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A study on temperature dependence in gold-gold 共Au–Au兲 thermocompression bonding was
performed. Gold studs were bonded to two kinds of surfaces—cofired gold on alumina and
electroless nickel covered with immersion Au on silicon. A critical bonding temperature was
observed for both substrates. No bonding occurs when the temperature is below this threshold value,
whereas bond strength increases with bonding temperature beyond the threshold. This critical
temperature can be related to the activation of organic films on the bonding surfaces. Under similar
bonding conditions, the critical temperature is lower for a harder substrate than for a softer substrate,
primarily because of larger interfacial shear stresses. This is supported by the observation on the
interfacial shear stress distribution at the bonding interface based on finite element simulation
models of substrates with different hardness. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2783974兴
I. INTRODUCTION

Three-dimensional 共3D兲 integration technology could
potentially alleviate interconnection-related problems and
enable high density and highly functionalized devices.1,2 By
using a 3D instead of a two-dimensional 共2D兲 architecture,
the maximum global interconnect length and the average
global interconnect length both decrease by a factor equal to
the square root of the number of dies stacked.1 It has also
been reported that the signal interconnect lines were much
reduced in a 3D integrated chips 共ICs兲 because the distance
between each layer is in the order of 1 – 2 m.3 The fabrication of a 3D IC device is strongly dependent on five key
technologies: 共1兲 wafer thinning, 共2兲 through-via, 共3兲 wafer
alignment, 共4兲 bonding, and lastly 共5兲 metallization. Precise
alignment and stacking of thinned wafers using plated or
filled through-vias are necessary for the development of 3D
integration. Finally, buried interconnections with thin metallization layers formed on top of the buried vias and/or bonding between microbumps made of solder or metal such as
gold and copper are used to provide both mechanical and
electrical connections in a stacked chip. While each key technology contains its own limitations, the bonding between
stacked layers is commonly considered to be the true bottleneck. There are a few bonding approaches. These different
bonding schemes can be categorized into two common processes that have been applied in conventional chip-scale or
wafer-level packaging techniques, namely, intermediate layer
bonding such as soldering4 and polymer glues,5 or nonintermediate layer bonding such as Si 共Ref. 6兲 and direct metal
共copper-copper or gold-gold兲 bonding.7 In the simplest case
of a 3D interconnection where a flip chip is placed onto a
chip, i.e., face to face interconnection of two dies, solder
a兲
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bumps were placed onto pads of single chips to form
connections.1 Although soldering offers high yield connections, it requires complex and often environmentally unsound processes. Poor reliability of solder connections
formed is also known to occur under harsh conditions such
as high thermal stress induced in the bumps.8 Furthermore,
solder joining is also not suitable for pitches less than
50 m. The detrimental effect due to intermetallic growth is
likely to be amplified in microjoints. Hence, to resolve the
weaknesses of solder joints, alternative joining process employing adhesives are used. They are, however, limited by
their lower reliability9 due to moisture attacks and voids that
result in poor mechanical properties and relatively poorer
joint strength.10 Direct metal bonding, on the other hand, is a
method of joining two metal surfaces under ambient conditions without an intermediate layer 共glue兲 in between. It is a
promising candidate for solving all the above problems. Metallurgical joints are highly reliable and can be applied to fine
pitch interconnections with little or no melting during the
process. One of the most common materials used is gold.
Gold is especially preferred due to its excellent resistance to
oxidation. As such, gold to gold bonding has been commonly
used in IC connections such as flip chips11 and wire
bonding.12 These bumps were usually formed by ball wire
bonding and electroplating. Both gold and copper microbumps have since been employed as interconnects in
three-dimensional integrated circuits.7,13 Thermosonic and
thermocompression bonding are popular processes for direct
metal bonding. However, while the bonds formed might be
initially strong, they can be severely weakened by thermal
stresses.
Thermal effects such as thermomechanical stresses are
one of the major concerns that determines the performance
and cost of a 3D device. As further reduction in chip size and
increase in power consumption result from high density cir-
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cuitry, thermal effects are exacerbated, eventually leading to
poor device performance and shortened lifetimes.2 Furthermore, the fragility of thinned wafers used in stacked device
architectures set practical upper limits on the temperatures
and pressures used in bonding. At some point where current
bonding parameters can only be lowered due to material,
design, and manufacturing constraints, there will be a practical limit to the number of device layers stacked or circuits
incorporated with a single chip due to high thermal budget.
Bonding methods using excessive thermal and mechanical
load will then become an immediate stumbling block for 3D
IC application. Therefore, while the idea of 3D chips is rising
as one of the key solutions to future complex electronic devices, its potentially wide applications are likely to be limited by the relatively large thermomechanical stresses employed during highly loaded thermocompression bonding. To
achieve direct metal bonding at lower temperature and pressure is clearly a highly desired goal. Towards this end, the
role of both processing parameters needs to be better understood.
Despite numerous empirical studies carried out to determine the optimum bonding parameters, the basic bonding
mechanism that includes the physics and the mechanics is
still not well understood. Current understanding of the bonding mechanism revealed the need for plastic flow of joint
material in order to remove organic contamination, thus exposing clean surface for intimate contact. Besides the evaluation on effects of surface contamination and cleaning prior
bonding, Jellison12 found an improvement in gold to gold
strength if postheating at elevated temperature is imposed at
elevated temperature of 250 ° C and postulates that the thermal input is to facilitate removal of contamination. From
here, it is obvious that the knowledge of the bonding mechanism is essential in order to determine the necessary amount
of energy to facilitate material flow to keep the surfaces in
contact, which, in turn, are significantly determined by external parameters of thermocompression bonding.
Hence, in this paper we focus on explaining the role of
temperature in the formation of a metallic bond in thermocompression bonding. Gold studs were bonded onto two
kinds of substrates—cofired gold layer on alumina and electroless nickel covered with a thin layer of immersion gold on
silicon. We found a critical temperature below which no
bonding can take place. It is believed that this critical temperature represents the minimum amount of heat required to
just sufficiently remove organic contaminants completely for
bonding to take place.

