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Study on Residual Stress in Viscoelastic Thin Film Using
Curvature Measurement Method
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Using LSM (laser scanning method), the radius of curvature due to thermal deformation in

polyimide film coated on Si substrate is measured. Since the polyimide film shows viscoelastic
behavior, i.e., the modulus and deformation of the film vary with time and temperature, we
estimate the relaxation modulus and the residual stresses of the polyimide film by measuring the

radius of curvature and subsequently by performing viscoelastic analysis. The residual stresses
relax by an amount of 10% at 100°C and 20% at 150°C for two hours.
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1. Introduction

In electronic devices or MEMS (micro-electro
mechanical system) devices, polyimide films are
widely used as dielectric layers because of their
excellent thermal stability, good mechanical pro-
perties. and low dielectric constant. Thermal de-
formation due to CTE (coefficient of thermal
expansion) mismatch between polyimide and sili-
con takes place when the polyimide film/Si is
cooled down to a room temperature after being
coated on Si substrate at high temperature, and
this thermal deformation results in thermal stress
in the system. The thermal deformation and the
induced thermal stress have negative effects on the
manufacturing process and sometimes cause the
system to fail. Therefore, the measurement of the
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thermal deformation is important for evaluating
the reliability of film/substrate structures.
Various methods for measuring the residual
stresses in film/substrate structures have been
developed. For example, X-ray diffraction meth-
od, Raman method, and curvature measurement
method using optical interferometry or laser scan-
ning can be found in the literature (Nix, 1989 ;
Kampfe, 2000; Laserna, 1996; Courjon et al.,
1995 ; Flinn et al., 1987 ; Witvrouw et al., 1993).
X-ray diffraction method detects the change of
lattice spacing due to the occurrence of strains
(Kampfe, 2000). Since X-rays usually penetrate
multilayers deeply, not only strains but also the
information about yielding, cracking, and dela-
mination in the individual layers can be examin-
ed. But this method is available only for crystal-
line materials. Laser Raman spectroscopy deals
with the measurement of the radiation scattered
from a solid, liquid, or gaseous sample (Laserna,
1996) . The characteristic peak in wave spectrum
determined by interatomic force is shifted by the
change of interatomic distance due to residual
stresses. However, to quantify residual stresses,
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this method requires the standard shift of the
characteristic peak obtained from the hydrostatic
pressure experiments. In curvature measurement
method using optical interferometry (Courjon et
al., 1995), a simple count of interference fringes
permits the determination of curvature. Another
effective method of curvature measurement is to
use laser-scanning technique, which is based on
the principle that a laser beam reflected on a
curved surface depends on the orientation of the
surface. Flinn et al. (1987) have developed a laser-
scanning device that makes use of a rotating
mirror to scan the laser beam over a curved
surface. In this study, LSM using a translating
mirror instead of a rotating mirror is designed to
control a laser beam entering the specimen sur-
face.

Analyses of residual stresses in multilayered
structures have been performed by many resear-
chers. Stoney (1909) proposed a simple formula
known as Stoney’s formula for the radius of cur-
vature and the residual stress of a film/substrate
system. This formula is applicable when the
thickness of film is less than 1/20 of that of
substrate. By using the continuity of strain at the
interface between substrate and film, Timoshenko
(1925) analyzed thin films on a thick substrate.
His analysis can take into account the effect of
the thickness of films, but cannot be used for
multilayered structures having different histories
of temperature for each layer. CBA (composite
beam analysis) has been developed by Lim et al.
(2000) for multilayered structures by means of
cut and paste scheme. In CBA, the effect of the
thickness of each layer is taken into account and
multilayered structures having different histories
of temperature for each layer can also be an-
alyzed. These elastic analyses are also useful for
materials having viscoelastic properties if the
elastic-viscoelastic correspondence principle is
valid. In this study, to estimate the relaxation
modulus and the stress relaxation in polyimide
film, the radius of curvature measured by LSM is
analyzed with Stoney’s formula and the corre-
spondence principle.

