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Post-deposition thermal treatments for
improving the interconnection strength
of a Ti-W/Au/Cu bonding system
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The bonding combination of Ti-W/Au/Cu laminate strips deposited on an SiO,/Si passivated
substrate is strengthened through post-deposition age-hardening thermal treatment of the
deposited metals in the amorphous state. For creating a copper layer of 10 um thickness at the
top, both electrodeposition and physical vapour deposition (evaporation) methods are applied
to obtain different strip properties. Peel tests, which can simulate the strip delamination
process, are conducted to evaluate the strip—substrate bonding strength. A micro-mechanics
analysis indicates that weak strip stiffness is a key cause for the frequent strip—substrate
separations. Consequently, the laminate composite system is heated and cooled after
deposition under different treatment conditions to strengthen the strip. The specimens are
heated to a temperature of 220 to 400 °C, held there for a time and cooled quickly in air or
water. The strengthening effect of the amorphous metals is obvious but complicated. The
improved bonding strength will decrease again if the heating temperature is lower than 200°C
or the heating time is shorter than 50 min. At room temperature, indices of performance for
strip—substrate bonding strength such as average peel force, peel energy and peak peel load
continuously vary within approximately 100 h, depending upon the heating treatment history.
Significant improvements of up to approximately 300% have been achieved according to peel
strength tests. The sticking strength becomes so high after the thermal treatment that no part

of a strip can initially leave its substrate during the tests.

1. Introduction
Due to the available high processing resolution, differ-
ent strip—substrate micro-interconnections based on
patterning deposition technologies have ever-increas-
ing applications in microelectronics packaging and
other micro-systems. Strips are usually made very fine
(width less than 50 pm) and dense to achieve high
system performances. The fine and dense metallic
composite strips deposited on a hard insulated sub-
strate usually function not only as electrical conduct-
ing conduits but also as thermal conduction paths and
mechanical support. Various kinds of strip failure can
lead to an unreliable and low-efficiency system. Due to
the large difference in terms of mechanical properties
between the laminate metallic composite and the hard
non-metallic substrate, the artificial interconnection is
not always sufficiently strong. Frequent strip—
substrate separation, like the one which occurs in the
.case of a Ti-W/Au/Cu strip and Si0,/Si substrate
combination, turns out to be a serious problem both
during processing and in service.

A weak strip—substrate bonding can result from
many factors. However, interface adhesion is often the
only factor considered for studying the problem of
weak strip—substrate bonding. Actually, interface
adhesion deals only with the physical or chemical
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bond nature in an extremely thin interfacial range.
Strip—substrate interconnection strength depends not
only on the necessary interface adhesion, but also on
the mechanical properties of the strip and substrate
materials adjacent to the interface. It is understand-
able that the property of a thin interfacial layer cannot
determine independently such overall performance as
strip—substrate bonding strength. Investigations on
film mechanical behaviour are necessary to under-
stand the interconnection failure mechanism.
Thermal stress in aluminium or other strips has
been investigated [1-4], as film mechanical failure is
of more and more concern in the interconnection of
integrated circuits. Thermal stress generated in com-
ponent service time is only one of the main harmful
effects. There are other destructive effects, e.g., mech-
anical forces at corners or edges and residual stresses
in the film. Film or strip micro-mechanics under these
complex effects can be complicated with various film
patterns, substrate conditions and load distributions.
Intrinsic stress and thermal stress other than the shear
stress in the strip have also been studied analytically
and numerically [3, 5]. Corresponding measurement
methods of the shear stress are developed according to
the substrate bending curvature in the stressed state
[2, 6]. Thin and flexible strips are preferred so that
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intrinsic stress and thermal stress can be reduced.
However, thin and flexible strips are easily separated
from the hard substrates. There are two basic strip
failure modes, i.e. middle breakage of strip or substrate
and strip—substrate separation or delamination at
strip ends. The latter occurs much more frequently
than the former, since strip ends are usually subjected
to peak shear stress and surrounding loads. With the
normal hard substrates like silicon and AIN, rigid
strips instead of flexible strips are preferred to reduce
strip deformation and to enlarge the interface burden
area to counteract the separation. This paper will
verify the above important viewpoint experimentally
and analytically. Peel tests of strip ends are conducted
to examine directly the strip—substrate interconnec-
tion strength.

