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Soluble poly(p-phenylene biphenyltetracarboxamine acid) (BPDA-PDA PAA) precursor, which was
synthesizedfrom biphenyltetracarboxylicdianhydrideandp-phenylene diaminein N-methyl-2-pyrrolidone
(NMP), was spin-cast on silicon substrates, followed by softbake at various conditions over 80-185”C.
Softbaked filmswere converted in nitrogen atmosphere to be the polyimidefilms of ca. IO~m thickness
through various imidizationsover 120–400”C.Residual stress,whichis generatedat the polymer/substrate
interfaceby volumeshrinkage,polymerchain ordering, thermal history, and differencesbetweenproperties
of the polymer film and the substrate, was measured in situduring softbake and subsequent imidization
processes.Polymer filmsimidizedwere further characterizedin the aspect of polymerchain orientation by
prism couplingand X-ray diffraction.Residual stressin the polyimidefilmwas verysensitiveto all the film
formation processparameters, suchas softbaketemperature and time, imidizationtemperature, imidization
step, heating rate, and film thickness, but insensitive to the cooling process. Softbaked precursor films
revealed9–42MPa at room temperature, dependingon the softbaketemperature and time. That is, residual
stressin the precursorfilmwasaffectedby the amount of residualsolventand bypartial imidizationpossibly
occurring during softbake above the onset of imidization temperature, cu. 130”C.A lower amount of
residual solvent caused higher stress in the precursor film, whereas a higher degree of imidization led to
lower stress. Partially imidizedprecursor filmswere converted to polyimidefilmsrevealingrelativelyhigh
stresses. After imidization, polyimide films exhibited a wide range of residual stress, 4–43MPa at room
temperature, dependingon the historiesof softbake and imidization. Relativelyhigh stresseswereobserved
in the polyimidefilmswhichwereprepared from softbakedfilmspartially imidizedand by rapid imidization
processwith a highheating rate. The residual stressin filmsis an in-planecharacteristicso that it is sensitive
to the degreeof in-planechain orientation in addition to the thermal historyterm. Lowstressfilmsexhibited
higher degree of in-plane chain orientation. Thus, residual stress in the film would be controlled by the
alignmentof polyimidechainsvia the filmformationprocesswithvaryingprocessparameters. Conclusively,
in order to minimizeresidual stress and to maximizein-plane chain orientation, precursor filmsshould be
softbaked for 30min–2 h below the onset imidization temperature, cu. 130°C,and subsequentlyimidized

<5.01Cmin-~
over the ran e of 300–400”Cfor 1–4h by a two-step or multi-step process with a heating rate of

, includinga step to coverthe boilingpoint, 202°C,of NMP. In addition, the finalthicknessof
the imidizedfilmsshould be <20~m. ~ 1997ElsevierScienceLtd.

(Keywords: polyimide; poly(amic acid) precursor; imidization)

INTRODUCTION

Aromatic polyimide is known to have excellent thermal
stability, high chemical resistance, good mechanical
properties, low dielectric constant, and easy process-
ability] -6. For these advantageous properties, polyimide
is widely used in the fabrication of microelectronic
devices as interlayer dielectrics, passivation layers and

7,8 Recently, rncsst high Perfor-alpha particle barriers .
mance microelectronic devices have been composed of
multilayer structures in order to condense wiring of

*To whom correspondence should be addressed

metal conductor lines into a compact size, consequently
providing electrically high performance, in particular7,8 In this application,
high signal propagation speed .
polyimide is commonly interfaced to itself as well as
other device components, such as metals, silicons,
ceramics, and plastic substrates. Sometimes, high resi-
dual stress is generated at the interfaces, causing
reliability problems such as curl, bend, displacement,
crack, and delamination. Therefore, the stress at all
interfaces needs to be as low as possible to avoid the
stress associated reliability problems.

In general, residual stress consists of two components,
9-16 The intrinsic StRSSintrinsic stress and thermal stress .
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results from volume shrinkage due to solvent loss, from
molecular structural ordering during formation process,
and perhaps from physical properties of the formed
film9-14.That is, the intrinsic stress arises mainly from
constraints on molecular movement by solvent and
reaction byproduct loss and by imidization that freezes
the polymer chain in a nonequilibrium state, having

9-14 A polymerfilm isoccurred during film formation .
commonly fabricated by applying its solution on to a
substrate, followed by drying. During drying, the wet
polymer film concentrates and its viscosity drastically
increases due to solvent evaporation. The wet film starts
to solidify when its viscosity reaches a gel point. Below
gel point, the molecules in the film are mobile enough
to flow and thus residual stress cannot be generated.
However, above gel point the film is extremely viscous
and its glass transition temperature (TJ increases. The
increase of viscosity and of Tg restrict the molecular
motion, leading to a residual stress in the film. The
shrinkage due to solvent evaporation takes place in
the direction of the film thickness but is constrained in
the direction of the film plane, because of the interracial
adhesion between the film and the substrate. Thus,
residual stress develops in the film plane interfaced with
the substrate.

On the other hand, thermal stress, which is the
major contributor to the overall residual stress in
polymer films treated at high temperature, in particular
above Tg, is a function of the mechanical properties
(particularly, Young’s modulus E and Poisson’s ratio v),
thermal expansion coefficient (TEC), and thermal
history of the layersl~]G. Thus, for interfaced layers,
both matching of these properties and lowering heat-
treatment temperature are necessary to minimize the
thermal stress. In fact, the modulus of metals and
inorganic substrates is much higher than that of

17-19 The poisson’s ratio generally varies inpolymers
the range of 0.2–0.5, depending on materials such as
metals, ceramics, and polymers18-20.The TEC of copper,
which is commonly used in microelectric devices as a
conductor, is 17–20ppm ‘C-l over 20–500”C, whereas
that of ceramic and silocon substrates is l–6ppm 0C19.In
contrast to these materials, the TEC of polyimide films (or
other polymers) varies from a few ppm “C-l to hundreds
Ppm .C-l 17-19.

In general, matching Young’s moduli between poly-
mer films and metals or substrates is very difficult
because of their large gap, whereas matching their TECS
sometimes achievable at limited temperature ranges due
to the relatively large TEC window of polymers. The TEC
of a polymer film is strongly dependent upon polymer
chain rigidity and order as well as chain orientation: That
is, the residual stress de ends upon polymer rigidity, order

!and orientation10>17’18>1q9. Therefore, the stress at
polymer/substrate or polymer/metal interfaces can be
minimized by controlling the TEC of the polymer through
the modification of polymer backbone and the control of
molecular orientation.

The residual stress behaviour of a series of polyamides
with various chain rigidities and orders have been
previously studied17123:poly(p-phenylene pyromellitimide)
(PMDA-PDA), poly(p-phenylene biphenyltetracaboxi-
mide) (BPDA-PDA), poly(p-phenylene benzophenone-
tetracarboximide) (BTDA-PDA), poly(p-phenylene
4,4’-oxydiphthalimide (ODPA-PDA), poly(p-phenylene
4,4’-hexafluoroisopropylidenediphthalimide) (6F-PDA),

poly(4,4’-oxydiphenylene pyromellitimide) (PMDA-
ODA), and poly(4,4’-oxydiphenylene benzophenonetetra-
carboximide) (BTDA-ODA). Rigid polymers such as
PMDA-PDA and BPDA-PDA showed relatively low
stress, whereas flexible polymers exhibited high stress.
Semi-flexible polymers revealed intermediate stress. The
stress is dependent primarily on chain rigidity and
secondarily on chain order17.

