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ABSTRACT: The effects of thickness on the residual stress behavior of the hinged structure poly(4,4-

oxydiphenylene pyromellitimide) (PMDA-ODA) and rigid planar structure poly (p-phenylene biphenyltetracarboximide) 

(BPDA-PDA) polyimide were studied. Depending on the polyimide chemistry, residual stress behavior of polyimide film 

with thickness variation was significantly different. For fully cured BPDA-PDA polyimide at 400°C, residual stress of 

polyimide film increased from 5.4 MPa to 45 MPa. For fully cured PMDA-ODA polyimide at 400°C, residual stress of 

polyimide film with thickness variation changed from 29.1 MPa to 40.2 MPa. The effect of thickness on the residual 

stress for the rigid structure BPDA-PDA was significant, but relatively not for the semiflexible structure PMDA-ODA. 

Residual stress behavior was quite related to the morphology of fully cured polyimide as shown W AXD analysis. Higher 

molecular anisotropy leads to lower residual stress of polyimide film. Residual stress behavior of polyimide films with 

thickness variation is thus closely related to chain rigidity and chain anisotropy associated with polyimide chemistry 

and morphological structure. 
KEY WORDS Residual Stress/ Film Thickness/ Morphology/ Molecular Anisotropy/ 

Polyimides have many applications for their excellent 
thermal, mechanical, and electrical properties. In multi
level interconnection packaging, polyimides seem very 
good candidates as dielectric materials.1-

3 In these ap
plications, one major concern about the use of poly
imides is residual stress including dimensional stability. 
To minimize residual stress induced by thermal mis
match, an appropriated polyimide, which has a thermal 
expansion coefficient (TEC) matching that of the desired 
substrate, is recommended between the layers to insure 
long-term device reliability such as displacement, crack, 
and delamination. TEC of polyimide is a function of 
backbone chemistry and morphology and is strongly in
fluenced by molecular orientation. To some extent, TEC 
is influenced by crystallinity (molecular ordering). Un
derstanding the relationship between molecular orienta
tion and residual stress properties is therefore of consid
erable interest. Another interesting subject in residual 
stress is that an appropriate coating thickness should be 
applied. 

Minimizing stress during device fabrication has been 
the primary concern of the electronics industry and 
many initial studies focusing on structure development 
monitored stress levels during cure.4

-
7 This is because 

the applied polyimide films may have a serious thermal 
mismatch due to TEC different from that of substrate on 
thermal curing or thermal cycling. Elsner et al. 8 ob
served that the final state of stress in the coatings was 
independent of the drying temperature and varied line
arly with the final cure temperature. Han et al. 9 studied 
the effect of heating rate during cure on the final state of 
stress in fully cured spin coating and found that the 
stress increased with heating rate. Bauer and Farris10 

investigated the development of stresses in poly(amic 
acid)s during solvent removal related not to the initial 
solution concentration but to the concentration at which 

the material could first sustain a load. Researchers have 
recently focused on morphology changes during cure and 
their impact on residual stress of the resulting film of 
coating.11-15• 28• 29 Jou et al. n-i3 have reported that the 

effect of curing temperature on the TEC and morphology 
of polyimides of 6-27 µm thickness significantly influ
enced on residual stress, examined using the bending 
beam method. Ree et al. observed the residual stress of 
the films of 10-100 µm thickness increased with film 
thickness, whereas the anisotropy of the refractive indi
ces decreased with it.14 The degree of in-plane orienta
tion in the spin-cast films is suspected to depend on cur
ing conditions, solvent systems, and polyimide chain 
characteristics. The degree of chain orientation in poly
imide films may vary significantly with thickness.15 

However, the relationship of residual stress with mor
phology (molecular orientation, molecular chain order) is 
not fully understood in thermally imidized films in spite 
of numerous studies performed on residual stress in 
polyimides. Therefore, the effect of thickness on residual 
stress and molecular anisotropy of polyimide films cured 
on a substrate were investigated for two different poly
imides. To quantify the interaction of thermal mismatch 
with the polyimide structures depending on various 
thicknesses, residual stress experiments were carried 
over a processing temperature range of25-400°C by us
ing in situ thin film stress analyzer (TFSA). The effect of 
thickness on the morphology of resulting film was ana
lyzed by wide-angle X-ray diffraction (W AXD). 

