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SYNOPSIS

A general formula correlating the bending curvature variation ratio of a layered structure
caused by solvent-induced swelling in its polymer overcoat with diffusion time under case
11 diffusion has been presented. In the event of case II diffusion, the diffusion front velocity,
v, can be calculated by using this formula and measured by a bending-beam apparatus. At
room temperature, the diffusion of n-methyl-pyrrolidone (NMP) solvent in the film of
pyromellitic phenylene diamine (PMDA-PDA) is case II. While in PMDA-B (-benzidine)
and benzophenone tetracarboxylic dianhydride (BPDA-PDA), no diffusion progress can
be observed. But, the diffusion in 6F-dianhydride- (6FDA-PDA) is case I with D = 0.85
X 107? em?2/s. It becomes anomalous when mixing with 25% PMDA-B, but becomes case
1I diffusion with more PMDA-B. The preabsorbed moisture in the films does not affect the
v value. In PMDA-PDA, v = 7.3 X 10°® cm/s. In the 25/75 and 50/50 6FDA-PDA/

PMDA-B blends, v = 6.3 and 11.3 X 10® cm/s.

INTRODUCTION

Polyimide films exhibit excellent mechanical prop-
erties, low dielectric constant, high glass transition
temperature, and low thermal expansion coeffi-
cient."”? They can be used as interlayer dielectrics,
a-particle protection coating, and thermal-me-
chanical buffer layers in microelectronic devices.*”’
During the fabrication of these devices, the polyim-
ide films may be spin-cast a layer of photoresist.
After certain processes, the photoresist layer will be
removed from the polyimide films. This is usually
done by using stripping agents, such as n-methyl-
pyrrolidone (NMP) solvent. The polyimide films
will then be exposed to the solvent and swell. This
swelling behavior may have some undesired im-
pacts. Furthermore, in the fabrication for multilevel
interconnection packaging the polyimide films would
be in a multilayered form. The preformed layers of
polyimide will be exposed to the solvent from the
later cast films of polyamic acids, for example. In
this case, diffusion of solvent into the preformed
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films will also result in swelling, enabling the dif-
fusion of polyamic acids into the solid polyimides.
Such a diffusion behavior is crucial to the strength
of autoadhesion of the two neighboring layers.®
Therefore, it is definitely necessary to have a thor-
ough understanding of the characteristics of solvent
diffusion in polyimide films.

Diffusions of solvents in polyimide films have
been studied for a few years.®! In these studies,
only the semi-flexible polyimide pyromellitic dian-
hydride-4,4'-oxydianiline PMDA-ODA has been
most intensively examined. Other semiflexible or
rigid rod-like polyimides have not been much stud-
ied. Therefore, it is our intention to investigate the
diffusions of solvent in several different polyimides
with semiflexible and rigid rod-like chain structures.
The polyimides chosen for this study are semiflexible
6F-dianhydride-p-phenylenediamine (6FDA-PDA),
rigid rod-like pyromellitic phenylene diamine
(PMDA-PDA), pyromellitic-benzidine (PMDA-B),
and 3,3',4,4'-benzophenone tetracarboxylic dian-
hydride- phenylene diamine (BPDA-PDA), and
their blends.

Many techniques have been used to study the
transport of solvents in polymers. They include
techniques of using a piezoelectric quartz microbal-
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ance, digibridge capacitor, interferometer, bending-
beam apparatus, and Rutherford backscattering
spectrometer, etc.l®® Among these, the bending
beam technique is a relatively convenient and sen-
sitive method. It has been successfully applied by
Berry et al.'* and Jou et al.!%'7 in the measurements
of the diffusions of moisture or water in epoxy coat-
ings on copper sheets and polyimide films on silicon
substrates, respectively. These diffusions all belong
to case I. Due to mathematical complications, no
theoretical model has yet been developed for the
bending-beam diffusion technique in the event of
case II diffusion. This will, consequently, greatly
limit the usage of the technique because many sol-
vent diffusions in polymer films are case II diffusion.
In this report, we will present a new developed model
for the bending-beam diffusion technique for case
II diffusion. According to the model, we are able to
determine the diffusion front velocity constants of
NMP solvent diffusion in various polyimide films
using a modified bending-beam apparatus.