2. Analysis

2.1 Geometric relation for the radius of
curvature
LSM makes use of the fact that the direction of
laser beam deflected on a specimen surface is
dependent on the curvature of the surface. Refer-
ring to the geometric relations depicted in Fig. I,
the law of deflection (Hecht, 1998}, that the angle
between an incident laser and a specimen surface
equals the angle between the reflected laser and
the surface, yields

Ax

Ad=Ax+L(6,+26) —L&EAJH-ZLT (n

in which the translation of laser beam in x-direc-
tion, Ax, is assumed to be very small enough to
have Ax=R0. Then, eq. (1) gives us the radius
of curvature in terms of Ax, Ad. and L as
follows :

2Ax

“ad-Ax b 2

R

2.2 Elastic analysis

Residual stress in thin film bonded on a rela-
tively thick substrate was obtained by Stoney
(1909). Thermal deformation due to CTE mis-
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Fig. 1 Geometric relations of laser beams reflected
on a specimen surface
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match, Aa=as—as, where a, and as are CTE of
the film and the substrate, respectively, is related
to the radius of curvature and the residual stress,
dy, as follows :

l - 6-/{fhf
R AaAT (3)
Ml
=4, =
()] fAdA T 6Rhf (4)

where AT is the temperature excursion. Hereaf-
ter, the subscripts s and f refer to the substrate
and the film, respectively. #,=E,/ (1 —v,) is the
biaxial modulus of the film, where E, and v,
are Young’s modulus and Poisson’s ratio of the
film, respectively. For the case of cubic crystals,
we found that the biaxial modulus of the substrate
is M= (ch+cnc—2ckh)/cn, where cu and
¢z are the anisotropic elastic constants of the
cutic crystals. It should be noted that the resi-
dual stress due to the thermal deformation in the
film/substrate structure is the biaxial stress state,
even though the substrate has cubic symmetry.
Stoney’s eq. (3) is applicable when the film
thickness, ks, is less than 1/20 of the substrate
thickness, /s, and the film and the substrate are
linear elastic (Nix, 1989). In case of thick film
(hs>hs/20), CBA can take into account the
effect of the film thickness, in which the radius of
curvature and the residual stress are written as
follows(Lim et al., 2000):

I _ 64h:AAT ( hst+hy > (5)

R M hs+Hehy/ Hs
_ V/{shs ./‘f-ﬂshs ( hs + hf)
or=HsAaAT Mshst+Mehs R (2Mshs+Hhy) (6)

2.3 Viscoelastic analysis

Polymeric materials like polyimide usually ha-
ve viscoelastic behavior at elevated temperature
(Findley et al., 1976), which may be described by
viscoelastic constitutive relation,

de(7)
dr

for biaxial stress state, where ¢ (#) and &(f) are
the biaxial stress and strain, respectively. While
the stresses are being relaxed, the temperature
field is assumed to be constant and uniform. The

olt: T)= [ Mt—1: T) dr (7

biaxial relaxation modulus, #{t—7; T) in eq.
(7) is a function of elapsed time f—7 and tem-
perature T. The basic postulate of thermorhe-
ologically simple material (Christensen, 1982),
which the polyimide film is assumed to be, is

M (t; T)=le[tx(T)] (8)

in which the shift function, x(7T), should be
determined experimentally. The determination of
x(T) at finite number of different T will be
explained in section 4.2. With the elastic-vis-
coelastic correspondence principle (Christensen,
1982), the radius of curvature and the residual
stress in eqgs. (3) and (4) for elastic film/substrate
structures can be converted to Laplace-trans-
formed viscoelastic solutions, of which the in-
verse transform gives us

6
R T g AT 9
oy MK 1

for a given AT (AT is the temperature differ-
ence) .

We used egs. (9) and (10) in analyzing the
effect of viscoelasticity since the specimens we
used, to be explained next, have films thin
enough. However, for future study, we present
the result for R and o in thick specimen as
follows: The elastic-viscoelastic correspondence
principle is applied to CBA model for thick
film/substrate structure, consequently for the case
of viscoelasticity the radius of curvature and the
residual stress in eqs. (5) and (6) are modified
respectively as

| =6h,(hs+h,)AaATr1{ M(s) }(“)

R(t: T [ Mehs+5H; (s) by
S sk
. = ]’ 1 ——
o1t T)=hdahT [ P h/] .
Shyihet b AAT y_ll sl 514y )
I Lot 54515 ) (Lghy sy L) by

where a bar over a modulus designates its Laplace
transformed quantity, and s is the transform vari-
able.
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3. Experiment

3.1 Specimen preparation

Thermoplastic polyimide is spin-coated on
p-type (100) silicon wafer with 400 zm thickness
and 3-inch diameter. Polyimide is a common
dielectric, of which glass transition temperature,
T.=4007C, is high enough to stand the process
of metal depositions. Polished silicon wafer on
which polyimide solution has been put is rotated
with 1000 rpm for 10 seconds and 1800 rpm for
30 seconds. The solvent of the coated polyimide
solution is removed under 250°C/1 hr/vacuum
condition. Then we get 15 um-thick polyimide
film on silicon substrate, which is assumed to be
in stress-free state at 7,=250C.