The residual stress in films varies with film thickness,
in addition to chain rigidity and order10’2314G.In general,
for semi-flexible and flexible polymers the stress
increased gradually with increasing film thickness10)23’4G.
For example, PMDA-ODA, which was slowly imidized
at 400”C for 1–2 h, exhibited that the residual stress
varied with film thickness to 33 MPa from 21 MPa over
the thickness range of l–85#m. However, rigid poly-
mers, such as PMDA-PDA and BPDA-PDA, exhibited a
three-regime behaviour in stress-thickness profile, which
is quite different from that of semi-flexible and flexible
polymers. The stress varies insensitively in the low
thickness region (regime I) as well as in the high
thickness region (regime ZZZ) but varies very sensitively
in the intermediate thickness region (regime 11)23.For
BPDA-PDA films slowly imidized at 400°C for l–2h,
the stress was cu. 6.5 MPa for films of <20pm thickness
(regime Z). However, the stress increased steeply with
increasing thickness at >20 pm (regime 11) and levelled
off at cu. 40 MPa at >40 pm thickness (regime 111).The
thickness dependence in the residual stress has
been known to result from the variation of molecular
in-plane orientation in the film due to the thickness
variation1023’4G.

The residual stress is further affected by imidization
process parameters, such as heating rate and imidization
temperature, in addition to the film thickness10)4W9.For
semi-flexible PMDA-ODA, the residual stress at room
temperature was cu. 40 MPa for the film imidized at
230”C for 2 h with a heating rate of 1.0K rein-l, but ca.
57 MPa for the film at the same temperature with a
heating rate of 1O.OKmin-l 47)4g.However, for films
rapidly imidized at 350°C, the stress was 34 MPa49. These
results indicate that the stress is relatively high in rapidly
imidized films compared to slowly imidized films, and the
high stress in the rapidly imidized films would be reduced
by imidization at higher temperature. The stress in PMDA-
ODA also depended on imidization temperature49. For
slowly imidized films, higher imidization temperature gave
slightly higher residual stress: 17MPa for the film imidized
at 300°C with a heating rate of 2.0 K rein-l, 19MPa for
one imidized at 350”C, 19MPa for one imidized at 400”C,
and 25 MPa for one imidized at 450”C49. Similar
imidization temperature dependence in the stress was
observed for rigid BPDA-PDA4G’49.The stress was 2 MPa
for the films slowly imidized at 300”C or 350”C but
IOMPa for one slowly imidized at 400”C46)49.This
imidization temperature dependence of the stress is quite
different from that observed in rapidly imidized films.

As described above, the residual stress behaviour in
polyamides is very complex. That is, the residual stress,
which is colligative property, including in-plane TEC
and modulus, Poisson’s ratio, and thermal history in
addition to volume changes due to solvent and by-
product loss and shrinkage due to solidification and
chain ordering, is a function of chain rigidity, chain
order, in-plane orientation, imidization reaction, and
film thickness. For this reason, residual stress can be used
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as a monitor in order to optimize film formation process
including softbake and subsequent imidization process
to maximize properties in performance. For BPDA-PDA
polyimide, the investigation of its residual stress beha-
viour has been very limited instead of its practical
importance in the microelectronic industry, in compar-
ison to PMDA-ODA. Thus, in the present study, the
stress behaviour of BPDA-PDA was investigated in
detail in counting effects of film formation process
parameters, such as softbake temperature and time,
heating rate, imidization step and temperature, and
cooling rate. All polyimide films were prepared on silicon
substrates from the poly(amic acid) precursor solution in
N-methyl-2-pyrrolidone (NMP) through a conventional
spin-cast/dry/thermal imidization process. Residual
stress in films was measured using the wafer bending
technique. In addition, the refractive indices in the film
plane as well as in the direction of film thickness were
determined by prism coupling. The birefringence, which
is a measure of molecular orientation, was estimated
from the measured refractive indices. Wide-angle X-ray
diffraction (WAXD) measurements were also performed
for some films.

EXPERIMENTAL

Materials andfilm preparation

Biphenyltetracarboxylic dianhydride (BPDA) and p-
phenylene diamine (PDA) used in this study were
supplied from Chriskev Chemical Company (Leawood,
Kansas, USA). The monomers were purified by sub-
limation under reduced pressure and then used for
polymerization. Poly(p-phenylene biphenyltetracar-
boxamic acid) (BPDA-PDA PAA) was prepared in a
glove box filled with dry nitrogen gas by slowly adding
the sublimed BPDA to the purified PDA in dry N-
methyl-2-pyrrolidone (NMP). Once the dianhydride
addition was completed, the reaction flask was capped
tightly and stirring was continued for an additional 2
days to make the polymerization mixture completely
homogeneous. The molecular weight of poly(amic acid)
precursor was controlled to be ca. 40k MWby stoichio-
metric imbalance of the monomers using the diamine in
small excess. The solid content of precursor solution was
12wt’%. The precursor solution was filtered with silver
metal membranes of 1.0pm pore size, tightly sealed, and
stored in a refrigerator before use.

Double side polished Si(l 00) wafers with 82.5 mm
diameter and ca. 380 ,um thickness were used as
substrates because of their well known physical
properties. These wafers were calibrated on a residual
stress analyser to determine their initial curvatures before
polymer coating. They were precleaned with NMP using
a spin-coater, followed by drying on a hotplate of 80”C
for a few minutes in ambient air. An adhesion pro-
moter, 0.1 VOlO/O~-aminopropyltriethoxysilane solution in
deionized water, was spin applied on the wafers at
2000rpm/20s, followed by drying at 115°C for 5min in
ambient air.

The BPDA-PDA PAA solution was spin coated on the
primed Si(l 00) wafers and subsequently softbaked at
various conditions. Softbaked BPDA-PDA PAA films,
as shown in Figure 1, were thermally imidized in the
hotstage of a stress analyser or a high temperature oven
with nitrogen gas flow by various imidization processes
over the range of 120–400”C (see Tables Z–5). The

o 0

t3pDA-PDAPAA
Precursor

A I-H20

o

BPDA-PDA

Figure 1 Chemical structures of BPDA-PDA and its poly(amic acid)
used in this study

thickness of all polyimidine films was measured to be ca.
IOpm, using a Tencor alpha-stepper.

Residualstressmeasurements

Curvatures of a silicon wafer with and without a
polymer film were measured using a Flexus stress
analyser (Model 2-300) or a similar stress analyser
made in our laboratory, which was equipped with a
He–Ne laser and a hotstage in dry nitrogen gas atmos-
phere and controlled by a personal computer. Variations
in the curvature of the silicon wafer due to the deposited
film were measured during softbake and subsequent
thermal imidization of the BPDA-PDA PAA precursor.
In fact, in the measurement, variations of the angle O
between incident and reflected laser light beams were
detected as shown in Figure 2. Each measurement for the
angle O requires only 1–5s, consequently allowing the
monitoring of residual stress in situ as a function of
temperature and time. The distance x between the two
beams was 6.Ocm. Therefore, the curvature R of the
silicon wafer can be calculated from the angle and the
distance R = x/6. Then, the residual stress (OF) of
the film was calculated from the radii of the wafer
curvatures measured before and after the film deposition
using the equation14’15

1‘s’;(%)‘F=~(1 – v’) RF
(1)

Here, the subscripts F and S denote the polymer film and
the silicon wafer substrate, respectively. The symbols E,
v, and tare the Young’s modulus, Poisson’s ratio, and
thickness of each layer material, respectively. RF and Rm
are the radii of the wafer with and without a polyimide
film, respectively. For Si(l 00) wafers50, the biaxial
modulus, Es/(l – V,S)is 1.805 x 105MPa.