FIG. 1. 共Color online兲 FA10 full array die with 20 pull-off bumps. 共a兲 FA10
die; 共b兲 Au stud bump.

tering兲 in a furnace at about 900 ° C to form multilayer ceramic structure. Organic residues present after firing were
removed after cleaning. The other was 0.5 mm thick silicon
with metal films deposited sequentially: first, a 80 nm TiW
adhesion layer, then 100 nm sputtered Cu and 5 m electroless plated Ni 关16 at. % phosphorous 共P兲 in NiP兴, and followed by 50 nm immersion gold. The mechanical properties
of electroless plating nickel are very different from that of
gold. The two materials were used so that the results would
be far apart enough to study the effect of the substrate.
B. Experimental procedures

The thermocompression bonding process was done using
Panasert FCB-M flip chip bonder. The bonding procedure
begins with the substrate sitting on a heated stage. A vacuum
holds the substrate. When the stage is heated to a specified
temperature, the chip is picked by the bonding tool with
vacuum and is brought into contact with the substrate. After
the bonding force has reached a certain level, the pickup tool
is heated to predetermined temperature and maintained for
some time to complete the process. The samples are left on
the heated stage long enough to eliminate any effects of temperature transients. Even though two different substrates are
being used, their small thermal masses ensure that the actual
substrate temperature can be approximated by the stage temperature in both cases, with an estimated difference of only
about 0.05 ° C between the two substrates. Bonding quality
was evaluated by die shear test, which was performed at a
rate of 0.2 mm/ s. The joint strength was expressed as the
average shear force per bump. The fracture surfaces were
examined by scanning electron microscopy 共SEM兲 and optical microscopy.
C. Bonding modeling

II. EXPERIMENTS
A. Materials

The bonding was conducted using 5 ⫻ 5 mm2 die with
20 gold bumps, as shown in Fig. 1共a兲. The aluminum pads’
pitch was 250 m. The gold bumps were formed using a
wire bonder with 25 m gold wire. The bump size ranged
from 75 to 80 m in diameter and from 47 to 50 m in
height 关Fig. 1共b兲兴. Two kinds of substrates were used for the
bonding: one was 1 mm thick 96.5% alumina with 10 m
thick gold layer produced by paste printing and cofiring 共sin-

