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Thermo-mechanical stress in MCM-D substrate is an important reliability and fabrication issue.
The difference in coefficient of thermal expansion (CTE) between substrate, polymer, and metal
leads to complicated stress fields in multilevel interconnect structures. A simple model which
predicts a stress contribution from each individual layer during MCM-D substrate fabrication is
proposed and verified through experiments and numerical analysis. The composite stress or bowing
in multilayer structures is due to the contribution from each individual layer. This study uses
materials set employed in a typical lamination based MCM-D technology to monitor the stress level
in the thin film layers of polymer. Mechanical test structures consist of single or multilayer polymer
films are fabricated on silicon wafers. The substrate deflection caused by composite stresses due to
fabrication and thermal cycling is determined by a curvature measurement technique.

I. INTRODUCTION
MCM-D interconnect structures typically consist of
thin film layers of polymer as an insulating dielectric
and metallic, usually aluminum or copper, conductors
which are fabricated on a substrate. Substrate materials currently in use include alumina, aluminum nitride,
glass ceramic, mulite, silicon, metal, and composites.
The lamination based MCM-D interconnect structures
are built by an additive process which alternates dielectric layers and metal layers that are subsequently patterned. Since these three main materials, i.e. silicon,
metal and polymer, belong to very different categories
in the material system, they have very different values of
CTE which inevitably leads to thermo-mechanical stress
in the MCM-D structures. Upon cooling from the process temperature, large internal stress is built up in the
MCM-D structure due to large CTE mismatches among
these materials. Such internal stress causes the whole
structure to bend in order to relieve some portion of its
internal stress [1].
The amount of bowing reflects the level of stress in
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the structure and is related to some potential problems.
First, the thermo-mechanical bowing causes a misregistration problem. Substrate translation or rotation due
to thermo-mechanical bowing during fabrication makes
the process like photolithography or interconnection processes such as fine-pitch wire bonding and TAB process difficult during fabrication. As more integrated and
larger substrates are needed, this problem could become
increasingly serious. Second, the thermo-mechanical
stress causes delamination at various interfaces such as
silicon/polymer, polymer/metal, polymer/polymer and
metal/metal interfaces in MCM-D substrates. As larger
substrates are needed nowadays, this problem becomes
increasingly crucial. The third problem is the stress concentration problem at various internal structures such
as via and passive components which act as singularity points and experience sharp stress increases in the
vicinity. As more and more passives are to be incorporated into the substrate nowadays, this problem is one
of the most critical issues at hand. Fourth, there is a
chance of solder joint failure due to repeated thermal
loading during service in customer environment. Even
if solder balls are correctly attached without misregistration during fabrication, repeated thermo-mechanical
bowing might cause solder joints to fail.
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Table 1. Physical constants for typical lamination based MCM-D substrate materials.
Materials
Silicon
Coverlay
Ultem 1000
Ultem 1000 Film
Kapton Type 100
Kapton Type 200
Kapton Type 300
Kapton Type 500
Apical

HN
HN
HN
HN

Role
Substrate
Adhesive/Overlay
Adhesive
Adhesive
Overlay
Overlay
Overlay
Overlay
Overlay

Symbol
Si
CL50
U2
UF
KH25
KH50
KH75
KH125
AP25

These problems should be solved and eliminated, or at
least understood and controlled precisely to manufacture
highly integrated, highly productive, highly reliable and
low-cost MCM-D substrates. This leads us to develop
an analytical model which could predict the thermal behaviors of multilayer structures for MCM-D application.
This study uses materials set employed in a typical
lamination based MCM-D technology. Substrates are
overlaid by polyimide films, which are either precoated
with Ultem 1000 thermoplastic or offered as precoated
with thermoset epoxy adhesive like Coverlay film. A
polymer layer in the multilayer structure is formed by
a lamination process using heat and pressure to bond
the composite film to the substrate. This process is repeated to build the entire thin film multilayer structure.
Metallization is excluded in this study to focus on the
multilayer behavior of polymer layers.