For the residual stress composed of intrinsic (aJ and
thermal (al) stress, the thermal stress component Ot can
be expressed by the equation9’10’16’18’21

E~
al = (CYF– as)(Tf – T)

(1 - v~)
(2)

POLYMER Volume 38 Number 261997 6335



Film formation process of BPDA-PDA PAA: M. Ree et al

where thermal expansion coefficient a, final imidization
temperatureTf(Tf= T~ if glass transition temperature
Tgs Tf), and stress measurement temperature T.

Refractive indicesandbirefringence measurements

For polyimide films, prism-coupling patterns were
measured using a Metricon prism coupler (Model 2010)
or a similar prism coupler made in our laboratory, which
was equipped with a He–Ne laser light source of
632.8nm wavelength and controlled by a personal
computer (see Figure 3). Prism-coupling patterns were
measured in transverse electric (TE) and transverse
magnetic (TM) modes by choosing the appropriate
polarization of the incident laser beam as described
elsewhere 10,17,22-24,28,30,31,33-38,46,49,51-55The refractive
index in the film plane, nXY(= nTE) was estimated from
the prism-coupling pattern measured in the TE mode,
whereas the refractive index in the out-of-plane, nz
(= nTM) Was calculated frOm the coupling pattern
measured in the TM mode. All measurements were
performed using a cubic zirconia prism of nTE= nTM=
2.1677 at a wavelength of 632.8 nm.

Polyimide films, which were spin-coated and imidized
on silicon wafers, exhibited relatively higher refractive
index in the film plane than the out-of-plane. In addition,
the in-plane refractive index nTEwas isotropic within the
film plane. Thus, the out-of-plane birefringence (A) in
films, which is a measure of molecular in-plane orienta-
tion, was estimated from the measured refractive
indices17>23.

A = nXY– n, (3)

Wide-angle X-ray dlJ7iractionmeasurements

Wide-angle X-ray diffraction (WAXD) measurements

Beam Splitter

Laser Beam

Detector Detector

Film 5

\
Substrate

~ G

Figure 2 Schematic diagram of residual stress analyzer: R is the
curvature of the silicon substrate, tF is the thickness of the polymer film,
and t~ is the thickness of the silicon substrate

u

Figure 3
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were performed at room temperature in both reflection
and transmission geometries, using a Rigaku horizontal
diffractometer (Model D/MAX-200B) with a rotating
anode X-ray generator. The CuK@radiation source was
operated at 50 kV and 40 mA. A divergence slit of one-
degree was employed together with two receiving slits of
0.15° and 0.3°. All measurements were carried out in
0/20 mode. The 2(3scan data were collected at 0.02°
intervals over the range of 3–60° and the scan speed was
0.4°(20) rein-l. The measured WAXD profiles were
corrected for background.

RESULTS AND DISCUSSION

BPDA-PDA polyimide in films is well known as an
excellent dielectric material with low residual stress and low
TEC which are required in the fabrication of micro-
electronic devices10)22)2~2c)46>49.However, those film
properties are strongly dependent on the film thick-
ness22)2315G.According to a previous study23, a low level
of residual stress is achievable for the polyimidefilms with a
thickness of <20pm. Furthermore, over this thickness
range, the low stress did not vary sensitively with film
thickness. For this reason, in the present study all
polyimide films were prepared to have a final thickness
of ca. 10#m. The residual stress in all films was measured
in situ during softbake and imidization in specially
designed hotstages of residual stress analysers. All stress
measurements were conducted in dry nitrogen atmosphere.

E~ect of softbake

All precursor films spin-coated on the primed silicon
wafers were first softbaked at 80°C for 30 min in
atmosphere. The softbaked precursor films exhibited a
residual stress of 18–21 MPa at room temperature,
depending on the content of residual solvent. Some of
the films were further baked over 1OO–185”Cas shown in
Table 2. During these bakes, variations in the film stress
were in situmonitored as illustrated in Figure 4. Figure 4a
shows that for a baking run of 100°C, residual stress
gradually relaxed with increasing temperature to 9 MPa
at 100”C from ca. 21MPa at room temperature and then
again increased to 22 MPa during soaking for 2 h at that
temperature. In a subsequent cooling run, stress further
increased and finally reached 38 MPa at room tempera-
ture. Consequently, the stress was increased by further
removal of residual solvent from the film through the
bake process. Similar stress–temperature profiles were
observed for the films baked for 2 h at 120”C and 150°C
(see Figures 4b and c). The film baked at 120”C exhibited
42 MPa at room temperature. This stress level was
slightly higher than that of the film baked at 100”C.

I o t ,m w r -Iv -2Cr e
INCIDENT ANGLE

Schematic diagram of prism coupler (left) and typical prism-coupling pattern (right)
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However, the film softbaked at 150°C revealed a stress of
30 MPa, which is relatively lower than those of the films
baked at 100°C and 120”C. Furthermore, the film baked
at 185°C for 2 h showed only 7.5 MPa at room
temperature (see Figure 4d), which is much lower than
those of the films baked over 100–15O”C.In comparison,
for the baked films, residual stress increased with
increasing bake temperature over the range of <150”C,
but decreased with increasing bake temperature over
> 150”C.

In general, residual stress in cast precursor films
sensitively depends upon the amount of residual solvent.
Higher residual solvent gives lower stress in the film.
In fact, softbaking at higher temperature removes
more residual solvent from the film, resulting in large
shrinkage in the thickness direction of and large increase
in the T~ of the film adhered on the substrate which play
critical roles to increase residual stress in the resultant
film. In addition, higher temperature employed for
softbaking produces larger thermal history term (AT =

Table 1 Effect of softbake process on residual stress and optical properties in thin films of BPDA-PDA polyimide

Softbaked film” Polyimide film imidized at 400°C/1 h~

Residual stress Residual stress Optical properties’
Softbake at 25°C at 25°C
process (MPa) (MPa) n.Y n, A

80°C/30min 18-23 4 1.8549 1.6125 0.2424

80°C/30min, 100°C/2h 38 5

80°C/30min, 120°C/2h 42 8 — — —

80°C/30min, 150°C/2h 30 9 — —
80°C/30min,185°C/2h 9 9 . — —

80°C/30min,185°C/10rnin 25 20 —
80°C/30min,185°C/2min 27 34 — — —
115°C/2min,185°C/2mhr 40 43 1.8247 1.6722 0.1525

‘ Thethicknessof thesoftbakedPAAfilmswas1l–22pm,dependingon thesoftbakeconditions
bAllfilmswereimidizedbv a stenmocess:150°C/30min.230°C/30min.300°C/30mhrand 400°C/1h witha ramuin~rate of 2.0Krein-’. After. .
imidization, all films were cooled with a rate of 1.O’Kmin-”]to room temperature. The thickness of the imidized films ~as cu. 10~m
‘ Measured at 632.8nm (i.e. 474.08THz)

Kn 1 50r

o

II
o

L I (
o 50 100 150 0 50 100 150 20

I I
(b)

40 -

3 30 -

g

o I

(d)

~o:
o 50 100 150 200

T (“C) T (“C)

Figure4 Residual stress variations with temperature in BPDA-PDA poly(amicacid) films measured insifu during softbake at various conditions after
primarily softbaked at 80°C for 30min: (a) IOO”Cfor 2h; (b) 120°C for 2h; (c) 150”C for 2 h; (d) 185°C for 2h. The heating and cooling rates were
2.OK rein-] and 1.0K rein-l, respectively
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Tf – T) to the thermal stress component as illustrated in
equation (2), consequently increasing the residual stress.
Therefore, for films softbaked at higher temperature,
higher stress might result from these contributions.