Based on the joint interface mechanics resulting from
joint bump compression, a finite element model was created
to compare the bonding on different substrates. The model
studies the variation of the interfacial stress distribution
along the radial bonding surfaces. The 2D finite element
model 共plane42兲 with axisymmetrical condition assumed was
built using ANSYS 8.0 shown in Fig. 2. Since there is an axis
of symmetry at the center of bump and the substrate, only
one-half of the cross section was used for the model. Physical properties such as elastic Young’s modulus, Poisson ratio,
and yield strength of gold were used as inputs for material
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FIG. 2. 共Color online兲 Finite element grid with boundary conditions. 共a兲
Gold bump on immersion gold with underlying e-Ni layer 共harder兲; 共b兲 gold
bump on thick gold layer 共soft兲.

properties of the model. Rate independent plasticity material
properties based on bilinear isotropic hardening were included to accommodate for large strain and deformation that
usually occurs in metals such as gold. The physical properties of gold paste and electroless nickel layer, respectively
共yield strength and young’s modulus are determined by
nanoindentation兲, are shown in Table I. It was also assumed
that there is no relative motion between the bump and the
substrate, since any force sufficient to deform the bump will
cause “sticking” between the two contacting surfaces.14 Material properties for printed gold paste are used for both models to investigate the effect of a harder underlying layer on
the interfacial stress distribution after compression. Surface
load which implies a distributed load over the top surface of
the bump were applied in the model. The bonding temperature in actual thermocompression bonding is neglected in
this simulation. For the purpose of comparison, the exact
stress is not required.
III. RESULTS AND DISCUSSION
A. Critical temperature

Previous studies on gold-gold thermocompression bonding explored a wide range of bonding temperature and its
effect on the joint strength formed, depending on its configuration and other key experimental parameters such as pressure and time. For example, gold-plated leads were bonded
to gold metallization at temperatures between 270 and
620 ° C to evaluate the corresponding bonding time needed
for bond completion. On the other hand, gold ball bonding15
was investigated at a heated capillary temperature ranging
from 150 to 200 ° C and substrate temperature above
300 ° C. It is understood that, with the effect of substrate and
chip heating, the pressure and the amount of bonding time
influence the creation of a gold-gold metallurgical bond and
its strength. An increase in bonding temperature, pressure,

FIG. 3. 共Color online兲 The effect of pickup tool temperature on shear
strength of joints at bonding pressure of 500 g per bump.

and time was generally found to increase the shear strength
of gold-gold joint.12,16 However, the true role of temperature
in aiding bonding has not been mentioned. In this report, a
lower range of bonding temperature was explored to evaluate
the minimum temperature required to form a gold-gold bond
and a postulation of the role of temperature was made.
In the thermocompression bonding of gold stud to
10 m gold layer on alumina 共Au-printed Au兲 and on immersion gold on electroless plated nickel 共Au-immersion
Au/ Ni兲, respectively, the bonding load was 500 g per bump
and the bonding time was 10 s. The influence of pickup tool
temperature 共Ttool兲 was studied from 100 to 300 ° C, while
keeping the stage temperature 共Tstage兲 fixed at 150 ° C. The
result is shown in Fig. 3, which indicates the existence of a
threshold Ttool for both substrates. Below this critical value
共150 ° C in the case for Au-printed Au joint and 120 ° C for
Au-immersion Au/ Ni joint兲, there is nearly no joining as the
joint strength is near zero. Above this critical point, small
increase of temperature produces large improvement in joint
strength. In other words, the critical Ttool is the transition
from “no bonding” condition to “bonding” condition. With
the further increase of temperature, the joint strength increases steadily. Evidence that bonding does not take place
below the critical Ttool can also be seen in the cross sectional
SEM images of Au-printed Au joints, as shown in Fig. 4. At
the Ttool of 100 ° C, large unbonded area was observed between the gold stud and gold layer. Such unbonded area disappeared at a higher temperature of 180 ° C.
In such thermocompression bonding process, it is the
interfacial temperature 共Tinter兲 that controls the bonding quality. The existence of critical Tinter is exhibited through thresh-

TABLE I. Mechanical properties of gold and electroless nickel.