EXPERIMENTAL 

Materials and Film Preparation 
Poly(amic acid)s (PAAs) were synthesized in dry N

methyl-2-pyrrolidone (NMP) from the respective dianhy
drides and diamines; poly (4,4-oxydiphenylene pyro-

tTo whom correspondence should be addressed (Tel: +82-2-361-2764, Fax: +82-2-312-6401, e-mail: hshan@bubble.yonsei.ac.kr). 
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Figure 1. Synthetic scheme and chemical structure of polyimide 
in this study. 

mellitamic acid) (PMDA-ODA PAA) and poly(p
phenylene biphenyltetracarboxamic acid) (BPDA-PDA 
PAA)1-

3 as shown in Figure 1. In the synthesis of poly
(amic acid)s, attempt to control molecular weights was 
made by creating a stoichiometric imbalance of the 
monomers using small excess diamine.2

• 
3 Intrinsic vis

cosity was measured at NMP to be 0.65 dL g- 1 for 
BPDA-PDA PAA and 0.62 dL g- 1 for PMDA-ODA PAA. 
The concentrations of PMDA-ODA and BPDA-PDA pre
cursor were 15 wt% in NMP. The films of precursor were 
prepared by spin coating and soft baked at 80°C for 30 
min in a convection oven. 

Polyimide films (PMDA-ODA and BPDA-PDA) were 
finally prepared in the thickness range of 8-130 µm. 
Here, film thickness was measured using an alpha
stepper (Tencor Instruments Co.). For the polyimide 
thick films >30 µm, the thickness was controlled using 
the multispin coating on a silicon wafer followed by 80°C 
bake resulted in a 10-15 µm film. 

Measurement 
The imidization of polyamic acid precursor on the Si 

substrate was performed with a one-step heating process 
up to 400°C with ramping rate of 2.0°C min -l and an
nealing at 400°C for 1 h. The residual stress behavior of 
polyimide films during thermal curing process was 
monitored geometrically by using TFSA as shown in Fig
ure 2. To determine the residual stress from the meas
ured radii of curvature a well known eq 116 used. Resid
ual stress was calculated from the measured radii of cur
vatures : R 1 and R2. 

E t 2 1 1 
CT= s s (---} 

6 (1-v,) tr R2 R1 

(1) 

CT is residual stress in the polyimide film. The sub
scripts, f and s denote the polyimide film and substrate. 
E, ~, and t are Young's modulus, Poisson's ratio, and 
thickness of the substrate, respectively. R 1 and R 2 are 
wafer curvatures measured before and after film deposi
tion. For Si (100) wafer, E/(1- v 8 ) is 180500 MPa. 17 In
itial curvature of Si wafer and thickness of wafers were 
measured using TFSA and thickness gauge (SM 1201, 
Teclock Co., Japan), respectively. Residual stress behav
ior due to thermal history after cure was considered 
from final cure temperature to 50°C to exclude moisture 
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Figure 2. Schematic of thin film stress analyzer (TFSA). 

effect on the polyimide films. 
Wide-angle X-ray diffraction (WAXD) was used to ex

amine morphological structures of polyimide films. 
WAXD patterns were collected using the 0-2() method 
in the reflection and transmission mode over 2° < 2 () < 
60°. A Rigaku CN 2155 powder diffractometer was used 
for these measurements at room temperature. Measured 
X-ray diffraction intensity was corrected by the back
ground run and normalized for the film samples by 
matching the integrated intensity over the range of 58-
600 (2 () ). 18

• 
19 The X-ray generator, Cu-Ko: radiation 

source U = 1.54 A.) was run at 35 kV and 40 mA. 

