Sci 76: 1315-1323, 2000

Key words: water sorption; morphological structure; chemical structure; diffusion

coefficient; p-phenylene diamine

INTRODUCTION

High-temperature aromatic polyimides are used
in the fabrication of microelectronic devices, such
as interdielectric, a-particle-protecting, and pas-
sivation layers, because of their characteristic rel-
atively high thermal stability, high chemical re-
sistance, and excellent mechanical toughness
that result from the aromatic ring and imide ring
units on the chain backbone.!”* In the develop-
ment of advanced materials, knowledge of envi-
ronmental effects on the behavior of high-perfor-
mance polyimide is essential for the design and
selection of structural materials. However, de-
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spite their relatively high chemical resistance
characteristics, polyimides still absorb water in
some amounts.’'? Specifically, water absorbed in
polyimide films not only causes problems in reli-
ability,2® such as displacement, package crack-
ing, delamination, loss of adhesion, potential cor-
rosion, and mechanical failures in thin films, but
may also place processing constraints on device
fabrication. On uptake of water in polyimide
films, the dielectric constants and conductivities,
as well as the level of dielectric loss, will in-
crease.®% As to retaining or improving the dielec-
tric property, water uptake in films should be
minimized. Water-sorption behaviors are also
closely related to the stress relaxation in polyim-
ide thin films.>!! Therefore, the phenomenon of
water sorption is an interesting subject in the
design and selection of advanced structural ma-
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Figure 1 Schematic of polyimides prepared from their respective poly(amic acid)
precursors: (a) synthesis, (b) chemical structures.

terials for the fabrication of advanced microelec-
tronic devices with higher performance and better
reliability. One possible criterion concerning
choice of material for electronics applications
might be based on how quickly and to what extent
water permeates into it.

The water-sorption behaviors of polyimide thin
films have been widely studied by several re-
search groups using various methods.’'* Gener-
ally, water sorption into polyimide films is prob-
ably dependent on the chemical and morphologi-
cal structures, which originate in the processing
history. The goal of this work is to characterize
the water-sorption behavior in the p-PDA-based
polyimide thin films. The water-sorption charac-
teristics in thin films were investigated together
with the chemical backbone structure and the
morphological structure.

EXPERIMENTAL

Materials and Sample Preparation

p-Phenylene diamine (PDA), pyromellitic dianhy-
dride (PMDA), biphenyltetracarboxylic dianhydride
(BPDA), 4,4'-oxydiphthalic anhydride (ODPA), 4,4'-
hexafluoroisopropylidene diphthalic anhydride
(6FDA), and N-methyl-2-pyrrolidone (NMP) were
purchased from Aldrich Chemical Co. and Chriskev
Chemical Co. All the monomers were purified by

sublimation under reduced pressure or recrystalli-
zation. Poly(p-phenylene pyromellitamic acid)
(PMDA-PDA PAA) was prepared under nitrogen
atmosphere by adding PMDA to PDA in anhydrous
NMP as in previous studies'!! [see Fig. 1(a)].
These solutions had a solids content of 15 wt %.
Other poly(amic acid)s were prepared in the same
manner as PMDA-PDA PAA was synthesized:
poly(p-phenylene biphenyltetracarboxamic acid)
(BPDA-PDA PAA), poly(p-phenylene 3,3',4,4’-oxy-
diphthalamic acid) (ODPA-PDA PAA), poly(p-phe-
nylene 4,4’-hexafluoroisopropylidene diphthalamic
acid) (GFDA-PDA PAA) [see Fig. 1(b)].

All the polyimide precursors were spin-coated
on a silicon (100) substrate. Coated wafers were
prebaked at 80°C for 30 min on a hot plate. The
prebaked samples were then placed in the curing
oven and cured by the following schedule®~'':
150°C/30 min, 230°C/30 min, 300°C/30 min, and
400°C/60 min. The ramping rate was 2.5°C/min
and cooling rate was 2.0°C/min for the curing
process. The thickness was controlled in the
range of 10—15 microns by a spin coater.'®!® The
thickness of polyimide thin films was measured
by using a surface profiler (Tencor Instruments
Co., Model P-10). Then, the polyimide films were
taken off from the substrates with the aid of
deionized water and washed with distilled water
several times and dried. The fully cured films
were cut into rectangular pieces approximately 10
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Table I Vapor Pressure and Relative Humidity
of Aqueous Salt Solutions at 25°C

Equilibrium

Vapor Relative

Pressure Humidity
Aqueous Salt Solution (mmHg) (%)
H,0 23.76 100
Na,CO; - 6H,0 20.90 87
KNO, 16.70 71
Mg(NO,), - 6H,0O 11.90 52
CaCl, - 6H,0 7.08 31
KC,H;0, - (1.5)H,0 5.35 22

X 15 mm and fully dried in vacuum to use for the
water-sorption measurement.