E (GPa)
141.00
0.49
3.90
3.90
2.55
2.55
2.55
2.55
8.83

ν
0.22
0.37
0.35
0.35
0.34
0.34
0.34
0.34
0.34

α (10−6 /◦ C)
2.6
60.0
31.0
31.0
20.0
20.0
20.0
20.0
12.0

t (µm)
525.0
50.8
17.3
50.8
25.4
50.8
76.2
127.0
25.4

deformation of the substrate. This formula can be written as follows:
σf =

Es t2s
6R tf

(1)

where σf is the stress in the film, Es = Ēs /(1 − ν¯s ) is the
biaxial Young’s modulus for the substrate material where
Ēs and ν¯s are the elastic modulus and the Possion’s ratio

II. THEORY
The first theoretical formula for the evaluation of
stresses, arising in a thin film prepared on a thick substrate, was suggested by G. G. Stoney [2] and is still
widely utilized for stress calculation from the measured

Fig. 1. Thermal behavior of a single layer of a 25.4 µm
Kapton HN film bonded with a 25.4 µm epoxy film on a silicon substrate. H1=1st heating cycle, C1=1st cooling cycle,
H2=2nd heating cycle, C2=2nd cooling cycle.

Fig. 2. Thermal behavior of two layers of a 25.4 µm Kapton HN film bonded with a 25.4 µm epoxy film on a silicon substrate. H1=1st heating cycle, C1=1st cooling cycle,
H2=2nd heating cycle, C2=2nd cooling cycle.

Fig. 3. Thermal behavior of three layers of a 25.4 µm
Kapton HN film bonded with a 25.4 µm epoxy film on a silicon substrate. H1=1st heating cycle, C1=1st cooling cycle,
H2=2nd heating cycle, C2=2nd cooling cycle.
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Fig. 4. Thermal behavior of four layers of a 25.4 µm
Kapton HN film bonded with a 25.4 µm epoxy film on a silicon substrate. H1=1st heating cycle, C1=1st cooling cycle,
H2=2nd heating cycle, C2=2nd cooling cycle.

Fig. 5. Thermal behavior of a composite layer composed
of a 25.4 µm Kapton HN film and a 50.8 µm Ultem 1000 film
on a silicon substrate. H1=1st heating cycle, C1=1st cooling
cycle, H2=2nd heating cycle, C2=2nd cooling cycle.

of the substrate material, respectively, ts and tf are the
thickness of the substrate and film, respectively, and R
is the radius of curvature.
Stoney’s formula must be used, as long as the elastic
constants of the film material and its thermal expansion
mismatch with the substrate are unavailable. Otherwise
the formula,
σf = Ef (αf − αs )∆T

(2)

should be utilized [3], where Ef and αf are the biaxial
Young’s modulus and coefficient of thermal expansion
for the film, respectively, and ∆T is the temperature
excursion.
Meanwhile the formulas for the curvature, R, can be
obtained by equating Formulas (1) and (2) as,


1
Es ts 2 + 4ts Ef tf
R=
(3)
Ef αf tf
6∆T

Fig. 6. Thermal behavior of a composite layer composed
of a 50.8 µm Kapton HN film and a 50.8 µm Ultem 1000 film
on a silicon substrate. H1=1st heating cycle, C1=1st cooling
cycle, H2=2nd heating cycle, C2=2nd cooling cycle.

where αf − αs ≈ αf in this study. Furthermore, from
Formula (3) and the geometrical consideration of the curvature [4] i.e.,
B=

Ls 2
8R

the maximum bow, B, can be obtained as,


3Ls 2
Ef αf tf ∆T
B=
4
Es ts 2 + 4ts Ef tf

(4)

(5)

Table 2. Comparison of analytically calculated, numerically calculated, and measured slopes of multilayer epoxy/
Kapton composites on a silicon substrate.
Composite

Analytical Numerical Measured
(µm/◦ C) (µm/◦ C) (µm/◦ C)
CL50
0.2104
0.1918
0.2429
CL50/CL50
0.4202
0.4148
0.5385
CL50/CL50/CL50
0.6294
0.6683
0.8543
CL50/CL50/CL50/CL50 0.8379
0.9517
1.1459

Fig. 7. Thermal behavior of a composite layer composed
of a 76.2 µm Kapton HN film and a 50.8 µm Ultem 1000 film
on a silicon substrate. H1=1st heating cycle, C1=1st cooling
cycle, H2=2nd heating cycle, C2=2nd cooling cycle.

where Ls is the scan length of laser profilometry and is 8
cm in this study. From Formula (1) and Formula (5), the
maximum bow value is directly proportional to stress as
follow:



4
Es ts 2
σf =
·B
(6)
tf
3Ls 2
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Fig. 8. Thermal behavior of a composite layer composed
of a 127.0 µm Kapton HN film and a 50.8 µm Ultem 1000 film
on a silicon substrate. H1=1st heating cycle, C1=1st cooling
cycle, H2=2nd heating cycle, C2=2nd cooling cycle.