However, for films baked at > 150”C, higher tempera-
ture softbaking produced relatively lower stress in the
film. This might result from partial imidization occurring
during softbaking. According to imidization studies
of BPDA-PDA PAA precursor by dynamic i.r. spectro-
scopy and WAXD in the literature57>58,the imidiza-
tion started at cu. 130”C, and its conversion increased by
elevating temperature and by increasing soaking time at a
chosen temperature. In a heating run with a rate of
5.0 K rein-l, the degree of imidization was cu. 30’%0at
150°C, ca. 670/. at 185°C, and finally reached 100’?4oat
> 300°c57. From this result, the degree of imidization
would be estimated to be >30°/0 for the film baked at
150°C/2 h and >67% for the film baked at 185°C/2 h. The
imidizations contributed to lower residual stress in the
films.

The residual stress of softbaked films also depended
upon the soaking time, in addition to the softbake
temperature, because both amount of residual solvent
and degree of imidization are a function of soaking time.
For example, precursor films, which were first softbaked
at 80”C for 30min or 115°C for 2 rein, were further
baked at 185°C for various times. For these films, the
stresses measured at room temperature are summarized
in Table 1. The stress varied sensitively with soaking
time: 9 MPa for the 2 h baked film, 25 MPa for the 10min
baked film, and 27 MPa for the 2min baked film. These

~
o 100 200 300 400

PAA (c)

.
—w

0 100 200 300 400
T (“C)

indicate that shorter baking time at 185°C gave higher
residual stress in films. In fact, during the baking, both
imidization and evaporation of residual solvent occur
simultaneously. These contradict each other in contribu-
tion to the stress. That is, the imidization lowers stress,
whereas the removal of residual solvent enhances stress.
Therefore, these two factors contribute competitively to
the residual stress.

Softbaked precursor films, which were prepared in
various conditions as described above, were thermally
converted in dry nitrogen atmosphere to the polyimide
films through a four-step imidization process: 150°C/
30 rein, 230°C/30 rein, 300°C/30 rein, and 400°C/1 h with
a ramping rate of 2.0 Kmin-1. After the imidization,
polyimide films were cooled to room temperature with a
rate of 1.0Kmin–l. Stress measurements were performed
in situ during the imidization and subsequent cooling
process. Some of the stress–temperature profiles meas-
ured are shown in Figures 5a–c. The final stresses
measured at room temperature are compared in Table 1.
Despite all the polyimide films prepared by the same
imidization condition, their stresses depended significantly
on the softbake history.

For polyimide films prepared from the precursor films
softbaked at various temperatures over 80–185”C, the
residual stress at room temperature varied in the range of
4–43 MPa, depending on the softbake temperature and
time. Softbakes below the onset temperature (ea. 130°C)
of imidization led relatively low stress in the resultant
polyimide film. Overall, higher softbake temperature
caused relatively higher residual stress in the polyimide

40 -

30 -

20 -

10 -

0 -

I
o 100 200 300 400
I I

I PI (d) I

I I
o 100 200 300 400

T (“C)

Figure 5 Residual stress variations with temperature in BPDA-PDA poly(amic acid) films measured in situ during imidization at 400”C after
softbakes at various conditions: (a) 100”C for 2 h; (b) 120°C for 2 h; (c) 150°C for 2 h; (d) 185°C for 2 h. Here, all the precursor films were primarily
softbaked at 80”C for 30min. All the imidizations were conducted by a four-step process (i.e. 150”C 30min, 230°C/30min, 300°C/30min and 400°C/
1h. The heating and cooling rates were 2.0 Kmin-] and 1.0K rein- , respectively

6338 POLYMER Volume 38 Number 261997



Film formation process of BPDA-PDA PAA: M. Ree et al.

film. However, softbakes above the onset temperature
(cu. 130°C) of imidization led to relatively high stress.
Overall, higher softbake temperature caused relatively
higher residual stress in the polyimide film.

In particular, for films imidized from the precursor
films softbaked at 185”C, residual stress widely varied
over the range of 9–40 MPa, depending on the softbake
time (see Table l). Shorter softbake time caused higher
stress in the resultant polyimide film. These stress results
may relate to the degree of in-plane orientation of
polymer chains partially imidized during softbake and
its memory effect through the subsequent imidization
process. Shorter softbake time may allow only lower
conversion of imidization and lower removal of residual
solvent in the cast precursor film. These circumstances
would lead the partially imidized polymer chains to
orient randomly rather than in the film plane, resulting in
higher stress in the cast film. The randomly oriented
polymer chains are then frozen by a subsequent cooling
process after the softbake. The partially imidized chains
with the random orientation may have a tendency to
keep their random orientation during further imidization
process. This tendency in the chain orientation plays as
an obstacle in which polymer chains being imidized are
oriented in the film plane under the unidirectional
shrinkage in the direction of film thickness due to
removal of residual solvent and of water byproduct
during imidization, consequently leading to relatively
low degree of in-plane chain orientation in the film. The
low in-plane chain orientation causes high stress in the
resultant film.

In contrast, a longer softbake time at 185°C causes
relatively high conversion of imidization to allow the
formation of a more rigid imide chain, in comparison to
the full precursor chain, as well as large removal of
residual solvent from the cast film to lead to high
shrinkage in the out-of-plane. The high volume shrink-
age in the out-of-plane leads the rigid polyimide chains
or chain segments partially imidized to orient favorably
in the film plane, consequently producing low stress in
the baked film. The high in-plane orientation is further
enhanced through the subsequent imidization, finally
giving relatively low stress in the polyimide film.

In order to get information on polymer chain
orientation, some of the fully imidized films were further
characterized by prism coupling. Results are illustrated
in Table 1. A polyimide film exhibited a low stress of
4MPa, which was prepared by softbaking at 80°C/
30min and subsequent imidization at 400”C, revealed an
in-plane refractive index (nXY)of 1.8549 and an out-of-
plane refractive index (nZ)of 1.6125, giving a relatively
high out-of-plane birefringence (A) of 0.2424. On the
other hand, a high stress film with 40 MPa, which was
prepared by softbaking at 115°C/2min and at 185°C/
2min and subsequent imidization at 400”C, 1.8247rrXY
and 1.6722rrz,resulting in 0.1525A. In comparison, the
high stress film showed relatively lower A than that of
the low stress film. For positively birefringent BPDA-
PDA polyimide in which the polarization is higher along
the chain axis than in the direction normal to the chain
axis, a high out-of-plane birefringence qualitatively
means that the polymer chains are highly oriented in
the film plane. Therefore, it is concluded that in the film,
higher in-plane orientation of polyimide chains causes
lower residual stress.