Annealing was the only heat treatment method used
previously in metallic film processing for reducing the
assumed intrinsic stress. Based on the general princi-
ple of mechanical compatibility [7], strips should be
strengthened to match the hard substrate. Post-depos-
ition heat treatments will therefore, find effective ap-
plication in film processing. In the case of the
Ti-W/Au/Cu/Si0O,/Si system, the strengthening effect
of heat treatments can be significant. This effect turns
out to be dynamic or time-dependent. Due to the origin-
al amorphous or polycrystalline state of the laminate
strips after deposition, a devitrification process occurs
during the heat treatment. Similar investigations [8, 9]
have been reported concerning material devitrification
processes of other metallic materials such as nickel
and chromium. Devitrification treatments have not
yet found real applications in microelectronics
packaging technology concerning copper and alumi-
nium. This paper will investigate the distinguishing
effects of thermal treatment on strip—-substrate bond-
ing strength. The Ti-W/Au/Cu/SiO,/Si system, a typi-
cal example of a flexible strip and rigid substrate, was
used in all the experiments.

2. Theory for strip failure mechanisms

As developed in processing or during service, the stress
distribution in a strip can vary with the actual system
situation. Stress concentration, however, is always the
main cause of film failure since strip failure hardly
occurs in a large area simultaneously. A concentrated
stress distribution is often the most scrious detri-
mental effect. Shear stress in a strip, which is the
superimposition of thermal stress and intrinsic stress,
usually concentrates near the strip ends. Strip ends or
corners hence become the vulnerable parts. On the
other hand, strip ends are exposed to surrounding
loads. In film processing, film ends or corners are
subjected to various mechanical and hydraulic loads.
Sometimes in film fabrication, over 50 % of the film
elements may separate from the substrate after the
final patterning step. The tendency to separate at strip
ends is due to micro-surface deformation in a small
stress-concentrated area. A thin copper layer without
upper passivation cover separates more easily than an
aluminium layer with a hard upper passivation. Due
to the flexibility of thin copper films, partial strip

5408

separation or delamination at strip ends is the usual
mode of film failure. The partial separation generated
at the ends can spread quickly along the strip—sub-
strate interface. A failure model of strip separation can
be established according to static micro-mechanics as
shown in Fig. 1. All loads including concentrated
stress and surrounding loads at the strip end are
expressed as-a lifting force F so that the resisting
strength against strip separation can be determined
analytically.

The thin strip can be considered as a wide beam
which is subject to a lifting force at its end. The wide
beam curvature is given by the second-order differ-
ential equation

L
j r(t)(t — x)de

= W

d?v
dx?

where v is the beam displacement in the y direction,
r(x) is the normal stress distribution in the strip—
substrate interface, E., I, and v; are the strip’s
E-modulus, moment of inertia and Poisson’s ratio, re-
spectively, and L is defined as the burden length.
When x > L, ¥(x) and the bending moment in the strip
can be omitted. For the moment to be in equilibrium,

ror(x)xdx -0 P

Thus the distribution function is obviously cyclic and
degenerative in nature. Let

r(x) = r(0)e "*cos(bx) (3)

where parameter b is concerned with materials prop-
erties and the size of the bonding structure.

On the substrate side, we have a generalized two-
dimensional Hooke’s law:

&y = ———0,, 4)

where g, is substrate strain in the y direction, &, is

substrate stress in the y direction, and E, and v, are

substrate E-modulus and Poisson’s ratio, respectively.
At the interface

g, = v/h (5)
o, = r(x)/w (6)

Substrate

V F'

Figure 1 Strip failure model.



where w is strip width. Thus, substituting Equations 5
and 6 into Equation 4,

- Q%S:vﬂr(x) - (I—ES:V—Mr(O)e"’xCos(bx)
7
Substituting Equation 7 into Equation 1
1 [ wE(l —vg) \'*
b 212 (thIf(l — v5)> ®)
_ ® )
F = - J‘Or(x)dx = — 5 )