THEORY

The diffusion of solvents in various polymers has
been found to obey a case II diffusion mechanism.®
Case II diffusion can be characterized as follows: (1)
upon sorption, the weight gain with respect to time
is linear; (2) a sharp swelling interface separates
the inner unswollen region from the outer swollen
region, and there is a uniform concentration of pen-
etrant across the swollen layer; and (3) the sharp
swelling interface advances at a constant velocity.
As known, a given polymer will swell upon uptaking
solvent during diffusion. If the polymer is cast as a
film on a layered substrate, swelling in the polymer
film will cause the substrate to bend. By measuring
the change of the bending curvature in the polymer-
coated bilayered structure, one would be able to
monitor the diffusion process if the bending cur-
vature variation of the structure, caused by solvent
diffusion-induced swelling in its polymer overcoat,
can be correlated to diffusion time. Such a correla-
tion has been established according to the charac-
teristics mentioned above and will be described in
the following section.

At any diffusion time, ¢, the polymer overcoat
can be divided into two layers, one of which is for
the unswollen region and the other the swollen re-
gion. As shown in the schematic diagram of Figure
1, the unswollen and swollen layers are denoted as
2 and 3 and with thicknesses of d;(t) and ds(¢),
respectively. The difference between the swollen and
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Figure 1 Schematic diagram of a layered substrate
coated with a polymer film upon solvent diffusion. The
film is divided into swollen and unswollen parts with layer
thicknesses of ds;(t) and d,(t), respectively, at a given
diffusion time, t.

unswollen layers is that there is a hygroscopic strain
in the swollen layer while both layers may, in most
cases, have an intrinsic strain upon casting and cur-
ing prior to diffusion. Since layers 2 and 3 in Figure
1 have different mechanical characteristics, includ-
ing the substrate layer 1, the whole structure should
be treated as a trilayer structure. Similar to the
method used in deriving other models, %2 we derive
this model according to the three general balance
equations. These equations consist of an internal
force balance, internal strain change balances at in-
terfaces, and a moment balance.

Internal Force Balance

According to the force balance equation, summation
of the internal forces in the three different layers
should be equal to zero at any given diffusion
time, ¢t.

Fi(t) + Fo(t) + Fa(t) = 0. (1)

Strain Change Balance at Interface

At interfaces, upon diffusion, the variations of the
internal strains of any two neighboring layers should
be equal and one has the following relations.
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where E*(t) is denoted as biaxial modulus, E(¢)/
(1 —»), and E and » Young’s modulus and Poisson’s
ratio. Width is denoted as W. R is the bending cur-
vature radius of the trilayer structure. ¢; is denoted
as the intrinsic strain in the 2 and 3 layers and ey
the hygroscopic strain in the swollen 3 layer of Fig-
ure 1.
The hygroscopic strain ¢y is defined as

€g = SCO. (4)

where C, is the concentration of penetrant or solvent
in the swollen layer and S is the linear swelling pa-
rameter of the polymer film. The polymer film may
be elastically anisotropic; i.e., its mechanical prop-
erties in the film plane direction may be different
from those in the transverse direction. Conse-
quently, the linear swelling parameters in the plane
and transverse directions may not be the same.
However, in layered structures, only those properties
in the plane directions are considered. The linear
swelling parameter, S, used here is for the plane
direction and will not be specified in later derivation.

Moment Balance

In this balance equation, the total moment of the
internal forces should be counteracted by that due
to bending. Therefore, one obtains

M, (t) + Ma(¢8) + Ms(2)

+ Fl(t)(%) + Fg(t)(dl + d"’Q(t))

+F3(t)(d1+d2(t)+dsT(t)):0, (5)
where
_WErdit) .
Mi(t)—m—, 1=1,2,3.