RESULTS AND DISCUSSION 

The stress behavior of polyimide films was investi
gated with variation of thickness and different backbone 
polyimide precursors. During curing of poly(amic acid), 
volume shrinkage that accompanies the initial solvent 
evaporation at 80°C induces an initial stress in the poly
(amic acid) film. 20 As shown in Figures 3, and 4, the in
itial stress of polyamic acid precursor decreased mo
notonically with increasing film thickness. The initial 
stress of BPDA-PDA and PMDA-ODA precursors was 
5.5-17 MPa for films of< 20 µm, whereas nearly 0 MPa 
for thick film > 30 µm. 

The stress of precursor film should be induced with 
imidization and solvent evaporation in precursor film 
during heating. However, residual stress of polyimide 
thin films(< 20 µm) continuously decreased with in
creasing temperature up to 250°C as shown in Figures 3 
and 4. It may show that stress of polymer films was com
pensated by higher thermal mismatch between precur
sor and substrate. Residual stress of thick film ( > 30 µm) 
was nearly zero in film before 175°C. The relatively con
stant stress behavior probably may result from the plas
ticization of the polymer chains due to the presence of a 
large amount of solvent in precursor film. The effect of a 
large amount of solvent in the film would significantly 
lead to relatively low stress of thick films at initial stage 
of curing process. However, the stress of thick film (>30 
µm) increased from around 200°C. The observed maxi
mum stress at 200°C may result from the conversion of 
an amic acids group to imides group and solvent evapo-
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Figure 3. Dynamic stress behavior ofBPDA-PDA polyimide films with various thicknesses. 
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Figure 4. Dynamic stress behavior of PMDA-ODA polyimide films with various thicknesses. 

ration (NMP: bp; 202°C). The stored stress decreased 
slightly with increasing temperature up to 300°C, but 
nearly constant regardless of film thickness variation. 
Poly(amic acid)s precursor with high TEC converted to 
comparatively low TEC imide counterparts. The stress 
of BPDA-PDA films continuously slightly rises as tem
perature increases above 300°C. The stress of BPDA
PDA film does not descend to near zero at 400°C. This 
may show the relatively high chain rigidity of BPDA
PDA polyimide even at 400°C. 

For PMDA-ODA, stress behavior under heating proc
ess shows similar pattern to those of BPDA-PDA. How
ever, the stress behavior of semi flexible PMDA-ODA 
films continuously descends with elevated temperature 
(>300°C) after going through a maximum stress peak. 
The stress of PMDA-ODA film descends to near zero at 
400°C. This may indicate that the relatively low stress of 
PMDA-ODA at high temperature show more chain flexi
bility and mobility than the rigid BPDA-PDA. 

The effect of thickness on residual stress of polyimide 
film after imidization for rigid structure BPDA-PDA and 
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· semiflexible structure PMDA-ODA is shown in Figure 5 
and Table I. Residual stress of rigid BPDA-PDA poly
imides changed from 5.4 to 45.0 MPa depending on film 
thickness. Low residual stress of thin films is thus 
achieved only for the thin films ( < 15 µm) and the char
acteristic properties of BPDA-PDA film stress such as 
film modulus and thermal expansion coefficient depend 
on the film thickness. Morphological structure of BPDA
PDA polyimide may thus significantly changed due to 
thickness variation. 

However, residual stress of PMDA-ODA polyimide af
ter fully cured at 400°C was less sensitive to film thick
ness in comparison with that of BPDA-PDA polyimide. 
Residual stress of semiflexible PMDA-ODA polyimide 
film changed in the range 29-40 MPa with thickness 
variation as shown in Figure 5. The change of morphol
ogy in flexible structure PMDA-ODA film may thus be 
much less sensitive to film thickness because they are 
nearly amorphous due to bendable ether linkage. The 
shrinking of spin-cast precursor films occurs only in the 
direction perpendicular to film plane, leading to in-plane 
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Table I. Residual stress ofpolyimide films with thickness variationa 

Backbone chemistry 
Film thickness Initial stress Residual stress Residual stress 