Considering Equation 3, one can determine the bur-
den length L as follows. r(x) varies cyclically and
decreases along the interface. Only the first half-cycle
contributes to the increase in lifting force at the strip
end:

L = n/2b (10)

A large F corresponds with large E; and I;, and small
E, and I,. According to Equation 3, the decline of r(x)
along the direction X depends upon L. With a larger
value of L, i.e. a relatively more rigid strip and softer
substrate, the bonding combination can be subject to
a greater separating force F. A large L indicate a long
burden length of the interface under the pull load, and
a small decreasing rate of the interface stress distribu-
tion r(x) along direction X as well. It is indicated that
a combination of substrate and strip with similar
material properties is preferred to achieve strong
bonding. This is the fundamental conclusion on which
an important principle of mechanical compatibility is
based.

Even with an adhesion layer as base, a thin copper
strip does not stick to a hard silicon substrate well
enough, and separation occurs frequently even at the
strip processing stage. The above micro-mechanics
analysis reveals that the low anti-bending rigidity of a
strip which is loaded on its edge or corner results in
severe micro-stress concentration and reduces the in-
terface burden length. In other words, the loaded
interface area becomes constricted when the strip
bends too flexibly. Strips can be separated from the
substrate under only a small destructive load. Hence,
separation occurs even with perfect interface adhesion
and under a low stress level because only a very small
part of the interface is required to resist the separation.
Stress concentration, in addition to constriction of the
resisting area, results in interconnection failure. It is
necessary to increase the strip’s strength so that strips
become mechanically compatible with the hard sub-
strate. Therefore, heat treatments can find effective
application in modifying the microstructure of the
metallic composite strip. Through such heat treatment
the strip rigidity can be increased just after strip
deposition.

3. Experimental procedure

In order to obtain a strong strip—substrate bonding,
high strip—substrate adhesion and low intrinsic stress
are important, but they are not the only requirements

in patterning, deposition and subsequent treatment
processes. These two obvious factors always attract
more attention than another important factor, i.c. the
material properties of the bonded elements. This in-
vestigation will focus attention upon the latter factor.
Post-deposition thermal treatments are conducted to
strengthen the thin strips. The effects of deposition
processes on strip density are also taken into consid-
eration when different deposition processes are
applied. A

As for the composite laminates Ti—W/Au/Cu, each
layer has a different function such as adhesion layer,
diffusion barrier, conducting line, sometimes a wet-
table soldering base and so on. As far as
strip—substrate interconnection strength is concerned,
surface preparation becomes .important for perfect
interface adhesion. Good interface adhesion is always
a prerequisite for the interconnection although it can-
not guarantee strong bonding independently. Proced-
ures of surface preparation and the deposition process
are described below to obtain a good interface adhe-
sion. Due to the advantages of plasma cleaning and
the high energy of the depositing atoms, as well as of
the atom bombardment, sputtering is used instead of
evaporation for bottom layer deposition, so that the
adhesion between the bottom sputtered layer and the
substrate can be significantly improved.

After solvent cleaning, the passivated surface of the
silicon wafer is cleaned with an O, plasma for 5 min.
Sputter-cleaning is conducted in situ just prior to
the Ti-W(N) sputtering deposition. High-frequency
sputtering is applied for creating a 10 nm thick 5 %
Ti-95 %W layer adhering to the passivated silicon
substrate. After the Ti-W layer is sputtered on the
cleaned wafer surface in nitrogen gas, a gold layer, also
10 nm thick, is sputtered on the Ti-W layer as a
further deposition base. The sputtering parameters are
carefully chosen so that the intrinsic stress in the
deposited layer is minimized. Later, another quick
deposition process is required to grow the upper bulk
copper layer on the sputtered base.