Measurements

For the polyimide films, water-sorption behaviors
were measured over 22—-100% relative humidity
(RH) at 25°C as a function of time, by using a Thin
Film Diffusion Analyzer®!! (Cahn Instruments
Co., Model D-200) with a resolution of 0.1 ug.
More detailed procedures are described in previ-
ous studies.® 1! Measurements were carried out
in various humidities of 22—-100% RH. Then, in
various humidities of 22—-100% RH, five different
types of aqueous salt solutions were prepared in
distilled water, as shown in Table 1.

All the sorption isotherms were simulated with
Fick’s second law, which has been driven for an
infinite slab with a constant surface concentra-
tion by Crank and associates'®1”:

M(2) 8 1
M(x) 720 (2m + 1)?
—-D(2m + 1)%w%
X exp( 72 ) (1)

where M(t) is the water sorption at a time ¢, M ()
is the water sorption at ¢ = o, D is the mutual
diffusion coefficient of water and polymer sys-
tems, and L is the film thickness. The diffusion
coefficient is then consequently simulated by fit-
ting eq. (1) to normalized experimental data. Wa-
ter uptake means the amount of sorbed water per
unit mass of dried film in equilibrium state.

For the morphological structure of polyimide
thin films, wide-angle X-ray diffraction (WAXD)
patterns were obtained by a horizontal X-ray dif-

fractometer (Rigaku Co., Model D/Max-200B)
with nickel-filtered radiation. One diffractometer
was set up for the transmission mode (i.e., reflec-
tions from lattice planes normal to the film sur-
face) with a thin asymmetric cut (101) quartz-
plate monochromator, bent to a section of a loga-
rithmic spiral and located in the diffracted beam.
The other was used for the reflection mode (i.e.,
reflections from lattice planes parallel to the film
surface) with a curved graphite monochromator
in the diffracted beam. The CuK, radiation source
(A = 1.54 A) was operated at 35 kV and 40 mA. All
the WAXD measurements were carried out in 6/26
mode. The 260 scan data were collected in the
range of 5-60° at 0.02° intervals with a scan
speed of 0.3—0.5° min !, depending on whether a
reflection or transmission scan was being made.
The measured X-ray diffraction intensities were
corrected for the background run and then nor-
malized for the film samples by matching the
integrated intensity over the range of 58-60°
(26).

RESULTS AND DISCUSSION

The water sorption for the p-PDA-based polyim-
ide thin films, PMDA-PDA, BPDA-PDA, ODPA-
PDA, and 6FDA-PDA, were gravimetrically mea-
sured over 22-100% RH at 25°C. These results
are given in Table II.

The isotherms of water sorption for BPDA-
PDA were investigated with various relative hu-
midities and plotted as a function of time, as
shown in Figure 2. The sorption isotherms were
reasonably well fitted to a Fickian diffusion
model, irrespective of relative humidity and mor-
phological heterogeneities.® 111820 It shows that
the sorption behavior of small molecules in poly-
mers should be patterned after a Fickian diffu-
sion model, well below the glass transition tem-
perature of the host.16:17:21,22

The diffusion coefficient for BPDA-PDA varied
slightly in the range of 1.1 to 1.7 X 107'° cm?s
over 22-100% RH. Apparently, the diffusion coef-
ficients of water in BPDA-PDA polyimide thin
film were nearly invariant with various humidi-
ties within experimental error, as shown in Fig-
ure 3. It indicates that the water diffusion in
BPDA-PDA film apparently obeys Fick’s second
law, which assumes that the diffusion coefficient
is constant and not a function of concentration
in films. These are consistent with our previous
results®!® and several researchers’ results.!*2
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Table II Diffusion Coefficients and Water Uptakes in Polyimide Thin Films Prepared from

Poly(amic acid)s Based on p-PDA Diamine

Polyimide Thickness Relative Humidity Diffusion Coefficient Water Uptake
Structure (um) (%) D X 107'° (cm?%s) (wt %)