µm 

8.0 
10.8 
15.2 
21.2 

BPDA-PDA 33.0 
43.0 
64.1 
70.1 

120.5 

8.0 
12.1 
15.0 
25.2 

PMDA-ODA 36.2 
44.0 
59.0 
79.9 

128.6 

"All residual stress experiments were run 25-400°C. 
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Figure 5. Effect of thickness on residual stress behavior of the 
rigid BPDA-PDA and PMDA-OD A films after fully cured at 400'C. 

orientation ofpolyimide chain19 during thermal imidiza
tion. This may affect the thermal expansivity and me
chanical properties of film, which are related to the 
stress in the film after curing. This suggests that mor
phological structure such as chain orientation is signifi
cantly changed in BPDA-PDA film with increasing 

thickness above 15 µm, whereas relatively insensitive in 
PMDA-ODA film. 

For BPDA-PDA films differing in thickness, the mor
phology was investigated using W AXD as shown in Fig
ure 6. For the BPDA-PDA, the intensity of (004) diffrac
tion peak in transmission pattern was significantly de
creased with increasing thickness. This indicates that 
the degree of the molecular in-plane orientation was de
creased in polyimide with increasing thickness. Coher
ence length from W AXD patterns of polyimide films was 
estimated as shown in Table II. The coherence length for 
the (004) peak in BPDA-PDA decreased in the range of 
105-122 A depending upon film thickness. Coherence 
length is defined by Scherrer equation with the full 
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Figure 6. WAXD patterns of the BPDA-PDA polyimide films 
prepared with various thicknesses ; (a) transmission, (b) reflection. 

width at half maximum of the (OOl) peak. 18
• 

21 This 
means that the degree of molecular chain order along 
the chain axis for the thick polyimide films is relatively 
lower than for the thin films. However, the intensity of 
diffraction peak at 18° was significantly enhanced in 
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Table II. Change in (OOZ) peak ofpolyimides with different film thicknesses 

Film thickness Mean intermolecular distances" Coherence lengthd 
µm In-planeh/A. Out-of-plane'/A A 
10.8 4.94 4.78 122 
21.2 4.94 4.74 115 

BPDA-PDA 33.0 4.92 4.64 111 
64.1 4.90 4.63 108 
70.1 4.90 4.63 106 

120.5 4.88 4.60 105 

12.1 4.91 4.71 80 
25.2 4.91 4.71 81 

PMDA-ODA 
36.2 4.90 4.70 85 
59.0 4.89 4.70 86 
79.9 4.89 4.68 87 

128.6 4.88 4.67 86 

a Estimated from the maximum of X-ray diffraction peaks corresponding to intermolecular spacing. b Calculated from the peak maxi
mum of amorphous halos in transmission W AXD patterns. ' Calculated from the peak maximum of amorphous halos in reflection W AXD 
patterns. a Calculated from the peak maximum of (OOl) peak in transmission W AXD patterns. 

polyimide films with increasing thickness as shown in 
Figure 6. This means that the lateral packing of chains 
combined with the amorphous halo is relatively en
hanced for the thick films. 

In contrast to transmission patterns, reflection pat
terns showed a higher intermolecular packing order in 
thick film than thin film. The (110) peak, which is repre
sentative of packing order, was relatively much sharper 
in shape and stronger in the intensity for thick film than 
thin film. For thick films ( > 70 µm), two other diffraction 
peaks related to intermolecular packing were generated 
at 12° and 28° corresponding to (004) and (0010), re
spectively. Apparently, the presence of diffraction in re
flection and transmission mode for thick 70 µm film, not 
observed in thinner films, clearly indicates that the for
mer is significantly more isotropic than the latter. This 
means that the chain anisotropy of BPDA-PDA poly
imide films decreases with increasing thickness. The 
more segmental mobility of the polymer chains might be 
allowed due to more solvent content in thick film. The 
degree of molecular orientation in films would be lower 
because the effect of surface induced orientation22

-
25

• 
27 

was diminished as film thickness increased. This may 
lead to thicker films with more random structure with 
less chain anisotropy. 