From egs. (1), (2), (3), and (5), the radius of
bending curvature, R(t), can be expressed in the
terms of the mechanical and time-dependent and
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time-independent geometric parameters. It is, of
course, also a function of the intrinsic and hygro-
scopic strains. Without simplification, the expres-
sion for R(t) will be very lengthy and complex.
However, in most cases, it is usually true that d; or
ds < d, and E, or E; < E;. One can therefore express
the bending curvature radius, R(t), in a much sim-
plified way as follow.

6ETd3(E}dy(t) + E5ds(t))e
+ 6ETd}Esds(t)en
(ET)*(d))* )

1/R(¢) = (6)

According to this equation, the initial bending
curvature 1/R(0) can be expressed as

6EYd3E; dy(0)¢

/RO == g5z

(7)

where d,(0) is the initial film thickness before dif-
fusion takes place. The bending curvature at equi-
librium, 1/R (o0 ), can be expressed as

6ETdiE;d3(c0) (& + en)
(ET)*(d))* ’

1/R(0) = (8)

where d3 (o0 ) is the final thickness of the fully swol-
len polymer film at equilibrium.

As mentioned earlier, in case II diffusion there
will be a sharp diffusion front. The diffusion front
will advance at a constant velocity. This diffusion
front velocity, v, is the most important parameter
to be determined. Therefore, an expression corre-
lating the diffusion front velocity with the bending
curvature should be derived. This can be obtained
as follows.

In the diffusion process, if

d>(0) E3 (0) = Cds(c0) Ej (), (9)

a very useful and simple relation for the bending
curvature variation ratio with the diffusion front
velocity can be reached. In the above equation, C is
an arbitrary constant. C should be equal to or greater
than 1. If the uptaken solvent does not affect the
intermolecular interaction of the polymer chains,
the polymer film would just swell and its apparent
biaxial modulus, E5 , would decrease and be in pro-
portion to the ratio of d;(0)/ds (o0 ). In such a case,
C = 1. It is noteworthy that d,(0) is always smaller
than ds;(co0 ). If the absorbed solvent would plasticize
the polymer or weaken its intermolecular force, the
apparent biaxial modulus of the swollen film, Ej,
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would decrease even more and would be proportional
to a ratio of Cd,(0)/ds(c0). In this case, C > 1.

However, whether C = 1, > 1, or < 1 (which is
very unlikely to happen), based on eq. (9) one can
obtain the following formula.

_ 1/R(t) -~ 1/R(0) _ ds(¢)
1/R(0) — 1/R(0)  ds(0)’

(10)

where 0 is a dimensionless bending curvature vari-
ation ratio as defined above.

Once the polymer film is swelling, ds(¢) = Syvt.
Sr is the linear swelling parameter of the polymer
film in the transverse direction, and is defined as S,
=d3(0)/de(0). One therefore has d3(t) = vtds(o0 )/
d,(0). By substituting this term back into eq. (10},
the formula that correlates the bending curvature
variation ratio with the diffusion time can be re-
sulted.

_ vt
d2(0)

(11)

As seen, by measuring the bending curvature vari-
ation ratio, Q, with time, and by knowing the initial
film thickness, one can readily obtain the diffusion
front velocity, v.

EXPERIMENTAL

Materials

The starting materials used in this study are dian-
hydrides —PMDA, BPDA, and 6FDA—and di-
amines— p-phenylenediamine (PDA) and benzidine
(B). The solvent is N-methyl pyrollidone (NMP).
These materials were used as received.

Polycondensation of Polyamic Acids

PMDA-PDA, BPDA-PDA, 6FDA-PDA, and
PMDA-B polyamic acids were prepared as follows 2:
In a four-neck round bottle flask, diamine (PDA or
B) was dissolved in the NMP solvent. When the
diamine had been completely dissolved, equal molar
dianhydride (PMDA, BPDA, or 6FDA) was added
gradually. The reaction proceeded for 5 h with stir-
ring. The entire process was done under nitrogen
atmosphere. The resulting solution had a solid con-
tent of 14 wt %. The molecular structures of the
resulted polyamic acids (after cured to solid imides )
are shown in Figure 2.
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Figure2 Molecular structures of the studied polyimides.