PMDA-PDA 12.20 22 3.6 1.09
31 3.8 1.46

52 3.6 2.65

71 3.7 3.62

87 4.1 4.51

100 3.6 5.80

BPDA-PDA 15.23 22 14 0.28
31 1.1 0.47

52 1.1 0.84

71 1.6 1.02

87 1.3 1.37

100 1.7 1.46

ODPA-PDA 13.02 22 4.1 0.35
31 3.9 0.52

52 3.8 0.92

71 3.8 1.12

87 4.2 1.42

100 4.1 1.72

6FDA-PDA 11.72 22 11.0 0.60
31 10.6 0.85

52 114 1.35

71 10.2 2.09

87 11.1 2.50

100 10.5 3.29

For the other polyimide thin films, PMDA-
PDA, ODAPA-PA, and 6FDA-PDA, the water-
sorption behaviors were investigated with the

1 ) 1 1
100 |- g
80 BPDA-PDA 7
L=15.23 pm
X
S 60 O 100% RH -
E A 87 %RH
< v 71 %RH
= & 52 %RH
2 40 v 31 %RH .
® 22 %RH
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Figure 2 Isotherms of water sorption of 15.23-um thick
BPDA-PDA films measured over 22-100% RH at 25°C.

same technique; similar results with BPDA-PDA
were observed, which were also independent of
relative humidity and nearly invariant with hu-
midity within experimental error, as shown in
Figure 3. The diffusion coefficient varied slightly
with humidity in the range of 3.6 to 4.1 x 10~ *°
cm?/s for PMDA-PDA, 3.8 to 4.2 X 10~ ° ¢cm?/s for
ODPA-PDA, and 10.2 to 11.4 x 10~ '° em?s for
6FDA-PDA, respectively. The apparent diffusion
coefficient of water in the polyimides as a function
of relative humidity is approximately constant,
which indicates that the water seems to be in a
relatively constant environment regardless of the
degree of water vapor concentration. It suggests
that the polyimides are relatively homogeneous
and the water is uniformly distributed in a more
or less uniform manner. However, the diffusion
coefficients of the p-PDA—based polyimide thin
films with different dianhydrides are quite differ-
ent from each other, strongly depending on the
chemical structure of the polyimide.

The water uptake was measured for these poly-
imide thin films as a function of relative humid-
ity. Surprisingly, the effects of relative humidity
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Figure 3 The effect of humidity on the diffusion
coefficient of the p-PDA-based polyimide thin films
measured at 25°C.

on the water uptake were significant, as shown in
Figure 4. Water uptake is clearly a function of
humidity for all the p-PDA—based polyimide thin
films. For BPDA-PDA film, the water uptake in-
creased with increasing relative humidity from
0.28 to 1.46 wt % in 22% and 100% RH, respec-
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Figure 4 The effect of humidity on water uptakes of

the p-PDA-based polyimide thin films measured at
25°C.

tively. For the other polyimide thin films, water
uptake is nearly a linear function of relative hu-
midity as with BPDA-PDA. It means that water-
sorption mechanisms of the p-PDA-based poly-
imide thin films obey Henry’s law.'®!¢'" How-
ever, the water uptakes of polyimide thin films
with different dianhydrides are quite different
from each other, strongly depending on the chem-
ical structure of the polyimide. Specifically, the
value of water uptake for PMDA-PDA is always
higher than that of the other polyimide thin films.
It suggests that PMDA-PDA has chemical or mor-
phological defects for the water sorption.®!

The effect of dianhydride chemical structure on
the water sorption and the isotherms of the p-
PDA-based polyimide thin films was measured
at 100% RH and 25°C (depicted in Fig. 5). The
diffusion coefficient of water in films varies in the
range of 1.7 to 10.5 X 10~ '° cm?/s, and is in the
increasing order: BPDA-PDA < PMDA-PDA
< ODPA-PDA < 6FDA-PDA. The water uptake
varies from 1.46 to 5.80 wt %, and is in the
increasing order: BPDA-PDA < ODPA-PDA
< 6FDA-PDA < PMDA-PDA. The water-sorption
isotherms of polyimide thin films with the same
p-PDA diamine are quite different from each
other, strongly depending on the chemical struc-
ture of the dianhydride. It may suggest that these
sorption behaviors of water in the p-PDA-based
polyimide thin films might be attributed to chem-
ical affinity and morphological structure.3-5
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Figure 5 Isotherms of water sorption for the p-PDA—
based polyimide thin films measured at 100% RH and
25°C.
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Several researchers®*~2° calculated the empir-