Molecular in-plane orientations in the films were

further detected on WAXD patterns. The diffraction
peaks in Figure 6 were indexed in accordance to previous
X-ray diffraction studies32159which reported the ortho-
rhombic crystal formation of BPDA-PDA with its highly
extended chain conformation. For the low stress film, the
transmission pattern, in which the diffraction vector is in
the film plane, revealed multiple (OO1) peaks and other
(hkl) peaks such as (1 10), (20 O)and (21 O)reflections,
whereas the reflection pattern, in which the diffraction
vector is in the out-of-plane, showed only (h k 1) peaks
without (OO1) peaks. The results indicate that the rigid
BPDA-PDA polyimide chains were preferentially
oriented in the film plane rather than randomly. In
contrast, the high stress film exhibited a similar
transmission pattern was observed for the low stress
film. In the transmission pattern, the (001) peaks were
relatively weakened in intensity, whereas the other (h k 1)
peaks were strengthened, in comparison to those of the
low stress film. However, the reflection pattern was quite
different from that of the low stress film. That is, the
(004) peak appeared with a weak intensity and the (20 O)
peak almost diminished in intensity. These results
indicate that for the high stress film, the polyimide
chains are oriented not only in the film plane but also in
the out-of-plane. However, the population of polyimide
chains oriented in the film plane is still higher than that
of those oriented randomly or in the out-of-plane.
Therefore, it is concluded that the molecular in-plane

~ Transmission

u>
z I
LLl
1-Z—

‘1
0

Reflection

2EI (degree)

Figure 6 Transmission and reflection X-ray diffraction patterns of
BPDA-PDA polyimide films imidized slowly by a four-step protocol
(i.e. 150°C/30min, 230°C/30min, 300°C/30min, and 400°C/1 h with a
rate of 2.0 K rein-’) from preeursor films softbaked at two different
conditions: (a) precursor film softbaked at 80°C for 30min; (b)
precursor film softbaked at 115°C/2min and 185°C/2min. The CuKm
radiation source was used
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orientation in the high stress film is relatively lower than
in the low stress film.

Eflect of imidization temperature

As mentioned in the previous section, softbaking at
80°C does not cause any partial imidization in the
precursor film. Thus, all the cast precursor films were
softbaked at 80”C for 30min in order to avoid their
partial imidization during the softbake. Subsequently,

softbaked precursor films were thermally imidized
through various imidization protocols as illustrated in
Table 2. In imidizations, all precursor films were slowly
heated with a rate of 2.0 Kmin-1 to a chosen tempera-
ture of imidization. Residual stress in films was measured
in situ during the imidizations, as shown in Figures 4b–d
and Figure 7. Residual stresses measured at room
temperature, after the imidizations, are compared in
Table 2 as a function of final imidization temperature.

Table 2 Effect of final imidization temperature on residual stress and optical properties in thin films of BPDA-PDA polyimide”

Final Residual stress Optical properties~
imidization at 25°C

Softbake temperature (MPa) n.Y n, A

80°C/30min 120°c’ 42 — — —

80°C/30min 150”cd 30 —

80°C/30 min 185°Ce 9 — — —

80°C/30 min 230°Cf 6,5 1.8234 1.6211 0.2023

80°C/30min 300°cs 3.5 1.8339 1.6204 0.2135

80°C/30min 350”ch 3 1.8461 1.6187 0.2274

80°C/30min 4oo”ci 4 1.8549 1.6125 0.2424

“ The thickness of films imidized over 120–185°C was 11.5–15.5 urn; the thickness of films was imidized over 230–400”C was ca. 10um. After
imidization, all films were cooled with a rate of 1.0K rein-’ to roo”mtemperature
bMeasured at 632.8 mm (i.e. 474,08 THz)
cImidized at 120°C/2 h with a heating rate of 2.0 Kmin-l
d Imidized at 150°C/2 h with a heating rate of 2.0 K rein-l
eImidized at 185°C/2 h with a heating rate of 2.0 Kmin-l
f Imidi~ed by a 2.step process:150°C/30min and 230°C/2 h with a heating rate of 2.OKmin-l
8 Imidized by a 3-step process: 150°C/30 rein, 230°C/30 min and 300°C/1 h with a heating rate of 2.0 Kmin–i
b Imidized by a 4-step process: 150°C/30 rein, 230°C/30min, 300°C/30 min and 350°C/1 h with a heating rate of 2.0 K rein-’
1Imidized by a 4-step process: 150°C/30min, 230°C/30min, 300°C/30min and 400°C/1 h with a heating rate of 2.0 Kmin-l
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Figure 7 Residual stress variations with temperature in BPDA-PDA poly(amic acid) films measured in situ during imidization through various
protocols after softbake at 80°C for 30min: (a), 150°C/30min and 230°C/2h; (b), 150°C/30min, 230°C/30min and 300°C/1 h; (c), 150°C/30min,
230°C/30min, 300°C/30min and 350°C/1 h; (d), 150°C/30min, 230°C/30min, 300°C/30min and 400°C/1 h. The heating and cooling rates were
2.0 Kmin-l and 1.0K rein-’, respectively
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imidized at 185”C,and 6.5MPa for the film imidizedat
230”C.In fact, the high stressvaluein the filmimidizedat
120”C is a residual stress in the dried precursor film
because its imidization is negligibleat that temperature
which is lower than the onset temperature of imidization.
Furthermore, it might still contain cu. 20–30wt%
residual solvent by a strong interaction between the
carboxylic acid group of the precursor and the tertiary
amino group of NMP with a high boilingpoint of 202”C.
Therefore, in this film,the residual stressis very sensitive
to the amount of residual solvent which can lower l’~
of the film and enhance precursor chain mobility in the
film: lower amount of residual solvent gives higher
residual stress in the film. However, when the softbaked
films were heat-treated above the onset imidization
temperature (ea. 130°C), imidization of the precursor
chains occurs. During the imidization, precursor mol-
ecules are converted to partially or fully imidized rigid
chains, whereas residual solventmoleculesare detached
from the precursor chains and evaporated out from the
film. At the same time water, which is the imidization
byproduct, is evaporated out. Furthermore, the fully or
partially imidized polymer molecules are involved in
chain ordering. Consequently, all these cause a volume
shrinkage in the direction of film thickness. This
unidirectionalshrinkageleads the orientation of polymer
chains in the film plane. The conversion of imidization
increaseswith increasing temperature, leading to higher
molecularin-planeorientation. Therefore, lowerstressin
the filmwhich was imidizedat higher temperature results
from higher in-plane chain orientation generated by
higher imidization conversion accompanied with larger
volume shrinkage. In particular, the film imidized at
230”C exhibited a relatively low stress of 6.5MPa.
However, this stress level is still higher than that of
films imidized at >230”C. This might result from
incomplete imidization and removal of residual solvent
at 230”C.

In contrast, for films imidized at > 300”C, residual
stressvaried very littlewith the imidizationtemperature,
as compared in Table2 and Figure7:that is, all the films
exhibited a low stressof 3–4 MPa. According to Pryde’s

B P pFTi.r. spectroscopicstudy ,
completelyimidizedabove cu. 290°Cwhen the precursor
film was thermally heated to 400”C with a rate

5.0K T the low film stresses measured
might result from high in-plane orientations of fully
imidizedpolymerchainsand completeremovalof residual
solvent and reaction byproduct achieved during the
imidizations.

In addition, measurements of refractive indices and
birefringencewereperformed for lowstressfilms.Results
are compared in Table 2. B v
r 0 d i
t i r a
s b 0
i 3 s
a s b
g g i 0 0
e i t i
i o p c f

i h t
i c o i

w a c p t s
c H i o

i Y m a
p t s a h
t i s r a

t h (T~– T)] [seeequation
(2)].These three parameters contribute competitivelyto
the thermal stress:that is, lowTEC decreasesthe thermal
stress, whereas both high modulus and thermal history
term increaseit. Therefore, the apparent independenceof
imidizationtemperature in the stressesof the films,which
were imidized over 300–400”C,would result from the
mixed roles of these three parameters which are
correlated to the in-plane chain orientation and the
imidization temperature.