Polyimide Blend

Blend of 6FDA-PDA with PMDA-B was obtained
by mixing the resulted polyamic acids. The mixing
was done under nitrogen atmosphere for 20 min.
The resulting mixed solutions were heated at 50°C
for 40 h, and then cooled and kept frozen before use.

Imidization

Solid films of the above-mentioned polyamic acids
were prepared by spin-casting the solutions on glass
substrates. This was followed by prebaking at 80°C
for 30 min, and then curing from 80 to 350°C in 3
h. These films were used for X-ray diffraction ex-
periments.

Bending-Beam Specimen Preparation

The substrates used for bending curvature mea-
surement are silicon strips with 7.5 cm in length,
0.5 cm in width, and 390 um in thickness. These
silicon strips were prepared by slicing (100) silicon
wafers along the (100) crystal plane. Polyimide films
were prepared by spin-casting their polyamic acid
solutions on the substrates, followed by prebaking
at 80°C for 30 min, and then cured to 350°C. Since
one end of the substrate must be mounted on a clamp
and the other end must reflect laser beam to a sensor,
the two ends of the solid film were removed by 1 em.



OTHER
APPARATUS

POSITION SENSOR
PROCESSOR

CLAMP

SINGNAL

SWITCHOR SILICON

STRIP

DO A/D

DATA ACQUISITION
SYSTEM

TIME/TEMP

POSITION
SENSOR

POSITION

Figure 3 Schematic illustration of the experiment setup
of the bending-beam apparatus used for the solvent dif-
fusion measurements.

Bending Curvature Measurement

Figure 3 shows a schematic diagram of the experi-
ment setup for bending curvature measurement.
Before being measured, the samples were kept in a
vacuum chamber to prevent moisture uptake. To
study the moisture effect on solvent diffusion, sam-
ples were kept in air with 55% humidity for several
days before measurement. To measure its bending
curvature by using the bending-beam apparatus, the
specimen was mounted on a clamp. The deflection
of the free end of the specimen was measured con-
tinuously during solvent diffusion. According to the
geometry of the setup, the obtained deflection
position data was then converted to bending curva-
ture, 1/R.

X-Ray Specimen Preparation and Experiment

For the X-ray experiment, polyimide films of about
15 to 20 um thick were prepared. In a previous X-
ray experiment, it was found that these polyimide
films must be thicker than 200 um so that the X-
ray will not penetrate through the films. T'o compare
quantitatively, relatively thick samples are therefore
required. This was done by stacking many pieces,
around fifty or so, of the films together. In this study,
out-of-plane diffraction patterns of the resulting
specimens are presented. Each resulting diffraction
pattern provides information concerning the inter-
molecular ordering of its corresponding imide chain
and can be used to characterize the morphology of
its corresponding polyimide film.2*

X-ray experiments were done using a Rigaku
wide-angle X-ray diffractometer with a nickel-fil-
tered copper Kal-radiation. Its power setting was
at 40 kV and 20 mA. The line-focus slot has a di-
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mension of 8 X 0.04 mm. Details regarding X-ray
specimen preparation and experiment can be found
in the paper by Jou and Huang.?*

RESULTS AND DISCUSSION

Case Il Diffusion and Moisture Effect

The diffusion of NMP solvent in the imide film of
PMDA-PDA at room temperature is shown in Fig-
ure 4. As seen, the dimensionless bending curvature
variation ratio vs. diffusion time is linear after a
short period of time. Except in the very beginning,
these experimental data demonstrate that the dif-
fusion of NMP in the film is a case II diffusion.
From the slope of the linear part of the curve, one
can calculate the diffusion front velocity according
to eq. (11). The calculated diffusion front velocity,
v,is 7.3 X 10 8 cm /s for the PMDA-PDA imide film
with a thickness of 12.3 um.