Materials

Young’s modulus
共GPa兲

Poisson ratio

Yield strength
共MPa兲

Tangent modulus
共GPa兲

Gold paste
Electroless nickel layer

70
199

0.42
0.312

200
1500

1.1
1.2
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FIG. 4. Cross section SEM images of Au–Au joints on alumina substrate at
different bonding temperatures.

old Ttool in the above investigation. Tinter depends on both
Ttool and Tstage. Thus, with higher Tstage, lower critical Ttool is
needed to produce certain critical Tinter for the bonding and
vice versa. This indicates that the change of Tstage would
result in the shift of threshold Ttool. To study the effect of
Tstage on critical Ttool, bonding was carried out with lower
Tstage of 100 ° C. The result of this is shown in Fig. 5, together with that of 150 ° C for comparison. When Tstage is
decreased to 100 ° C, the critical Ttool shifted to higher value
共180 ° C兲. At Ttool above threshold, the joints are always
weaker when bonded with lower Tstage because the net Tinter
is lower. This indicates that higher Tstage can be used to lower
critical Ttool, so as to achieve satisfactory bonding with minimum damage to the devices.
While bonding time is also known as a contributing factor in influencing the bondability of metal joints, it is believed that it will only have an apparent effect on affecting
the critical temperature if the bonding occurs in a very short
time. Similarly, the effect of the obvious differences in surface morphology between Au-printed Au and Au-immersion
Au/ Ni substrates is postulated to have little influence in the
critical temperature observed. While a thick printed gold
layer is spatially rougher than a 50 nm immersion gold layer,
the true contact surface between the stud surface and the
substrate layer at submicron scale does not differ much for
both types of surfaces.

FIG. 5. 共Color online兲 The effect of tool temperature at two stage temperatures using gold-gold on alumina.

J. Appl. Phys. 102, 063519 共2007兲

FIG. 6. 共Color online兲 Surface chemical composition of gold 共a兲 with/
without Ar sputtering and 共b兲 at different detection depths.