Effect of heatingrate
P f s

3 t i v h
r a o i p p
f d h v r
r s 4 h t
i p c
t a K r R s
m t s
Table3. The residual stress in polyimidefilmsdepended
sensitivelyupon the heating rate: 33MPa for the film
imidized with a rate of 30K min’l, 25MPa for one
imidizedwith 26K rein-l, 17MPa for one imidizedwith
12.5K rein-’, 9MPa for one imidized with 10.0K
rein-], and 8MPa for one imidized with 2.0K rein-l.
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2 K ~ 1 1 0
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the film plane. The orientation of chains or segments
imidized is possibly fixed in the film because the film
would be frozen by elevating its ~~ due to the
imidization. This chain orientation, which is far from
the in-plane orientation, would not be healed completely
by subsequent imidization at higher temperature, that is,
400”C, so that fully imidized chains are poorly oriented
in the film plane. The low in-plane orientation causes
high residual stress in the film.

In contrast, when a precursor film was slowly heated
to 230°C and followed by soaking at that temperature,
precursor molecules slowly imidize above 130”C, the
onset imidization temperature, and at the same time,
water byproduct and residual solvent detached from the
precursors being imidized and evaporated out. These
evaporations lead volume shrinkage in the direction of
film thickness, causing the polymer chain imidized or
being imidized to be oriented in the film plane. The
tendency of the in-plane chain orientation is further
enhanced by subsequent imidization at higher tempera-
ture, 400”C, with a slow heating rate. Consequently, a
high in-plane chain orientation is produced in the film,
resulting in low residual stress.

Effect of the imidization step

Precursor films, which were prepared by softbaking
at 80°C for 30rein, were imidized at 400°C by various
step imidization protocols (see Table 5). The first group
of precursor films were directly heated up to 400”C with
a rate of 2.0 Kmin–l and imidized for 2 h at that
temperature: that is, they were imidized by a single-step
process. The second group of precursor films were
imidized by a two-step process: 230°C/30 min and
400°C/2h with a ramping rate of 2.0 Kmin-1. The final
group of films were imidized by a four-step process:
150°C/30min, 230°C/30min, 300°C/30min, and 400°C/
2h with a ramping rate of 2.0 Kmin- 1. After cooling
with a rate of 1.0Kmin–l, stresses measured at room
temperature are compared in Table 5.

The films imidized by the single-step process exhibited
a stress of 8 MPa and a birefringence of 0.2215, whereas
the films imidized by both the two-step and the four-step

processes revealed stresses of 4MPa and birefringences
of 0.2424–0.2426. Conclusively, multi-step processes,
including an imidization step of 230”C, provide lower
residual stress and higher in-plane chain orientation in
the polyimide film than single-step process, even though
the same heating rate is used. However, for films
prepared by multi-step processes with a chosen heating
rate, including an imidization step of 230”C, film
properties are insensitive to the number of steps used in
the imidization.

E#ect of cooling rate

Precursor films softbaked at 80”C were imidized at
400°C by the four-step process as illustrated in Table 6.
After imidization, some of the polyimide films were
slowly cooled with a rate of 1.0K rein-l to room
temperature. The other polyimide films were quenched
to room temperature. Residual stresses and birefrin-
gences of the polyimide films were measured at room
temperature. All the polyimide films revealed the same
stress level, 4 MPa. In addition, their birefringences were
almost the same, 0.2424–0.2422. From these results, it is
concluded that film properties, such as residual stress and
birefringence are not affected by variations in the
subsequent cooling process, once precursor films are
imidized by a chosen imidization process.

CONCLUSIONS

Residual stress–temperature profiles of BPDA-PDA
PAA precursor and its polyimide in thin films were
measured in situ during softbake and subsequent
imidization in various conditions. Polymer films imi-
dized were characterized by prism coupling and X-ray
diffraction.

For precursor films softbaked over 80–185”C, residual
stress varied in the range 9–42 MPa at room tempera-
ture, depending on the amount of solvent remaining and
the degree of imidization occurring in the film. A low
level of residual solvent in the film causes a high stress
in the film, because removal of solvent from the film
constrains the mobility of polymer chains and increases

Table 5 Effect of imidization step on residual stress and optical properties in thin films of BPDA-PDA polymide”

Residual stress Optical properties
Imidization at 25°C

Imidization processes steps (MPa) n.Y n, A

400°C/2h 1 8 1.8536 1.6137 0.2215

230°C/30min, 400°C/2h 2 4 1.8556 1.6130 0.2426

150°C/30min, 230°C/30min, 300°C/30min, 400°C/2h 4 4 1.8549 1,6125 0.2424

“ All precursor films were softbaked at 80°C/30min. During imidization, a rate of heating between steps was 2.0 Kmin-l. After imidization, all films
were cooled with a rate of 1.0K rein-) to room temperature. The thickness of the imidized films was ca.10 pm
b Measured at 632.8 nm (i.e. 474.08 THz)

Table 6 Effect of cooling rate on residual stress and optical properties in thin films of BPDA-PDA polyimide”

Residual stress Optical properties
at 25°C

Imidization processes Cooling rate (MPa) n.Y n, A

150°C/30min, 230°C/30min, 300°C/30min, 400”C/2h 1.0Kmin-l 4 1.8549 1.6125 0.2424

150°C/30min, 230°C/30min, 300°C/30min, 400°C/2h Quenched 4 1.8552 1.61390 0,2422

“ All precursor films were softbaked at 80°C/30 min. During imidization, a rate of heating between steps was 2.0 K rein-’. The thickness of the imidized
-, uucmesi ?JXme ]mlalzeu mms was cu. Iu pm

b Measured at 632.8 nm (i.e. 474.08 THz)
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the film plane. The orientation of chains or segments
imidized is possibly fixed in the film because the film
would be frozen by elevating its ~~ due to the
imidization. This chain orientation, which is far from
the in-plane orientation, would not be healed completely
by subsequent imidization at higher temperature, that is,
400”C, so that fully imidized chains are poorly oriented
in the film plane. The low in-plane orientation causes
high residual stress in the film.

In contrast, when a precursor film was slowly heated
to 230”C and followed by soaking at that temperature,
precursor molecules slowly imidize above 130°C, the
onset imidization temperature, and at the same time,
water byproduct and residual solvent detached from the
precursors being imidized and evaporated out. These
evaporations lead volume shrinkage in the direction of
film thickness, causing the polymer chain imidized or
being imidized to be oriented in the film plane. The
tendency of the in-plane chain orientation is further
enhanced by subsequent imidization at higher tempera-
ture, 400°C, with a slow heating rate. Consequently, a
high in-plane chain orientation is produced in the film,
resulting in low residual stress.

E i s
Precursor films, which were prepared by softbaking

at 80”C for 30 rein, were imidized at 400°C by various
step imidization protocols (see T The first group
of precursor films were directly heated up to 400°C with
a rate of 2.0 Kmin–l and imidized for 2 h at that
temperature: that is, they were imidized by a single-step
process. The second group of precursor films were
imidized by a two-step process: 230°C/30min and
400°C/2h with a ramping rate of 2.0 Kmin-’. The final
group of films were imidized by a four-step process:
150°C/30min, 230°C/30min, 300°C/30min, and 400°C/
2h with a ramping rate of 2.OKmin ‘1. After cooling
with a rate of 1.0K rein-’, stresses measured at room
temperature are compared in T

The films imidized by the single-step process exhibited
a stress of 8 MPa and a birefringence of 0.2215, whereas
the films imidized by both the two-step and the four-step

processes revealed stresses of 4MPa and birefringences
of 0.2424–0.2426. Conclusively, multi-step processes,
including an imidization step of 230”C, provide lower
residual stress and higher in-plane chain orientation in
the polyimide film than single-step process, even though
the same heating rate is used. However, for films
prepared by multi-step processes with a chosen heating
rate, including an imidization step of 230”C, film
properties are insensitive to the number of steps used in
the imidization.