With these W AXD results, the degree of molecular in
plane orientation in BPDA-PDA polyimide film is sig
nificantly degraded with increasing thickness in spite of 
slightly enhanced intermolecular packing order as 
shown in Figure 6. This indicates that the mainly re
duced molecular in-plane orientation of BPDA-PDA 
might lead to higher residual stress with increasing film 
thickness. This suggests that the higher in-plane orien
tation depending upon film thickness might be one im
portant factor of lower residual stress in BPDA-PDA 
polyimide. These show good agreement with residual 
stress behavior in BPDA-PDA polyimide films. 

For PMDA-ODA films differing in thickness, morpho
logical structure was investigated using WAXD as 
shown in Figure 7. The intensity of (002) diffraction 
peak for semiflexible PMDA-ODA corresponds to d
spacing of half the pitch of planar, zigzag chain confor
mation19 in transmission pattern. It was built up further 
in the range > 25 µm. This means the increase in the 
molecular in-plane orientation in thick film. The (002) 
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Figure 7. WAXD patterns of PMDA-ODA polyimide films pre
pared with various thicknesses ; (a) transmission, (b) reflection. 

peak location for thicker film is at a lower 2() corre
sponding to larger intermolecular d-spacing. The chain 
conformation of thicker film is thus more extended. 
Since the data are corrected for thickness, stronger in
tensity of the (002) reflection in thicker film than thin
ner film indicates higher level of crystallinity in thick 
samples. This is consistent with earlier studies that 
thermal expansion decreases as thickness increases for 
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PMDA-ODA adhered substrate.23 Increase in (002) peak 
with film thickness >25 µm thereafter leveled off at 
over 30-120 µm. The estimated coherence length for 
the (002) peak, which represents the degree of molecular 
chain order along the chain axis, was 80-87 A, depend
ing upon film thickness. The intensity of the diffraction 
peak at 18° significantly diffused for the thick film. This 
corresponds to lateral packing of polymer chains in the 
film plane combined with the amorphous halo. 

The reflection diffraction spectra of PMDA-ODA show 
similar trend in packing order like that of BPDA-PDA. 
The reflection pattern showed higher intermolecular 
packing order in thick film than thin film. Better chain 
conformational order in thicker compared to thinner film 
leads to better dimensional order. WAXD shown in Fig
ure 7 in the intermediate angle range, for PMDA-ODA 
confirms that thicker film is more ordered than the thin
ner film. Here, two other diffraction peaks related to in
termolecular packing were generated at 14° and 28°. At 
14 °, the (202) reflection in the thicker film indicates that 
there is good order and registration along the a axis. The 
thicker film has stronger (110) peak indicating ordered 
structure along b axis. The absence of the reflections in 
the thinner film suggests that interchain registration of 
the chain are preferentially aligned in the film plane. 
The presence of (002) in reflection and transmission 
mode for thick 80 µm film, not observed in any of the 
thinner films, clearly indicates that the former is signifi
cantly more isotropic than the latter. 

With increasing thickness, residual stress behavior in 
semiflexible PMDA-ODA smoothly increased in spite of 
enhancement of molecular in-plane orientation. This 
suggests that the effect of out-of plane orientation is 
more on smooth residual stress increase in semiflexible 
PMDA-ODA thick film. This confirms that the molecular 
anisotropy is more effective for low film stress than only 
molecular in-plane orientation. This indicates that the 
higher in-plane orientation and lower out-of plane orien
tation give the higher molecular anisotropy to result in 
lower film stress. However, the higher molecular anisot
ropy as well as lower residual stress are limited to only 
thin films regardless of chain chemistry. This was evi
dent in pseudo rodlike BPDA-PDA polyimide. 

In comparison of W AXD analysis for thin films of 
BPDA-PDA and PMDA-ODA, the (O0l) peaks appeared 
only on the transmission pattern. This means thin film 
has a high degree of polymer chain order along the chain 
axis. However for thick films (O0l ) peaks appeared on 
both transmission and reflection patterns. This suggests 
that in thick film polymer chains are randomly aligned 
in the film plane and in the out-of film plane in thick 
film. Therefore, the higher residual stress and slope of 
cooling curve in thicker film might result mainly from 
less anisotropic orientation. 