3.2 Curvature measurement using LSM

LSM using translating mirror is adopted to
measure the radius of curvature as shown in
Fig. 2. Since LSM is limited to specimens having
a mirror surface, laser beams scan the silicon
surface of the polyimide/Si specimen, instead of
the polyimide surface. The translational displace-
ment in x-direction instead of the angle of the
mirror is controlled by the translation stage. With
the linear encoder, the translational displacement,
Ax, can be measured within 0.5 um resolution.
The laser beam reflected on the specimen surface
enters PSD (position sensitive photodetector),
which can detect the translation, Ad, in x-direc-

diode

Fig. 2 Schematic diagram of experimental apparatus

tion of the reflected laser beam. By using eq. (2),
the radius of curvature of the specimen is mea-
sured. The resolution of PSD is 0.15 um and the
distance, Ad, between PSD and the specimen is
0.85 m. Since Ad—Ax cannot be less than the
resolution of PSD, the maximum radius of curva-
ture measurable with the apparatus shown in
Fig. 2 is 2.27 km for Ax =200 g#m. which corres-
ponds to 1.28 pym deflection at the center of the
specimen with 3-inch diameter. The error in
measuring the radius of curvature is expected to
be less than 5%.

3.3 Viscoelastic property measurement

Relaxation moduli of the polyimide are func-
tions of time and temperature as described in
section 2. The standard linear solid model (Ward
et al., 1993) is introduced for the polyimide film
to get

E,(t: T)=EatEo exp[—§ x(T)] (13)

with v,=0.4 (Lim et al., 2000).

While manufacturing the multi-layered struc-
tures, another film is deposited onto the polyi-
mide film/substrate, therefore, the polyimide film
is exposed to a higher temperature, say, 7=
250°C, at which the residual stress in the film
relaxes. One of the purposes of this study is, to
measure the amount of stress relaxation at a
higher temperature. There is no stress relaxation
at T=T; (room temperature), as will be seen in
Fig. 4(a), while the curvature measurement can
only be performed at T=7T,. We, therefore,
employed the following procedures to obtain the
curvature at a higher temperature by measuring it
at T=T,.

The specimen, coated at 7»=250C is assumed
to be stress-free (point A in Fig. 3(a)) at T}, and
it is cooled to T'=T,=207C, at which the curva-
ture is measured (point Jo in Fig. 3(a)). Then,
heating it to 7= T,=150"C (point H, in Fig. 3
(a)), it is kept at T until t=# (point Hi),
making the stress relaxation develops. Cooling
it to 77 (point J,), we measure the curvature at
T,. By repeating the above procedures, we can
measure the curvatures (equivalently, o) at
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Fig. 3 (a) Temperature history of the specimen and

(b) Results of the measurements of residual
stresses at £ =0, #, &, £ at T»=20C (dotted
lines Jo. Ji, Ja, Ja) and assumed residual
stresses at £=0, h, k, £ at T,=150C (solid
lines Ho. Hi, H,, Hs). The difference, Jo—
Hy=],— Hi=],— H>»=J3— H; represents that
of the elastic residual stress. (ATy=Tn— T
and AT;.= Tm— T».)

points Jo, /1. J2. Js as shown in Fig. 3(b), plotted
in dotted lines.

The residual stresses at T=T, (the curve Hy
H, H, H3). however, are different from those
measured (the curve Jo Ji Jo Ja), the difference
being the elastic part of the residual stress, i.e.
#r(0) Aa(T»— Ty). This elastic contribution to
the residual stress should be independent of the
time elapsed, hence Jo—Ho=/i—H\=],— H,=
Js— Hs. The required time to measure the curva-
ture at 7, is about 5 minutes, which does not

affect the amount of stress relaxation since at 7
there hardly occurs stress relaxation. Also, the
time required from point J| to ) is within 10
secs, therefore. its effect can be neglected.