E c
Precursor films softbaked at 80°C were imidized at

400°C by the four-step process as illustrated in T
After imidization, some of the polyimide films were
slowly cooled with a rate of 1.0Kmin–l to room
temperature. The other polyimide films were quenched
to room temperature. Residual stresses and birefrin-
gences of the polyimide films were measured at room
temperature. All the polyimide films revealed the same
stress level, 4 MPa. In addition, their birefringences were
almost the same, 0.2424–0.2422. From these results, it is
concluded that film properties, such as residual stress and
birefringence are not affected by variations in the
subsequent cooling process, once precursor films are
imidized by a chosen imidization process.

CONCLUSIONS

Residual stress–temperature profiles of BPDA-PDA
PAA precursor and its polyimide in thin films were
measured during softbake and subsequent
imidization in various conditions. Polymer films imi-
dized were characterized by prism coupling and X-ray
diffraction.

For precursor films softbaked over 80–185”C, residual
stress varied in the range 9–42 MPa at room tempera-
ture, depending on the amount of solvent remaining and
the degree of imidization occurring in the film. A low
level of residual solvent in the film causes a high stress
in the film, because removal of solvent from the film
constrains the mobility of polymer chains and increases

Table 5 Effect of imidization step on residual stress and optical properties in thin films of BPDA-PDA polymide”

Residual stress Optical properties
Imidization at 25°C

Imidization processes steps (MPa) A
—

400°C/2h 1 8 1,8536 1.6137 0.2215

230°C/30min, 400°C/2h 2 4 1.8556 1.6130 0.2426

150°C/30min, 230°C/30min, 300°C/30min, 400°C/2h 4 4 1.8549 1.6125 0,2424

“ All precursor films were softbaked at 80°C/30 min. During imidization, a rate of heating between steps was 2.0 Kmin-’. After imidization, all films
were cooled with a rate of 1.0K rein-’ to room temperature. The thickness of the imidized films was ca. 10pm
bMeasured at 632.8 nm (i.e. 474.08 THz)

Table 6 Effect of cooling rate on residual stress and optical properties in thin films of BPDA-PDA polyimide”

Residual stress Optical properties
at 25°C

Imidization processes Cooling rate (MPa) n A

150°C/30min, 230°C/30min, 300°C/30min, 400°C/2h 1.0Kmin-’ 4 1.8549 1.6125 0.2424

150°C/30min, 230°C/30min, 300°C/30min, 400°C/2h Quenched 4 1.8552 1.61390 0.2422

“ All precursor films were softbaked at 80°C/30 min. During imidization, a rate of heating betweenstepswas2.0Kmin-’. The thicknessof the imidized
films-was 10pm
bMeasured at 632.8 nm (i.e. 474.08 THz)
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the T~ of the film. When precursor films are softbaked
above ca. 130”C, the onset imidization temperature,
imidization partially occurs, depending on the softbake
temperature and time. Higher softbake temperature and
longer softbake time result in higher degree of imidiza-
tion, causing lower residual stress in the film. The lower
stress in the film might be due to the favorable amount
of in-plane orientation of the imidized polymer chains or
chain segments made under relatively higher volume
shrinkage in the direction of film thickness.

Residual stress in polyimide films was very sensitive to
all parameters of softbake and imidization processes.
When a cast precursor film was dried at a temperature in
which imidization was not involved, the residual stress in
the final polyimide films was insensitive to the softbake
history. Otherwise, the residual stress in the polyimide
film varies sensitively with the parameters of the softbake
process, namely, softbake temperature and time. That is,
the orientation of the polymer chains or chain segments,
which are imidized during softbaking, would not be
completely healed by subsequent imidization and conse-
quently affect the final chain orientation in the polyimide
film, reflecting into the residual stress. Therefore, cast
precursor films should be softbaked below the onset
temperature of imidization, cu. 130°C for a proper time
(for example, 2h or less, depending on temperature).
Imidization temperature also influences the residual
stress of polyimide film. Residual stress varied sensitively
with the imidization temperature for films imidized over
the range of <300°C. However, for films imidized over
300–400°C, residual stress varied little with the imidiza-
tion temperature. The residual stress of polyimide films
was influenced significantly by the heating rate employed
in the imidization process. Higher heating rate caused
higher residual stress. The residual stress was further
affected by the imidization steps. Multi-step imidizations,
including a step to cover the b.p. of the used solvent,
provided lower stress in the film than the single-step
imidization process. Including a step to the b.p. (202”C) of
the used NMP solvent, only two steps in the imidization
process are good enough to provide a low level of residual
stress. One example of two-step processes consists of
230°C/30min and 400°C/2h with a ramping rate of
<5.0 K rein-’. In this case, a slow heating rate for the first
step, 230”C, is critical in order to lower the level of residual
stress in the film.

However, once a precursor film was imidized, the
residual stress in the resultant polyimide film was not
influenced by the cooling process. That is, both slow
cooling and quenching processes gave the same level of
stresses in the films.

Residual stress in films, which is an in-plane char-
acteristic is sensitive to the degree of in-plane chain
orientation, in addition to the thermal history. Low
stress films exhibited higher degree of in-plane chain
orientation. Thus, controlling the residual stress in the
film is consequently the subject of how the polyimide
chains are preferentially aligned in the film plane through
all process conditions including coating, softbaking and
imidization.

Therefore, in order to minimize film stress, BPDA-
PDA PAA precursor should be softbaked below the
onset imidization temperature, cu. 130”C for <2 h,
depending on the softbake temperature, and subse-
quently imidized over the range of 300-400”C for l–4h
by a two-step or multi-step process with a heating rate of

<5.0 K min ‘1, including a step to cover the b.p. of the
used solvent. After imidization, films would be cooled as
convenient. The final thickness of the imidized films

22 In particular, the imidization has ‘0should be <20pm .
be conducted under oxygen free condition in order to
avoid oxidation of the polymer at high temperature.
Otherwise, BPDA-PDA polyimide films are no longer
low stress dielectric materials.

ACKNOWLEDGEMENTS

This study was supported by the Research Fund for
Advanced Materials in 1995 and by the Basic Science
Research Institute Program (BSRI-96-3438) from the
Ministry of Education, Korea.

REFERENCES

1.

2,

3.

4,

5.
6.
7.

8.

9.

10.

11.
12,
13.
14.

15,

16.
17.

18.

19.

20,

21.
22.

23.

24,

25.
26.

27.

28.