B. Interfacial chemical behavior

The existence of a critical temperature could be explained in terms of the minimum work needed to overcome a
barrier film. It is widely known that films such as photoresist
residues, oxides, etc., on bonding surfaces or even surface
irregularities can impair the formation of a metallurgical
bond.17 Therefore, the requirement for producing a joint is
that the two metal surfaces must be brought together within
the operating range of interatomic attractive forces. If these
two metal surfaces are atomically clean, flat, and smooth, a
very strong bonding would be produced in the whole contact
area when they are brought together. No external energy input is needed. Based on this theory, surface activated bonding 共SAB兲 was developed for joining of metals, ceramics,
and semiconductors at room temperature with small pressure
applied.18
Another way to flatten the surfaces and break the bonding barrier films is to apply high pressure. Earlier studies on
bonding had shown that perfect removal of such organic contaminant film or oxide film is impossible, thus necessitates
the presence of plastic interfacial deformation to break down
and disperse the barrier films.12 Hence, the pressure applied
produces a plastic metal flow along the bonding surface and
helps to reduce the asperities. Surface oxide layers and contamination films can be disrupted, and “clean” metal on both
surfaces thus comes into contact. The success of such methods depends critically on whether the barrier film could be
broken. Gold does not form oxides. However, gold would be
coated with adsorbed organic layers when exposed to air.12
Such a layer is of high ductility and mobility. Even after an
extensive deformation 共for the bonding load of 500 g per
bump, the pressure is about 700 MPa, much larger than the
yield strength of gold, which is 200 MPa兲, there may still be
a monolayer of water vapor or other gases between the two
flattened gold surfaces which prevents bonding. This argument is supported by McGuire et al.19 who found that even
above a certain amount of bond strength achieved, the gold
surface still contains a very thin layer of foreign materials
with C and O as the major components.
A survey spectrum was collected on the Au-immersion
Au/ Ni silicon substrate using x-ray photoelectron spectroscopy 共XPS兲 to determine the existence of a layer of organic
contaminants on gold surface. From Fig. 6共a兲, the presence
of the organic contaminant layer on gold surface was demonstrated. A comparison made between the compositional
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spectrum for gold surface prior cleaning and gold surface
after some cleaning using argon sputtering for 3 minutes revealed that there is an inherent layer of surface contaminants
on gold that consists of carbon and oxygen as the major
constituents. This is not surprising as it has been understood
that for a real surface model, a layer of surface contaminants
exists. However, after 3 min of argon sputtering, O 1s spectra disappeared and C 1s emission peak showed a significant
drop in intensity as compared to that without cleaning. With
the huge reduction in organic contaminants present, emission
peaks from outer core shells, Au 4s and Au 4p, gradually
emerged.
Besides that, a surface composition analysis done on the
gold surface at different detection depths revealed that the
thickness of the contamination layer is most likely to be less
than 4 nm, evidenced by the chemical composition spectra at
0–3 and 4 – 7 nm detection depth, respectively, as shown in
Fig. 6共b兲. Beyond 4 nm depth, no carbon and oxygen contents are present, as only sharp peaks due to gold are observed. The XPS spectra at depth below 4 nm showed high
core level peaks for gold at 87.6 eV 共Au 4f 7兲 as well as for C
1s 共285.6 eV兲 and O 1s 共532.6 eV兲. These major components of surface contaminants are both absent in the chemical
spectrum at above 4 nm depth.
Therefore, as explained previously, an amount of energy
is thus needed to overcome the barriers which remain after
mechanical deformation. One such mechanism is thermal desorption. Because the barriers are already very thin and could
easily diffuse away, the activation energy is relatively low
and could be supplied by moderate heating. The critical temperature is, thus, the point where the supplied thermal energy
is sufficient to remove the deformed barrier film. When a
sample surface contains a ductile contamination layer, bonding could not be achieved without sufficient thermal energy
input, even if a sufficiently high pressure is applied and localized contact produced. This finding agrees with what was
reported by Jellison, that bonding was highly temperature
dependent when organic films were present on the gold
surfaces.12 He found that the shear strength of the thermocompression gold joints improved after UV cleaning was
carried out on the gold surfaces. The extra cleaning step
reduced the thickness of residual carbon layer to less than
1 Å but does not fully remove the inherent layer. Hence, the
hypothesis of a critical temperature also explain the presence
of a minimum temperature required for bond formation between gold found by Hu et al.20 even when ultrasonic energy
was applied.
In the case of gold stud bonding to a harder substrate,
Au-immersion Au/ Ni bonding also exhibits a critical Ttool in
the bonding, as shown in Fig. 3. However, compared to Auprinted Au bonding, Au-immersion Au/ Ni bonding has a
lower critical Ttool. Under the same bonding condition, Auprinted Au samples did not bond at the temperature of
150 ° C, while the joint strength of Au-immersion Au/ Ni
bonding is 28.5 g/bump. Since the electroless nickel surface
was covered by a layer of immersion gold, the bonding itself
is still gold to gold bonding, which, in all likelihood, will be
contaminated by similar ductile organic surface layers as in
the earlier case of Au–Au bonding. The interfacial chemical

J. Appl. Phys. 102, 063519 共2007兲

state could be considered the same for Au-immersion Au/ Ni
and Au-printed Au, thus explaining why a critical temperature is also observed. Therefore, it is believed that the different critical Ttool would be more likely caused by the different
interfacial mechanics caused by the harder underlying metal
layer which would be explained in the next section.
C. Influence of interfacial stress distribution