The metallized wafer surface is cleaned again
through an O, plasma. The surface is then patterned
with a positive photoresist layer 20 um thick. With a
current density of 1 A dm™2 a copper layer of thick-
ness 10 pum is electroplated on the patterned surface.
The electrodeposition process lasts for 50 min. An-
other tin layer is also electroplated for patterning
protection. Thereafter, the photoresist with the upper
tin layer can be stripped off in the acetone solvent. The
same O, plasma cleaning is conducted just after the
pattern strip-off. Extra gold and Ti-W parts are
etched in an erosive medium for 130 and 10 s, respect-
ively.

Physical vapour deposition (PVD) evaporation was
substituted for the electroplating process. It is noted
that the material properties of evaporated and electro-
plated copper layers are different. Significant improve-
ments in peel strength were achieved due to this
substitution because the evaporated copper layer is
denser than the electroplated layer. After the final step
of strip construction, further processing such as clean-
ing and cutting should be carefully conducted because
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the soft strips can easily be separated from the sub-
strate in the processing. Further measures for improv-
ing interface adhesion, such as conducting strict clean-
ing and changing the deposition conditions, were
conducted in our efforts to strengthen the weak inter-
connection. These measures for increasing the strip~
substrate bonding strength turned out to be in vain.

Pull tests were carried out for confirming interface
adhesion after careful processing. The adhesion test
(pulling) values always showed a satisfactory result.
The pull load limit usually reached 20 Nmm™2 or
higher. The actual adhesion strength may be much
higher than the measured value because interface
separation under pull load is controlled by surface
deformation and partial fractures process.

The film rigidity can be improved through various
measures. Heat treatment, well known as an effective
method for modifying the mechanical properties of
crystalline metals, is applied here for modifying the
mechanical properties of the laminate’s non-crystal-
line composite. Instead of matching an equilibrium
state for stress relief, the composite is changed from
one non-equilibrium state to another non-equilibrium
state through the heat treatment so that the E-moduli
of the film materials can be increased. The heat treat-
ment can harden the strips without reducing the inter-
face adhesion after specimen cooling. Thus, the strips
can match the hard substrate mechanically in the
stressed state. Specimens are usually heated for 10 min
to 2 h and to a temperature of 200 to 400 °C. There-
after, the heated specimens are cooled quickly in air or
water. It is noted that some time-dependent effect
occurs both during heating and after cooling.

4. Results and discussion

4.1. Strip peel tests

Experimentally, a pertinent test method should be
used to examine the strip-substrate interconnection
strength. Pull tests and peel tests are two direct
measuring methods. In a pull test, a solid part connec-
ted with the upper surface of the thin film is required
for applying a puli load. Consequently, surface strain is
limited by the solid holder and the test results can be
affected by the holder. As recorded in the pull tests, the
peak pull load or separating limit force provides a
complex index containing information from both the
interface adhesion and the material strength of the
strip—substrate couple, since not only the interface
bond but also materials in the neighborhood of the
interface are mechanically loaded during the pull test.
Interface adhesion cannot be evaluated simply accord-
ing to the peak pull load: a low peak pull load may
result from low material strength instead of low inter-
face adhesion. However, a high peak pull load always
promises good interface adhesion. After conducting
the proper depositions mentioned in the previous
section, the pull strength limit measured in pull tests
always reached a satisfactory value (10-30 Nmm ™ 3).
This indicates good adhesion and high material
strength of the Ti~W/Au/Cu and SiO,/Si combination
system. In spite of the good interface adhesion, a
bonding strength problem still exists in processing; it
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appears that frequent strip separations cannot be
further reduced simply through improving the inter-
face adhesion.

Strips were found to be extremely vulnerable to peel
load at the ends or corners. With a small peel load of
only several millinewtons the strips can easily separate
from the substrate. Because the peel test just simulates
the separation process without the effect of the upper
specimen holder, a peel test instead of a pull test was
chosen for evaluating the strip-substrate bonding
strength. Usually, strip separation always began at the
strip end and the small and partial separation ex-
panded quickly along the interface. Strip ends were
observed to be the weakest parts. The ends receive
external fluid and mechanical forces in processing and
during service. On the other hand shear stress, which
is the thermal stress plus intrinsic stress in the inter-
facial region, will be concentrated very close to the
strip ends. A peel test does not change the surface
strain mode like a pull test. Simulating outside and
inside separation effects, the peel test applies a load at
the strip end and reveals exact information about the
strip failure process. Thus, peel tests are a more perti-
nent examination for strip—substrate bonding strength
than the popular pull test.