ical solubility parameter & of polyimides to water
molecules by the group-contribution method of
van Krevelen.!® Also, Han and associates®?’ ex-
perimentally introduced the chemical affinity to
water molecules by measuring the surface energy.
For the p-PDA-based polyimides, there are a
great variety of sites and bonds for the polyimide
chain at which water molecules can be bound,
which make a big difference in the chemical af-
finity to water. Generally, molecules with similar
values of the solubility parameter 6 are more mu-
tually soluble than molecules with disparate 6
values.?®?” Hydrogen bonding and polar group
may affect the solubility as well, because mole-
cules dissolve more preferentially in hosts with
similar degrees of hydrogen bonding.?¢?” In this
study, ODPA-PDA has a favorably hydrophilic
group to which the water molecule is linked in the
main chain, e.g., the ether group (—0O—). How-
ever, the 6FDA-PDA polyimide has an unfavor-
ably hydrophobic hexafluoroisopropylidene group
[—C(CF3),] linked to the water molecule in 6FDA
dianhydride. In the units of (cal/cm?®)"2, the solu-
bility parameter of water is 23.4. The values®® of
ether linkage and hexafluoroisopropyliene group
are 14.51 and 4.15, respectively. From the chem-
ical affinities and previous studies,®?5~27 one can
simply expect that the water sorption in the p-
PDA-Dbased polyimide thin film is in the decreas-
ing order: ODPA-PDA > PMDA-PDA > BPDA-
PDA > 6FDA-PDA. Surprisingly, it shows that
6FDA-PDA, which has hydrophobic groups in the
polymer chain, not only has a relatively higher
water uptake than BPDA-PDA and ODPA-PDA,
which have more hydrophilic groups, but also ex-
hibits the highest diffusion coefficient of water, as
shown in Figure 5. In addition, PMDA-PDA film
shows relatively lower diffusion coefficients of wa-
ter than does 6FDA-PDA film, which has the
highest hydrophobicity. It is surprising that
PMDA-PDA film exhibited high water uptake,
which may suggest that water sorption of polyim-
ide thin films may be significantly affected by
morphological structure,® ! including molecular
order, chain orientation, and packing.

For the morphological structure of polyimide
thin films, WAXD measurement (transmission
and reflection patterns) was performed for the
fully imidized polyimide films. The transmission
patterns give structural information about the
in-plane orientation of polyimide thin film,
whereas the reflection patterns give structural
information about the out-of-plane orientation of

&M

PMDA-PDA

T
=
3
=2

T

Figure 6 WAXD transmission patterns of the p-
PDA-based polyimide films prepared from poly(amic
acid) by thermal imidization at 400°C.

polyimide film.8~1128 The results of WAXD mea-
surement for the p-PDA-based polyimide thin
films are depicted in Figures 6 and 7.

For the fully cured polyimide thin films,
PMDA-PDA, BPDA-PDA, and ODPA-PDA, the
transmission WAXD pattern shows multiple
(007) diffraction peaks and one amorphous halo
peak in the c-direction of the unit cell. It indicates
that these polyimide films have a high degree of
order and orientation of the chain axis direction
parallel to the surface of the film.8~1! Specifically,
the 6FDA-PDA transmission pattern exhibited no
characteristic peaks, which indicates that 6FDA-
PDA has an amorphous structure. In addition to
the characteristic diffraction peaks, the mean in-
termolecular distances in the polyimide films?®%°
were calculated from the characteristic transmis-
sion peaks, as shown in Table III. The mean in-
termolecular distance varies in the range of 4.72
to 5.68 A, and is in the increasing order: PMDA-
PDA ~ ODPA-PDA ~ BPDA-PDA < 6FDA-PDA.
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Figure 7 WAXD reflection patterns of the p-PDA-
based polyimide films prepared from poly(amic acid) by
thermal imidization at 400°C.

However, there exists no great difference in the
mean intermolecular distance, except for 6FDA-
PDA. From the transmission patterns and the
mean intermolecular distances, it can be deduced
not only that all the p-PDA-based polyimide
films are anisotropic, but also that the imide
chains are mostly aligned in the film plane and

highly ordered because of the high chain rigidity
of the p-PDA diamine.? Specifically, 6FDA-PDA
shows the greatest mean intermolecular distance
in polymer chain. It may also show that the bulky
—C(CF3), chain group hinders the order of inter-
action in the polymer and leads to an amorphous
structure.