4. Results and Discussion

Experiment has been performed for 3 polyi-
mide/Si specimens prepared according to the
procedure described in section 3. Laser scanning
is carried out on the diameter of Si wafer running
to <Ol1> direction for all specimens. Since the
specimens are in the biaxial stress state, all the
radii of curvature must be independent of mea-
suring directions on the specimen surfaces. Since
the thickness ratio of the polyimide film and the
Si substrate used in our experiment is hs/hs=
3/80, Stoney's formulae, eqs. (3) and (4), and
the viscoelastic solutions, eqs. (9) and (10), ob-
tained by applying the correspondence principle
to Stoney’s formulae are used instead of the
results of CBA, eqs. (5). (6), (11), and (12). The
material properties of Si are ¢;=165.7 GPa,
€12=63.9 GPa, c4=79.6 GPa, and as=2.6 ppm/C
(Lim et al., 2000 ; Suwito et al., 1999). The CTE
of the polyimide film is @,=40 ppm/°C (Lim et
al., 2000), which is assumed to be constant below
the glass transition temperature. Relaxation mo-
dulus of the polyimide film are measured, as
described below.

4.1 Thermal deformation at room tempera-
ture and /=0

Single crystalline silicon wafers usually have
not only surface roughness but also surface curva-
ture after polishing. Before coating a polyimide
tilm on Si substrate, the radius of curvature of
polished silicon surface is measured in order to
investigate the pure effect of the thermal defor-
mation. The relation below is used :

S S (14)

in which R, and R, are the measured radii of
curvature before and after coating, respectively,
and R, is the radius of curvature purely due to
thermal deformation (Table ). Young’s modulus,
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Table 1 Measured values of radius of curvature,
Young's modulus. and residual stress at
room temperature and /=0

Specimen no. #1 #2 #3 Avg.
Ry (m) 850 | 56.7 | 34.0 -
R:(m) 20.6 19.5 17.4 19.2

E;(GPa)| 1.09 1.15 1.29 1.18
Stoney

o,(GPa) | 15.6 16.5 18.5 16.9

E;(GPa)| 1.05 | 1.1l .24 | 113
CBA

or(GPa) | 14.9 15.8 17.8 16.2

E/(0; T), (assumed to be temperature indepen-
dent as in eq. (13)) and the residual stress, g,(0;
T), of the polyimide film at room temperature
are calculated by egs. (9) and (10) with E,(0;
T)=4,;(0; T)(1—v,), AT=230C. and v,=
0.4. The averaged Young’s modulus and residual
stress are E;(0; T)=1.18GPa and ¢,(0; T) =
16.9 MPa, respectively, as given in Table 1. It is
found that the stress relaxation does not take
place at T=T,=207, i.e., R, is constant at 7.
Since the stress relaxation hardly occurs at room
temperature, we set x ( 7,=20C) =0, which gives
us that E,{¢#; T,)=1.18 GPa and o,(¢t; T,) =
16.9 MPa are constant, regardless of the elapsed
time.

4.2 Curvature,
stress relaxation at elevated tempera-

ture and /0
The curvatures of two specimens (#1 and #2)
maintained at 150C and one (#3) at 1007C, res-
pectively, are measured and plotted against time

relaxation modulus, and

in Fig. 4(a). The curvatures 1/R; in Fig. 4(a) are
the results measured at Jo, Ji, J2. Ja with the
temperature history Jo- Ho-Hy-J1-Hi- Ho- ]2 Ha-
Hs-J5. shown in Fig. 3(a). On the other hand, the
curvatures 1/R; in Fig. 4(b) are the assumed
values, computed in the following way :

|
R

(Assumed at T})

| Th_Tr(IS)

Riat T=T, t=0) Tu—T;

=L a T —
=R (measured at Ty)

As explained in section 3.3, the second term on
the right hand side of eq. (15) (including the

u.osU T
. -— Specimen #0 (T =20°C)
oossd Tyl ®  Specimen #1 (T,=150°C)
o ® Specimen #2 (T,=150°C)
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£ om0 ~b Specimen #3 (T,=100°C)
€ 0,045 4
s
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$ o.0s0+ 4
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0030
0 "
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g o024 n |
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0 1 2 3 4 5 6 7 8 g9 10 1
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Fig. 4 (a) Measured values of curvature at room

temp. and (b) assumed values of curvature by
eqg. (15)

sign) represents the difference of the residual
stress at T= Ty and T =T, i.e.. the difference of
the elastic residual stresses, which is linear in
(T.—T;), and independent of time elapsed. In
other words, substitute the second term on the
right hand side of eq. (15) for R in eq. (4). it can
be shown that the calculated value results in

A;(0) Aa(T— Ty), the difference of the residual

stresses at Ty and 7.