The degree of anisotropy variation in PMDA-ODA was 
significantly lower than that of the BPDA-PDA over the 
all range of thickness considered herein. The intensity of 
(004) diffraction peak in the transmission pattern of 
rigid BPDA-PDA significantly decreased with increasing 
thickness. However, the stronger intensity of the (002) 

diffraction in semiflexible PMDA-ODA thicker film than 
that in thinner film indicates higher crystallinity in the 
thick samples. This abnormal behavior might result 
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from solvent contents and intrinsic chain mobility in 
PMDA-ODA polyimide films. The presence of a NMP 
greatly facilitates chain mobility and permit chain align
ment during imidization process. 1- 3 Because of the rela
tively high boiling point ( ~202°C) and low vapor pres
sure of NMP, the trend to orient along c axis for semi
flexible PMDA-ODA may increase with film thickness. 
For complex formation of PAA and NMP, a prebaked 
poly(amic acid) specimen still contains typically >20 wt 
% ofNMP, depending on the drying conditions. 26 During 
thermal treatment more solvent would exist in the thick 
film at higher temperature than thin film. This indicates 
that with increasing thickness the temperature for the 
complete solvent evaporation might increase. By the 
same thermal treatment, thicker films are likely to re
tain molecular motion for a longer period of time for the 
solvent to diffuse out of the film. Prolonged plasticiza
tion by the solvent would increase the segmental mobil
ity of polymer chains for molecular relaxation and allow 
thicker films more orientation along the c axis for 
PMDA-ODA. In case of rigid BPDA-PDA, this effect 
might be less by higher chain rigidity and higher glass 
transition temperature ( ~43o'C). These results due to 
chain mobility and solvent effect are in good accordance 
with the residual stress behavior of pseudo rodlike 
BPDA-PDA and semiflexible PMDA-ODA with increas
ing thickness. 

Conclusively, molecular anisotropy is degraded to 
some extent with increasing film thickness regardless of 
rigid BPDA-PDA and semi-flexible PMDA-ODA. This 
means chain anisotropy is a critical factor in film stress. 
Specially, for planar BPDA-PDA films, in-plane orienta
tion was significantly degraded compared to that for 
semi-flexible PMDA-ODA with its hinged structure. 
This suggests that higher residual stress in BPDA-PDA 
films might result from the less anisotropy induced by 
mainly weaker molecular in-plane orientation in thick 
film. However, in semiflexible PMDA-ODA film the de
gree of chain anisotropy decreased with film thickness in 
spite of increase in plane orientation. This indicates that 
slightly increased residual stress of semiflexible PMDA
ODA films results from less anisotropy induced by 
mainly solvent induced isotropic molecular packing in 
the out-of film plane. 

CONCLUSIONS 

Polyimides, the hinged structure PMDA-ODA and 
rigid planar structure BPDA-PDA, were investigated at 
various thicknesses from 8-130 µm. For fully cured 
BPDA-PDA polyimide at 400°C, residual stress in
creased from 5.4 MPa for 8.0 µm thin film to 45.0 MPa 
for 120.5 µm thick film, respectively. For PMDA-ODA 
polyimide over the same thickness range of 8.0-129.0 
µm, residual stress increased from 29.1 MPa to 40.2 
MPa, respectively. The effect of thickness on the resid
ual stress for the rigid structure BPDA-PDA was signifi
cant, but relatively not for the semi-flexible structure 
PMDA-ODA. This means that residual stress behavior is 
closely related to the morphological anisotropy of fully 
cured polyimide depending on thickness variation. 
Chain anisotropy for the rigid structure BPDA-PDA 
polyimide was significantly degraded with increasing 
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thickness compared to semi-flexible PMDA-ODA poly
imide. This suggests that the higher degree of molecular 
anisotropy in thin film leads to the lower residual stress 
of polyimide. This shows good agreement with the re
sults ofresidual stress and morphology in polyimide thin 
films with thickness variation as shown in Figures 3, 4, 
6, and 7. Residual stress of polyimide films with thick
ness variation is thus closely related to chain rigidity 
and chain anisotropy associated with polyimide chemis
try and morphological structure. 
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