Feger, C., Khojasteh, M. M. and Htoo, M. S., cd., Advances in
Polyimi& Science and Technology. Technomic, Lancaster, PA,
1993.
Bessonov, M. I. and Zubhov, V. A., cd., Poiyamic Acids and
Po[yimides: Synthesis, Transformations, and Structure. CRS,
Boca Raton, LA, 1993.
Bessonov, M. I., Koton, M. M., Kudryavsev, V. V. and Laius,
L. A., cd., Polyamides: Thermally Stable Polymers, trans. L. V.
Backinowsky, M. A. Chlenov and W. W. Wright. Plenum,
New York, 1987.
Mittai, K. L,, cd., Polyamides: Synthesis, Characterization, and
Applications. Plenum, New York, 1984.
Sroog, C, E., Prog. Polym. Sci., 1991, 16, 561,
Sroog, C. E., J. Polym. Sci., Macromol. Rev., 1976, 11, 161.
Czornyj, G., Chen, K. J., Prada-Silva, G., Arnold, A.,
Souleotis, H. A., Kim, S., Ree, M., Volksen, W., Dawson, D.
and DiPietro, R., Proc. Elect. Comp. Tech. (IEEE), 1992, 42,
682.
Tummala, R. R. and Rymaszewski, E. J., cd., Microelectronics
Packaging Handbook. van Nostrand Reinhold, New York,
1989.
Ree, M. and Kirby, D. P., in Polymer for Microelectronics:
Resists and Dielectrics, ACS Symposium Series, 537, ed. L. F.
Thompson, C. G. Willson and S. Tagawa. American Chemical
Society, Washington, DC, 1994, pp. 482–493.
Coburn, J. C., Pottiger, M. T., Noe, S. C. and Senturia, S. D.,
J. Polym. Sci.: Part B: Polym. Phys., 1994,32, 1271.
Croll, S. G., J. Coatings Technol., 1978, 50, 638.
Croll, S. G., J. Appl. Poiym. Sci., 1979,23, 847.
Hopkins, A. R., ANTEC-Conference Proc., 1991,37, 2601.
Jaccodine, R. J. and Schlegel, W. A., J. AppL Phys., 1966, 37,
2429.
Hoffman, W. R., in Physics of ThinFilm, Vol. 3, ed. G. Hass and
R. E. Thun. Academic, New York, 1966, p. 211.
Timoshenko, S., J. Opt. Soc. Am., 1925, 11, 233.
Ree, M., Kim, K,, Woo, S. H. and Chang, H., J. Appl. Phys.,
1997,81, 698.
Ree, M., Nunes, T. L., Czornyj, G. and Volksen, W., Polymer,
1992,33, 1228,
Brandrup, J. and Immergut, E. H., cd., Polymer Handbook, 2nd
edn, Chap. V. Wiley, New York, 1975.
Sylvester, M. F. and Olenick, J. A., Proc. Inter. Elect. Packaging
Conf, 1991, 833 (and the references therein).
Ree, M., Swanson, S. and Volksen, W., Polymer, 1993,34, 1423.
Ree, M., Chen, K. J., Kirby, D. P., Katzenellenbogen, N. and
Grischkowsky, D., J. Appl. Phys., 1992,72, 2014.
Ree, M., Chu, C.-W. and Goldberg, M. J., J. Appl. Phys., 1994,
75, 1410.
Pottiger, M. T,, Coburn, J. C. and Edman, J. R., J. Polym. Sci.:
Purl B: Polym. Phys., 1994,32, 825.
Numata, S., Fujisaki, K. and Kinjo, N., Polymer, 1987,28,2282.
Numata, S., Oohara, S., Fujisaki, K., Imaizumi, J. and
Kinjo, N., J. Appl. Polym. Sci., 1986,31, 101.
Tong, H. M., Su, G. W. and Saenger, K. L., Rev. Sci. Instrum.,
1991,62, 422.
Russell, T. P., Gugger, H. and Swalen, J. D., J. Polym. Sci.:
Polym. Phys. Ed., 1983,21, 1745.

6344 POLYMER Volume 38 Number 261997



Film formation process of BPDA-PDA PAA: M. Ree et al.

29.
30.
31.
32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.
43.

Russell, T. P., J. Polym. Sci.: Polyrn. Phys. Ed., 1984,22, 1105.
Lin, L. and Bidstrup, S. A., J. Appl. Polyrn. Sci., 1993,49, 1277.
Lin, L. and Bidstrup, S. A., J. Appl. Polym. Sci., 1995,54, 553.
Yoon, D. Y., Volksen, W., Depero, L., Parrish, W. and Ree, M.,
Maf. Res. Soc. Symp. Proc., 1991,227, 371.
Noe, S. C. and Senturia, S. D., in Advances in Polyimide Science
and Technology,ed.C. Feger, M. M. Khojasteh and M. S. Htoo.
Technomic, Lancaster, PA, 1993, p. 587.
Cha, C. Y. and Samuels, R. J., J. Polym. Sci.: Part B: Polym.
Phys., 1995, 33, 259.
Hardaker, S. S., Moghazy, S., Cha, C, Y. and Samuels, R. J.,
J. Polym. Sci.: Part B: Polym. Phys., 1993,31, 1951.
Boese, D., Lee, H., Yoon, D. Y., Swalen, J. D. and Rabolt, J. F.,
J. Polym. Sci.: Part B: Polym. Phys., 1992,30, 1321.
Goeschel, U., Lee, H., Yoon, D. Y., Siemens, R. L., Smith, B. A.
and Volksen, W., Colloid Polym. Sci., 1994, 272, 1388.
Robertson, W. M., Arjavalingam, G., Houghman, G.,
Kopcsay, G. V., Edelstein, D., Ree, M. and Chapple-Sokol, J.
D., Electronic Lett., 1992, 28, 62.
Deutsch, A., Swaminathan, M., Ree, M., Surovic, C.,
Arjavalingam, G., Prasad, K., McHoerron, D. C., McAllister,
M., Kopcsay, G. V., Giri, A. P., Perfecto, E. and White, G. E.,
IEEE Trans. Comp. Packag. Marruf Technol.: Part B: Adv.
Packaging, 1994, 17(4), 486.
Jou, J.-H. and Huang, P.-T., Macromolecules, 1991,24, 3796.
Jou, J.-H., Huang, P.-T., Chen, H.-C. and Liao, C.-N., Polymer,
1992,33, 967.
Elsner, G., J. Appl. Polym. Sci., 1987, 34, 815.
Elsmer, G., Kempf, J., Bartha, J. W. and Wagner, H. H., Thin
Solid Film$, 1990, 185, 189.

44.

45.

46.

47.
48.

49.

50.

51,

52.

53.
54,

55.
56.
57.

58.

59.

Saraf, R. F., Tong, H. M., Peon, T. W., Siverman, B. D., Ho,
P. S, and Rossi, A, R., J. Appl. Polym. Sci., 1992,46, 1329.
Goldsmith, C., Goldsmith, C. and Bedetti, F., J. Vac. Sci. Tech.,
1983, 1,407.
Coburn, J. C. and Pottiger, M. T., in Advances in Polyimide
Science and Technology, ed. C. Feger, M. M., Khojasteh and
M, S. Htoo. Technomic, Lancaster, PA, 1993, p. 360.
Soane, D. S., Chem. Eng. Prog., April, 1990, p. 28.
Biernath, R. W. and Soane, D. S., Abstracts: Polymers
for Microelectronics—Sci. Technol. Tokyo, Japan, 1989,
p. 104.
Coburn, J. C. and Popttiger, M. T., Polym. Mat. Sci. Eng.
(ACS), 1992,66, 194.
Wortman, J. J. and Evans, R, A., J. Appl. Phys., 1965, 36,
153.
Tien, P. K., Ulrich, R. and Martin, R. J., Appl. Phys. Letc., 1969,
14, 291.
Swalen, J. D., Sate, R., Tacke, M. and Fisher, J, F., ZBA4J.Res.
Dev., 1977, 21, 168; Opt. Commun., 1976, 18, 387.
Ulrich, R. and Torge, R., Appl. Opt., 1973, 12, 2901.
Marcuse, D., in Theory of Dielectric Optical Waveguides, ed.
Y.-H. Pao. Academic, New York, 1974.
Ree, M., Goh, W. H., Kim, Y,, Polymer Bull., 1995,35, 215.
Ree, M., Unpublished results.
Pryde, C. A., J. Polym. Sci.: Part A: Polyrn. Chem., 1989, 273
711.
Ree, M., Woo, S. H., Kim, K., Chang, H., Zin, W. C., Lee, K.-B.
and Park, Y. J., Macromolecular Symposia (in press).
Ree, M., Yoon, D. Y,, Depero, L. and Parrish, W., Unpublished
results.

POLYMER Volume 38 Number 261997 6345