The curvature of the specimen #3 is larger than
those of the specimens #1 and #2, which means
that the residual stress in the specimen #3 is larger
that those in the specimens #I and #2. As time
elapses, the curvatures exponentially decrease,
which corresponds to the stress relaxation. With
the graph of the measured curvatures vs. time
(Fig. 4) and the standard linear solid model, eq.
(13), the relaxation modulus of the polyimide



18 Young Tae Im, Seung Tae Choi, Tae Sang Park and Jae Hyun Kim

1.8 \ ) saodullas
o Specimend] (T, = 150°C) | e B [be(T;)) with p(Twt50°C) =1
8 Specimica¥? (T, =150°C) | ==ou B T)] with 2(7,=1007C) 0277
440 A  Spocimen#d (T,=100C) | == < B [n@@)) with 2T 20010
B T i ) - il
1.253; _.%;w_*z—.‘-.—::t‘_“t‘:’:;'m_’r‘.:r"mrm'sn

-
s T
. e

10p-—— -

B [n(T,)) (GPe)
t—3
x

04 -
02}- —
we B 10 00
Time (hour)
Fig. 5 Relaxation modulus of the polyimide film

is estimated by the measured values to be
E (t; T)=022074+09593 exp[ —tx(T)/
5.08 hr] together with the values of the shift
function, x(7T) =0, 0.227, and |, at T=20T,
100°C, and 150°C. respectively

film is curve-fitted to be

E/(¢t; T)=0.2207
tx(T) (16)

5.08

+0.9593 exp{— }(GPa)
together with the shift function. The shift func-
tion log x(7") is a linear function of temperature
(Hwang et al., 2003), the values of the shift
function are y(7) =0, 0.227, and 1, at T=20C,
100C, and 150°C, respectively (Fig. 5). In fitting
the curve, we choose x(7) =1 at T=150C. The
time constant of the relaxation modulus, eq. (16),
is 7=5.08 hour, which is large enough to ignore
the 5-minute interruptions spent to measure the
radius of curvature. At (=0, E,(0; T)=1.18
GPa regardless of temperature. As time goes to
infinity, Es(¢: T) approaches Ex=0.2207 GPa.
In Fig. 5, if the relaxation function for T,=
100C is shifted to the left by an amount of
| log x(100°C)|=0.652, the relaxation function
for T,=100C coincides with that for T,=150C.
The residual stresses are also calculated by the
obtained relaxation modulus, eq. (16), and eq.
(10), o,(t: T)=4;[tx(T)]AaAT. where the
is related to the relaxation

TY=E;(t: T)/ (1—y,)

biaxial modulus
modulus by M,(¢:

»  Spelinen#l (T, = {50°C)
T ey r v ®  Specimen# 2 (T, = 150°C)
sssses . A Specimen#3 (T, = 100°C)
T = g {t=0; T=150°C)
- e g lt=GTR1500)
— ol T 100
mme= o {t; T 10°C)

s (t;T)

(=]

Time (hour)
Fig. 6 Residual stresses due to CTE mismatch at
T.=100"C and 150C

(Fig. 6). The dotted and broken horizontal lines
in Fig. 6 denote the residual stresses at 7,,=100C
and T,=150C. respectively (at £=0), which are
simply .#,(0)AaA T, Since the temperature
jump, ATy=Tn—T,, for To=100C is larger
than that for 7,=150C, the residual stress at
100°C is larger than that at 150°C, and the stress
relaxation at 150C takes place faster than at
100°C. It relaxes by an amount of 10% at 100°C
and 20% at 150°C for two hours after manufac-
turing. As time goes to infinity, the residual stress
approaches «#(00) AgAT,. Were it not for the
viscoelastic effect of the polyimide film, the resi-
dual stresses would be overestimated by the
amount of [.#(0) —.#;(o0) JAeA T, which cor-
responds to about 80% of the residual stresses at
t=0.

5. Conclusions

Experimental apparatus using LSM is deve-
loped for measuring the radius of curvature due to
the thermal deformation in polyimide film coated
on Si substrate. The system is capable of detecting
the radius of curvature up to about 2.27 km. This
LSM is limited to specimens having a mirror
surface. After manufacturing the polyimide/Si
specimens at 250°C, the specimens are maintained
at elevated temperature, 7,=150C (or 100°C).
Relaxation modulus and stress relaxation in the
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polyimide film are estimated by measuring the
values of the radius of curvature at an interval
of about 2 hours, and then, by performing the
viscoelastic analysis, which is based on the elastic-
viscoelastic correspondence principle. At room
temperature, the stress relaxation hardly occurs
and Young's modulus of the polyimide film is
to be E,=1.18GPa. The
stresses relax by an amount of 10% at 100C and
209% at 150°C for two hours after manufacturing.

obtained residual
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