The amount of bowing reflects the level of stress in
the structure. However the difference in temperature excursion, ∆Tf i , for the ith film, as well as the multilayer
structure itself rather than a single layer structure should
be considered for the successful modeling of an actual
MCM-D substrate in which several layers are fabricated
at sequentially lower temperatures. From the suggestion
[1] that when multiple thin films are deposited sequentially onto a much thicker substrate, each film causes a
fixed amount of bowing to occur irrespective of P
the order in which the films are deposited, i.e. B =
Bf i ,
and from Formula (5) we obtain,

n 
3Ls 2 X
Ef i αf i tf i ∆Tf i
B=
(7)
4 i=1 Es ts 2 + 4ts Ef i tf i
where Ef i , αf i , tf i , and ∆Tf i are the biaxial Young’s
modulus, coefficient of thermal expansion, thickness, and
thermal excursion of the ith film, respectively. If Formula (7) is differentiated with respect to temperature
and then rearranged, the result is the slope of the temperature cycle curve:

n 
dB
3Ls 2 X
Ef i αf i tf i
=
(8)
dT
4 i=1 Es ts 2 + 4ts Ef i tf i
Note that Formula (8) is readily applicable for the experimental verification of multilayer MCM-D structures

Table 3. Comparison of analytically calculated, numerically calculated, and measured slopes of Ultem/Kapton composites on silicon substrates.
Composite
UFKH25
UFKH50
UFKH75
UFKH125

Analytical
(µm/◦ C)
1.0783
1.2586
1.4375
1.7911

Numerical
(µm/◦ C)
0.9703
1.1561
1.3526
1.7745

Measured
(µm/◦ C)
1.0329
1.1083
1.2053
1.5124
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Fig. 9. Thermal behavior of a composite layer composed
of a 25.4 µm Kapton HN film and a 17.3 µm Ultem 1000 film
on a silicon substrate. H1=1st heating cycle, C1=1st cooling
cycle, H2=2nd heating cycle, C2=2nd cooling cycle.

Fig. 10. Thermal behavior of a composite layer composed
of a 25.4 µm Apical film and a 17.3 µm Ultem 1000 film on
a silicon substrate. H1=1st heating cycle, C1=1st cooling
cycle, H2=2nd heating cycle, C2=2nd cooling cycle.

using curvature measurement technique.

III. EXPERIMENTAL
To verify the proposed formulas, thermal cycling was
performed on multilayered structures composed of various kinds and thicknesses of adhesives and overlay films.
Stress test structures are fabricated on (001) single crystal Si wafers (Si) with a diameter of 10 cm and thickness
of 525 µm. Materials used in a typical lamination based
MCM-D substrate were applied to the substrate: 17.3

Table 4. Comparison of analytically calculated, numerically calculated, and measured Slopes of Ultem/Kapton and
ultem/apical composites on silicon substrates.
Composite
U2KH25
U2AP25

Analytical
(µm/◦ C)
0.4936
0.5730

Numerical
(µm/◦ C)
0.4170
0.4869

Measured
(µm/◦ C)
0.4069
0.4694
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µm and 50.8 µm of Ultem 1000 (U2 and UF, respectively) as thermoplastic adhesives, 25.4 µm, 50.8 µm,
75.2 µm and 127.0 µm Kapton PI films coated with
UF (UFKH25, UFKH50, UFKH75, UFKH125, respectively), 25.4 µm thick Kapton, Apical, Upilex PI films
coated with U2 (U2KH25, U2AP25, U2UP25, respectively), and Coverlay film (CL50) which consists of 25.4
µm Kapton film and 25.4 µm epoxy thermoset adhesive.
Physical constants of the substrate, adhesive polymers
and overlay polymers are summarized in Table 1. The
maximum bow values are measured during thermal cycling by the optical lever method [5]. The test structures were thermally cycled between room temperature
and 300 ◦ C wherever Ultem adhesive is used, and 150
◦
C wherever epoxy adhesive is used. The Ultem and the
epoxy composites were laminated to a substrate by heat
and pressure at 310 ◦ C/55 psi/60 min and 150 ◦ C/50
psi/40 min, respectively.
The commercial software MSC/NASTRAN [6] is implemented as a simulation tool where plane strain element is utilized for expressing each layer. The other
conditions are as follows: the number of elements is 800,
the maximum aspect ratio is 23.1, boundary conditions
are pinned and simply supported, and loading condition
is thermal loading.