It is noted that direct mechanical tests are unusual
for microstructures. There is no test standard for such
a thin film of only 20 um thick. In our investigation a
standard strip width of 2 mm was taken for all ex-
periments so that a comparative peel load vale could
be obtained. This standard width is an enlarged value
for the convenience of the peel tests because the small
peel load can increased with a wide strip. With the
enlarged strip, the bonding strength problems can
easily be found. The real strip width will be reduced
according to the strip function requirements. The peel
test system consists of an Instron 4502 automated test
machine with data acquisition and processing func-
tion. A peeling device without any sliding mechanism
is used to prevent additional disturbances. A light and
long copper wire, 0.8 m long, connects one end of the
examined strip, 10-30 mm in length, with the machine
upper terminal, where a force transducer is mounted.
According to the overall test results, a small inclina-
tion of such a long wire has little influence on the
measured values of peel load. As shown in Fig. 2, a
theoretical curve for the peel load can be developed
according to the separation mechanics. A peak load
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Figure 2 Theoretical curve of peel load versus distance.



appears at the beginning of the force—distance curve,
as a bending moment is required to bend the strip
initially to its vertical position. Measured curves are
identical except for some variation and noise. For
evaluating strip—substrate bonding strength, the fol-
lowing five indices of performance are available from
the test curve:

1. Average peel load P, (N):

J(I; P(x)dx

P, I

(11)
where L is the total measured length (mm), x the
peeling distance (mm) and P(x) the measured peel load
at point x. P, shows the average peel load recorded by
the data acquisition system. This value, however de-
pends on the strip width.

2. Peel strength J (Nmm ™)

L
J P(x)dx
0
J = L (12)
where w is the strip width (2 mm). J is independent of
strip width. It can properly represent the strip anti-
separation strength.

3. Peak peel load P,, (N). There are some peaks on
the test curve in addition to the initial peak load. The
peak loads are cyclically distributed on the test curve,
which indicate the maximum peel force required to
separate the strip.

4, Valley peel load P, (N). After a peak load, a valley
load usually follows. The release of stored elastic
energy causes a quick separation and hence a valley
peel load.

5. Cycle length [ (mm). The cycle length of the peel
load vibration indicates the burden length achieved on
the interface under peel load.

In a peel test the examined strip leaves its substrate
section by section as it proceeds to peel intermittently.
The speed of the test pulling device is set to a low value
of 0.5-2.5 mmmin~! so that the test can be regarded
as a static process. A peel test of the thin films serves
well as a comprehensive and direct measurement for
interconnection strength. The peel load necessary for
separating the strip depends on the interface adhesion
strength, interface burden length and shear stress in
the interfacial region. The interface burden length is
the main consideration of this investigation. Different
heat treatments were applied to improve strip rigidity.
Thus, a stiff strip with a long burden length can be
achieved through post-deposition thermal treatment.

After peel tests, the separated surfaces are further
examined through an optical microscope and scan-
ning electron microscope (SEM). Fig. 3 shows four
distinguishing surface types which reveal different in-
terface fracture modes:

1. Mode A: Fig. 3a shows a quite smooth separated
surface. However, under the scanning electron micro-
scope, microfracture pits on the smooth surface are
still discernible. This smooth separation mode reveals
interface adhesion failure accompanied by substrate

surface fracture very close to the interface. In this
mode, the strip bending curvature can be extremely
small with little burden area, or the strip can be very
rigid with little bending.

2. Mode B: in Fig. 3b, equally distributed deep
fracture grooves can be discerned on the separated
surface of the substrate. This groove separation mode
reveals a pure substrate breakage with no adhesion
failure. Under peel load, significant stress and strain
occur in a small substrate surface layer near the
interface because of strip bending and burden areca
constriction. The strip burden length increases with
groove width.