Figure 5 shows the effect of the presence of the
preabsorbed moisture in the film on the experimen-
tal diffusion curve. As known, water and NMP are
miscible to each other. The absorbed water would
desorb when the film is immersed into the NMP
solvent. If the desorption of water is much faster
than the sorption of NMP, in the beginning the
specimen will bend to a direction opposite to that
caused by solvent-absorption-induced swelling be-
cause desorption of water will cause shrinkage in
the film. This phenomenon can be seen in the plot
for t/d,(0) < 0.22 X 107 s/cm. At a certain time,

¥d,(0) X107 (sec/em)

0.0 0.2 C.4 0.6 0.8 1.0 1.2 1.4

T T T T T T T

t'2/d,(0) X104 (sec'/cm)

Figure 4 The measured bending curvature variation
ratio vs. diffusion time of the diffusion of NMP solvent
in the imide film of PMDA-PDA at room temperature.
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Figure 5 The measured bending curvature variation
ratio vs. diffusion time of the diffusion of NMP solvent
in the imide film of PMDA-PDA under the effect of
preabsorbed moisture at room temperature.

the effect of water-desorption-induced shrinkage will
be counteracted by that of NMP-absorption-induced
swelling. In such a case, the specimen will stop
bending at that specific moment; itis t/d,(0) = 0.22
X 107 s/cm in this case. For t/d,(0) > 0.22 X 107
s/cm, water-desorption-induced shrinkage becomes
less and less important and NMP-absorption-in-
duced swelling becomes dominant. This results in
the change of bending direction. From Figure 5, one
can calculate the diffusion coefficient of water de-
sorption as well as the diffusion front velocity. The
water desorption diffusion coefficient as calculated
i80.52X 10 cm?/s,and vis 7.1 X 10 % cm/s. The
diffusion coefficient was computed using a model
presented in a separate paper.’® It can be also cal-
culated using the model by Berry.!* However, using
the latter model for the diffusion coefficient calcu-
lation requires a complicated numerical computa-
tion. The diffusion coefficients of water absorption
in the imide films of PMDA-PDA immersed in water
and exposed in air are 1.25 and 2.0 X 107 cm?/s,
respectively, as reported in the papers.'®’

In the imide films of PMDA-B and BPDA-PDA,
there were no detectable changes in curvature for
an 8-h period. These two imide films do not uptake
any NMP solvent at all. This result has been ex-
amined by a separate weight gain experiment. Ex-
cept at temperatures much higher than room tem-
perature, there is also no weight gain at all, even
when immersing these films in NMP solvent for a
few days.

Case | Diffusion

In the imide film of 6FDA-PDA, the NMP diffusion
is not case II. Instead, it is clearly a case I diffusion,
as demonstrated in Figure 6. Its diffusion coefficient
is 0.85 X 10~ cm?/s. Such a “unique” behavior, i.e.,
case I other than case II, can be attributed to the
presence of the unique 6FDA structure. Comparing
with PMDA or BPDA, the 6FDA structure is very
irregular and contains fluorine atoms that the others
do not. As demonstrated in Figure 7, the film of
6FDA-PDA is relatively amorphous according to its
X-ray diffraction pattern. Furthermore, its inter-
molecular spacing, 0.54 nm, is much larger than
those of the other imide films.2*?" This large spacing,
coupling with the irregular chain structure, may en-
able the formation of large “voids” that, if large
enough, would allow NMP molecules to move in and
out more freely without causing polymeric chain re-
laxation and result in a case I diffusion.