IV. RESULTS AND DISCUSSION
Thermal cycling was performed on complex layered
structures. Fig. 1 through Fig. 4 show the result for
epoxy based Coverlay film. The as-fabricated intrinsic
bowing relaxes during the whole stage of the first heat
cycle, then increases by almost 80 % on cooling as a result
of CTE mismatch. Further cycles are reproducible as a
little and stable hysteresis is established by the second
cycle. The first cycle eliminates the intrinsic stress which
become extrinsic for all subsequent thermal cycles. As
the number of layer increases, the maximum bow values
and the slope increase as well, while hysteresis curves
remain nearly the same in shape.
Table 2 compares the experimental values taken from
the cooling portion of the first thermal cycle with the calculated values from Formula (8) and the simulated values from NASTRAN as well. The cooling portion of the
first cycle is chosen to minimize effects caused by intrinsic stress. The analysis assumes linear elastic behavior
and uses the room temperature physical property values
(Table 1). It is a good approximation that the properties
of thermoset polymers are nearly constants and elastic
[7]. For the Coverlay film, the agreements between calculated values and measured values are quite good up
to four layers. Some differences between the calculated
and measured values are due to slight changes in polymer
properties according to measurement environment.
Fig. 5 through Fig. 8 show the results for silicon/Ultem/Kapton structure in which 25.4 µm, 50.8 µm,

75.2 µm and 127.0 µm Kapton films were overlaid using
50.8 µm Ultem adhesive. The curve deflects somewhat
above 217 ◦ C indicating the presence of the Ultem layer
whose viscoelastic behavior would be expected to relieve
the stress. No other transitions are observed since the Tg
for Kapton is above 400 ◦ C. Table 3 summarizes the results and the agreement is well established between the
calculated and measured values for Kapton films with
various thicknesses. Formula (8) assumes linear elastic
behavior and the room temperature physical property
values (Table 1) are used in Table 3. Approximately,
it is a good assumption that the properties of polymers
like Ultem and Kapton are nearly constants below Tg [7].
Little hysteresis and a slope indicative of elastic behavior, particularly at lower temperatures, imply predominantly elastic deformation. In Table 3, Formula (8) was
applied to lower temperature regions of each thermal cycling curve.
Fig. 9 and Fig. 10 show the results for single layer
Ultem/Kapton and Ultem/Apical composites on silicon
substrates, respectively. Little hysteresis and a slope indicative of elastic behavior, particularly at lower temperatures, imply predominantly elastic deformation. The
curve deflects somewhat above 217 ◦ C reflecting the
presence of the Ultem layer whose viscoelastic behavior would be expected to relax the stress. Summarized
in Table 4 are the results for silicon/Ultem/Kapton and
silicon/Ultem/Apical structures. The room temperature
physical property values (Table 1) are used in Table 4.
There is good agreement between the calculated and
measured values for different kinds of polyimide overlay
films.
All the experimental results and comparisons shown in
Table 2 through Table 4 prove the validity of Formula (8)
for the biaxial stress analysis in laminated polymer films
on silicon substrates for MCM-D application.

V. CONCLUSIONS
This study uses materials set employed in a typical
lamination based MCM-D technology. A simple analytical model which predicts a stress contribution from each
individual layer during MCM-D substrate fabrication is
proposed and verified through experiments and numerical analysis. The composite stress or bowing in multilayer structures is due to the contribution from each
individual layer. The developed formulas and simulations are conveniently applicable for multilayer MCM-D
structures using curvature measurement technique and
are simple, easy-to-use, and clearly indicate how the respective material and structural characteristics affect the
magnitude and the distribution of stresses. The developed formulas are valid to be used for the biaxial stress
analysis in various kinds of laminated polymer films on
silicon substrates for MCM-D application.
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