3. Mode C: Fig. 3c, obtained with an optical micro-
scope, shows another type of separated surface mode
with pure and flat substrate breakage. Fig. 3d shows
an SEM picture of the same separated surface, which
turns out to be flat with few very fine broken grooves
in the silicon. A flat separation mode usually indicates
high interconnection strength.

4. Mode D: Fig. 3e is another optical microscopy
picture of a smooth separated surface with long frac-
tures equally distributed on the surface. This long
fracture mode indicates a small strip bending curva-
ture and high peak peel load. Sudden separation with
high peak peel load occurs in this mode.

It is noted that abundant surface topographies occur
only after post-deposition heat treatments. Without
heat treatment the separated surfaces are always
smooth, and no fractures or grooves can be observed
under a microscope. Some characteristics of the peel
test curve are correlated with different surface separa-
tion modes. The peel test reveals a lot of information
about bonding strength and the separation process
itself. Special heat treatments can change the system
properties tremendously.

4.2. Heat treatments

Table I provides peel test results of original specimens
without any heat treatment. The peel strength of an
evaporated strip is approximately 90% higher than
the peel strength of an electroplated strip, as the
evaporated strip is much denser and thus more rigid
than the electroplated one. Only a smooth surface
mode (mode A) can be observed on the separated
surfaces of original specimens. A deposited copper
strip with a base layer, irrespective of its type, electro-
plated or evaporated, possesses mechanical properties
typical of common glassy metals such as high ductility
and yield strength. Thus, the deposited laminate strips
are not in configurational equilibrium, but are relax-
ing slowly by a homogeneous process towards an
“ideal” metastable amorphous state or polycrystalline
state. As mentioned above, the purpose of heat treat-
ments is to increase strip rigidity. In the treatment
experiments, the heating temperature is set lower than
the crystallization temperature of the metallic ele-
ments concerned. After heat treatment, interlayer dif-
fusion and intermetallic compounds cannot be clearly
observed under the optical microscope and SEM.
Considerable peel strength variation after heat treat-
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ment demonstrates a special dynamics of materials
change in the deposited films after heat treatment.
According to long-term peel tests, the material
properties continuously change at room temperature
after thermal treatment. Fig. 4 shows peel test results
obtained for different durations of cooling. An electro-
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Figure 3 (a) Smooth separation mode (SEM), (b) groove separation
mode (SEM), (c) flat silicon breakage (optical microscopy), (d) flat
breakage mode (SEM), (¢) long fracture mode (optical microscopy).

TABLE 1 Original peel strength of specimens without thermal
treatment

Deposition Peel force Peel strength Surface mode
type (mN) (mNmm™?)

Electroplating 8.5 4.3 Smooth
Evaporation 15.8 7.9 Smooth

plated specimen was heated to a temperature of 250°C
and held there for 1.2 h, The heated specimen was then
cooled quickly by quenching in water. The first peel
test was conducted 10 min after cooling began. The
second and third peeling tests were performed 26 and
106 h after the cooling began. Curves 1, 2 and 3 in
Fig. 4a show test results of the first, second and third
peeling test, respectively. The group of optical micro-
scopy pictures in Fig. 4b—d demonstrate the evolution
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Figure 4 (a) Long-term peel tests: (1) first, (2) second and (3) third test; (4) original specimen. (b—d) Optical microscopy of surface after first,

second and third test, respectively.

of surface separation modes corresponding to the first,
second and third test, respectively. Compared with the
peel strength of the original specimen as shown by
curve 4 in Fig. 4a, considerable improvement in peel
strength can be achieved through thermal treatment
since the strip rigidity can be increased in the treat-
ment. As indicated by the long-term peel tests, the
mechanical properties of a strip vary continuously for
several days after the cooling began. The peak load
rises and the cycle length extends due to some age-
hardening effects. Correspondingly, the surface sep-
aration mode is also changing after the cooling begins.
It is certain that some new phases or foreign particles
precipitate after the quick cooling.