Diffusion in Polyimide Blends

By blending with 25% PMDA-B, the diffusion of
NMP in the 6FDA-PDA film becomes “anomalous,”
1.e., its diffusion mechanism is neither case I nor II.
This is shown in Figure 8. With more PMDA-B
added into the 6FDA-PDA film, its diffusion mech-
anism exhibits case II, as shown in Figure 9. In the
imide films of 50% PMDA-B with 50% 6FDA-PDA
and 75% PMDA-B with 256% 6FDA-PDA, the dif-
fusion front velocity constants are 11.3 X 10 % em/
s and 6.3 X 108 cm /s, respectively. Comparing with

¥d,(0) X107 (sec/cm)

0.3
T
A, gadasaa o

t'2/d,(0) X10* (sec'Z/cm)

Figure 6 The diffusion of NMP in the imide film of
6FDA-PDA. Unlike in all the other polyimides, it is a case
I diffusion with D = 0.85 X 107 cm?/s.
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Figure 7 Comparison between the out-of-plane X-ray
diffraction pattern of the 6FDA imide film and those of
the other polyimide films.

PMDA-ODA, the 6FDA-PDA molecule can more
effectively enhance the diffusion of NMP in the
PMDA-B imide films since both PMDA-ODA and
6FDA-PDA films have relatively amorphous struc-
tures and, when mixed with other crystalline poly-
imides, can destroy the crystalline structures of oth-
ers. The difference between the degrees of their ef-
fects on enhancing the diffusions of NMP in their
blends with PMDA-B should presumably be attrib-
uted to the difference of their chemical natures.

CONCLUSION

In this study, a general formula correlating the
bending curvature variation ratio of a layered struc-
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Figure 8 The diffusion of NMP in the film of the blend
with 25% PMDA-B and 75% 6FDA-PDA. Its diffusion
mechanism is neither case I nor II.
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Figure 9 The diffusions of NMP in the films of the
blends with 50% PMDA-B and 50% 6FDA-PDA and 75%
PMDA-B and 25% 6FDA-PDA. They both exhibit case
II diffusion. (1), 50 wt % 6FDA-PDA /50 wt % PMDA-
B,v =113 X 1077 cm/s; (W), 25 wt % 6FDA-PDA/75
wt % PMDA-B, v = 0.63 X 107" cm/s.

ture caused by solvent-induced swelling in its poly-
mer overcoat with diffusion time under case II dif-
fusion has been presented. In the event of case II
diffusion, the diffusion front velocity can be calcu-
lated by using this formula. Coupling with a bending-
beam apparatus, the diffusions of NMP solvent in
the imide films of semiflexible and rigid rod-like
polyimides and their blends have been investigated.

At room temperature, the diffusions of NMP sol-
vent in the films of pure PMDA-PDA belonged to
case II. While in pure PMDA-B and BPDA-PDA,
no diffusion progress can be observed. By mixing
PMDA-B with PMDA-ODA, the diffusions also ex-
hibit case II behavior.

Unlike all the above polyimides, the diffusion of
NMP in pure 6FDA-PDA belonged to case I, with
a diffusion coefficient of 0.85 X 107 em?2/s. It be-
comes anomalous when mixing 6FDA-PDA with
25% PMDA-B. When mixing with 50 or 75%
PMDA-B, it starts exhibiting case II diffusion.

The preabsorbed moisture in the film does not
affect the NMP diffusion in the film of pure PMDA-
PDA. The diffusion coefficient of water desorption
in the film can also be measured simultaneously from
the solvent diffusion experiment. It is 0.52 X 107°
cm?/s as calculated.

The diffusion front velocity constant measured
in the film of PMDA-PDA is 7.3 X 10 8 cm/s. In
the blends of 6FDA-PDA with PMDA-B with com-
positions of 25/75 and 50/50, they are 6.3 and 11.3
X 108 cm /s, respectively. It seems that the addition
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of BFDA-PDA can very effectively enhance the dif-
fusion of NMP in the PMDA-B imide films.

This work has been supported by the National Science
Council, Taiwan, R.0.C., through projects NSC79-0405-
E007-25 and NSC-80-0405-E007-13. The authors also ac-
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dianhydride used in this study.
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