The reflection patterns for the p-PDA-based
polyimide thin films, however, are quite different
from the transmission patterns, as shown in Fig-
ure 7. The reflection WAXD pattern for the
PMDA-PDA polyimide exhibited only one amor-
phous halo peak and a slight indication in an
angle of 26.7°, which indicates that PMDA-PDA
has poor packing order. In spite of high in-plane
orientation and small mean intermolecular dis-
tance, the poor packing ordering of PMDA-PDA
may be the result of the limited chain mobility or
chain relaxation, which is closely related to the
glass transition temperature (7,). PMDA-PDA
has a relatively high T, (>500°C) (Table III). As
a result of the high T, over the final temperature
of curing process, for PMDA-DA, there will be
very limited mobility and less degree of chain
relaxation to permit any chain organization,
which may result in poor packing and the mor-
phological defects for water sorption.':8:11:30-32
Although similar reflection patterns were ob-
served for the ODPA-PDA and 6FDA-PDA poly-
imides, however, the additional shoulder diffrac-
tion peaks at ~ 9.5-10.5 and ~ 25.5-26.5° were
found for the ODPA-PDA and 6FDA-PDA polyim-
ides. Specifically, BPDA-PDA showed three (hkl)
peaks in the reflection pattern, such as (110),
(200), and (210). Of the diffraction peaks de-
scribed earlier, the shoulder diffraction peak
around 20-30° in the reflection pattern may be
related to the intermolecular packing order.!!
From the peaks of this range and characteristic

Table III Characteristics of Polyimide Films Prepared from Poly(amic acid)s

Based on p-PDA Diamine

Glass Transition

Polymer Film Thickness Temperature Mean Intermolecular

Structure (um) T, (°C) Distance®
PMDA-PDA 12.20 >500 4.72 A (18.80°)
BPDA-PDA 15.23 360 4.81 A (18.46°)
ODPA-PDA 13.02 380 4.72 A (18.80°)
6FDA-PDA 11.72 350 5.68 A (15.59°)

2 Obtained from References 2, 8, and 29.

b Calculated from the peak maximum of amorphous halo in the transmission WAXD pattern.
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diffraction peaks, it is speculated that the packing
order in the p-PDA-based polyimides is in the
increasing order: PMDA-PDA < 6FDA-PDA
< ODPA-PDA < BPDA-PDA. This order is fairly
consistent with that of water uptake in the p-
PDA-based polyimides.

Therefore, it was found that the water-sorption
behaviors for the p-PDA-based polyimides are
closely related to the morphological structure. In
particular, BPDA-PDA showed low diffusion coef-
ficient and water uptake because of the high ori-
entation and excellent interchain ordering.
Whereas PMDA-PDA showed a relatively high
water uptake resulting from the lesser degree of
packing order, which may come from a high glass
transition temperature, 6FDA-PDA showed a rel-
atively higher diffusion coefficient resulting from
the amorphous structure, although it has hydro-
phobic groups in the polymer chain.

CONCLUSIONS

For the fully cured p-PDA-based polyimide films,
water-sorption behaviors were gravimetrically in-
vestigated. The diffusion coefficient, over the con-
ditions investigated, is nearly invariant with hu-
midity within experimental error, which indicates
that a Fickian diffusion model with constant dif-
fusion coefficient is valid for this work. For the
p-PDA-based polyimide thin films, water uptake
is nearly a linear function of relative humidity,
which means that these polymers obey Henry’s
law. Water-sorption behaviors are quite different
from each other, strongly depending on the chem-
ical and the morphological structures. The water
uptake varies from 1.46 to 5.80 wt %, and is in
the increasing order: BPDA-PDA ~ ODPA-PDA
< 6FDA-PDA < PMDA-PDA. In particular, the
morphology of PMDA-PDA polyimide thin film
shows a relatively lesser degree of packing by the
restricted chain mobilities and low degree of
chain relaxation resulting from high glass transi-
tion temperature. PMDA-PDA revealed a rela-
tively higher water uptake. Conclusively, both the
chemical and morphological structures are impor-
tant parameters to control both water uptake and
diffusion coefficient, which significantly affect the
dielectric properties of polyimide films. However,
the morphological structure is a more critical pa-
rameter than the chemical structure in control-
ling it. Of the morphological structure, the diffu-
sion rates in films are closely related to the
in-plane orientation and mean intermolecular

distance, whereas the water uptakes are affected
by the packing order.
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