Fig. 5 shows another group of curves recorded in a
long-term peel test. In this experiment, an electropla-
ted specimen was heated to a temperature of 220°C
and the specimen heating lasted only for 15 min. The
heated specimen was cooled quickly in air. The first

peel test, conducted 10 min after specimen cooling,
was recorded as curve 1 in Fig. 5. Curves 2 and 3 show
peel test results recorded at 42 and 67 h, respectively,
after specimen cooling. As shown in Fig. 5, the ini-
tially improved peel strength decreases dramatically in
subsequent days due to some negative post-treatment
material change. The first peel test opened up a separ-
ated surface with rupture grooves (mode B). The
second and third peel test, however revealed smoothly
separated surfaces (mode A). The surface separation
mode varied with strip—substrate bonding strength
and peel test time after the treatment. If the heating
time is short or the heating temperature is low, a strip
strengthened in post-deposition thermal treatment
can completely relax several days after the treatment.
Approximately speaking, a heating temperature
higher than 200 °C and a heating time longer than 1 h
are required for a lasting high bonding strength to be
achieved in the thermal treatments. Material
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Figure 5 Peel strength fall after thermal treatment: (1) 10 min,
(2) 421 and (3) 67 h. After specimen cooling.

microstructural change of the glassy laminates needs
to take some time, and requires a high temperature so
that the positive treatment effect can be maintained.

Fig. 6 provides the experimental results of peel
strength tests when the heat treatment parameters
were changed to meet different treatment conditions.
Fig. 6 shows that with a top electroplated copper
layer, a significant improvement in peel strength can
be expected through heat treatment. The peel strength
increases as the heating temperature rises in the tem-
perature region of 200 to 400 °C. All heated specimens
were cooled in air immediately. The heating time was
2 h for all these specimen treatments. Compared with
the original peel strength of 4 mNmm ™! for electro-
plated specimens, thermal treatments with the heating
temperature higher than 200 °C can increase the peel
strength by more than 30% and up to 300 %. As
shown in Fig. 6, an initially improved peel strength
can later be reduced a little, especially with a low
heating temperature of about 200-240 °C. However,
the improved. peel strength can be maintained if the
heating temperature is higher than 240°C or so. As
shown in the figure, the long-term peel strength can be
improved by 300 % through thermal treatment. The
surface separation mode of specimens treated at a
heating temperature of 200°C changed from the
groove mode (mode B) to the smooth mode (mode A)
while the peel strength dropped significantly several
days after the treatment. When treated at a heating
temperature of 240°C, specimens always showed a
separated surface mode with surface grooves (mode
B). The surface separation mode of specimens treated
thermally at 280 °C was always a flat substrate break-
age mode (mode C). However, a smooth separated
surface with long fractures (mode D) can be observed
on the specimen surface after peeling when electropla-
ted specimens are treated thermally at 320°C.

5414

20
+ S
) * B N
A
Eqg ——
£
£
£ /4/ h\’k
% T
3
£ 8
- A "
Eo—l
& e ~s ha S SN R S s e +
_____ B L i et ]
2

0.2 5 10 30 60 80 90 110
Test time after cooling (h)

Figure 6 Peel strength evolution of heat-treated specimens with
electroplated Cu film: (x) 200°C, 1.5h; (+) 240°C, 1.5h; (A)
280°C, 1.5h; ((J) 320°C, 2 h.

Fig. 7 shows similar experimental results concer-
ning PVD evaporated specimens instead of electropla-
ted specimens. Here also the heated specimens were
cooled in air immediately. The original peel strength
(approximately 7.5 mN mm ™ !) of evaporated specimens
is much higher than for the electroplated ones (ap-
proximately 4 mN mm ~1!). As shown in Fig. 7, the peel
strength of evaporated: specimens can also be im-
proved significantly through thermal treatment. A
peel strength of almost 40 mN mm ™! has been reach-
ed, as for the evaporated specimens. The surface sep-
aration mode for PVD evaporated specimens was
always the smooth separation mode (mode A) both
with and without thermal treatment.

Although further improvement in peel strength
through thermal treatment is possible by increasing
the heating temperature, the peel test will become
difficult because with a peel strength higher than
40mNmm~"' no part of strip end can be initially
separated from the substrate. Further improvement
through post-deposition heat treatment can be ex-
pected according to the test results obtained. Even
longer-lasting experiments showed that the improved
bonding strength would never be reduced if it re-
mained strong several days after thermal treatment. It
was noted that the pull strength measured in a pulling
test instead of a peeling test showed no difference
between the original specimens without any treatment
and the thermally treated ones.

The peak peel load is another criterion for the
bonding strength. Fig. 8 shows the evolution of the
peak peel load of an electroplated specimen after
thermal treatment. Long-term peel tests reveal that
the peak peel load keeps building up after the treat-
ment. Specimens were heated to a temperature of 200
to 320 °C for a sufficiently long time of about 2 h. The
measured peak peel load rises significantly as a certain
age-hardening effect proceeds at room temperature
(20°C). Fig. 8 shows that peak peel loads up to 60 mN
can be reached. Fig. 9 shows similar experimental
results concerning the peak peel loads of PVD evapor-
ated specimens. A similar peak load increase after the
treatment can be observed as for evaporated speci-
mens, when the heating temperature is high enough. It
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Figure 7 Peel strength evolution of heat-treated specimens with
evaporated Cu film: ( x)200°C, 2 h; (A)240°C,2h(+)280°C, 2 h.
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Figure 8 Average peak load evolution of heat-treated electroplated
specimens: (x ) 240°C, 2 h; (+ ) 280°C, 2 h; (A)320°C, 2 h.
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Figure 9 Average peak load evolution of heat-treated evaporated
specimens; {x) 200°C, 2h; ( +) 240°C, 2 h; (A) 280°C, 2 h.

is noted that the cycle length of peel test curves of
evaporated specimens is longer than that of electro-
plated ones. Obviously, a certain precipitation process
occurs at room temperature after specimen cooling in
addition to devitrification of the deposited metals
during specimen heating.

5. Summary

In accordance with a general strip failure model based
on planar elasticity theory, low strip anti-bending
rigidity turns out to be a main reason for the frequent
strip separation from a hard substrate. Various de-
structive effects on the strip—substrate intercon-
nection, e.g. shear stress and surrounding loads, are
manifested as a lifting force at the strip end. Strips with
high E-modulus and cross-section area moment of
inertia can bear a large lifting force at the strip end. In
post-deposition thermal treatments, the material sys-
tem of Ti—-W/Au/Cu strips deposited on an SiO,/Si
substrate was heat-treated at a temperature of 200 to
400 °C and cooled quickly in air or water. After the
thermal treatment, the ductile strip becomes much
harder so that it can match its hard substrate mechan-
ically much better than the original strip. The bonding
strength can be measured through peel tests which
properly simulate the separation process.

Without any thermal treatment, strips with an up-
per evaporated copper layer adhere more strongly to
the substrate than those with an electroplated copper
layer. About 90 % improvement can be reached by the
substitution of copper electroplating by copper PVD
evaporation. This phenomenon provides evidence
that the denser and more rigid evaporated strips
possess a higher strip—substrate bonding strength.

A lasting improvement in peel strength of more
than 300 % can be achieved when an electroplated
specimen is heated to 320 °C and held there for 2h. A
lasting improvement in peel strength of more than
200 % can be achieved when an evaporated specimen
is heated at a temperature of 280 °C for 2 h. In both
cases, heated specimens are cooled quickly in air.
During subsequent days after the post-deposition
treatment, the peak peel load will rise significantly.
Further improvement through thermal treatment with
higher heating temperature is still possible, but peel
tests become difficult or impossible. Long-term peel
tests and examinations of the surface separation mode
demonstrate complex material dynamics caused by
the strip post-deposition heat treatment.

Besides the devitrification process during thermal
treatment, some precipitation occurs at room temper-
ature in composite laminates with an upper copper
layer. Because three layers of material are involved in
the thermal treatment, the effects of the treatment on
each individual layer have not been separated. No
significant interlayer diffusion could be observed in
experiments where the specimens were treated under
the stated conditions. Comprehensive investigations
are expected in the future. The micro-mechanics and
material dynamics revealed in this paper are of great
significance for the production and reliability of
micro-components with metallic composite fiims.
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