Critical temperature is caused by the existence of ductile
contaminant layer and related to the thermal desorption of
the deformed barrier film. With a larger deformation, a thinner barrier film is produced and thus a lower threshold temperature is needed. For contaminated surfaces, plastic deformation under normal loads 共without tangential loads兲 is
ineffective in contaminant disruption.21 This is also evident
in Ahmed and Svitak’s study which found that the high normal stresses were not sufficient for bond formation, but
rather, the tangential component of shear stress that could
influence bond formation by aiding deformation of
asperities.22 It is generally agreed that the applied force is
needed to facilitate material flow to achieve full interfacial
contact, and, through lateral deformation or interfacial shear,
barrier films are broken down for formation of metallic
bonds.23 To produce two metal surfaces that are “ready to be
activated,” sufficient interfacial shear stress is required to
reduce the barrier film to a certain thickness. This understanding is further supported by Bay24 who showed theoretically that the bond interface exposed for bonding is governed
by the interfacial deformation behavior.
In the case of thermocompression bonding, the interfacial shear is dependent on both pressure and bonding materials’ mechanical property. It can thus be postulated that,
even with the same bonding parameters, the interfacial deformation of different material combinations would be different, and so does the critical temperature. To compare the
interfacial shear stress between the bonding of gold bump to
different hardness substrate, finite element 共FE兲 analysis was
carried out. Since the initial contact area between the two
real surfaces is too small to be accurately represented by the
FE models, the models created aim to capture the later stage
where actual bonding occurs, as initial disparities were flattened and surface contact area increases with increasing load.
While surface irregularities are expected on a real stud surface, random distribution of asperities across the entire surface is assumed such that the stress distribution observed in
the finite element model represents bulk deformation behavior. Gold bumps to thin Au-printed Au/ Ni layer and to thick
Au-printed Au layer were selected. The simulated results are
shown in Fig. 8. It could be seen that shear stress at the
interface is much smaller when gold is bonded to softer substrate, such as gold, shown by the stress contours in Fig. 7.
As shown above by the simulation, in the point of interface deformation, bonding would be favored in harder substrate. Given the yield strength of gold bump, the simulated
results extracted at the interface shown in Fig. 8 reveal that a
larger degree of plastic deformation will be expected at the
bonded interface for Au-printed Au/ Ni model since the
amount of stress induced is much larger than that of a softer
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FIG. 7. 共Color online兲 Typical stress contour 共undeformed and deformed兲
diagram illustrating the shear stress distribution for gold bump-10 m gold
model.

substrate. There appears to be a less plastic flow in Auprinted Au model because the bump is more embedded into
gold than into nickel. Thus, in Au-printed Au bonding, the
residual contamination layer might be thicker than that in
Au-immersion Au/ Ni bonding under the same load. This reveals the need for more energy to break the layer which
results in higher threshold bonding temperature. Such simulation results agree well with the experimental observation
on the influence of substrate hardness on critical Ttool shown
in Fig. 3.
D. Inward bonding behavior

Figure 8 shows the optical fractographs of Au-printed Au
bonding at different pickup tool temperatures. When bonded
at lower tool temperatures, such as 100 and 150 ° C, all joints
failed at the interface between the gold bump and the gold
layer. The shear force was near zero, indicating no bonding.

FIG. 8. 共Color online兲 Simulated interfacial shear stress vs radial position of
the gold joints.

FIG. 9. 共Color online兲 Optical fractographs of Au stud left on alumina
substrate at different tool temperatures: 共a兲 150 ° C, 共b兲 180 ° C, and 共c兲
250 ° C.

When tool temperature was raised over 150 ° C, shear failures began to occur along the interface between gold layer
and alumina substrate. In some areas, the gold layer was
pulled off from substrate and adhered to gold bump. The
shift of failure path from Au-printed Au interface to goldalumina interface represents the improvement of joint
strength and also the start of bonding. At that region the
bonded interface is no longer the weakest point. It is at least
stronger than the gold-alumina interface, whose adhesive
strength is about 20 MPa, which is much lower than the
metal bond strength. Thus, for the Au–Au bonding, it is reasonable to assume that there is no bonding if the joint fails
along the bonded interface, and there is some degree of successful bonding if the failure is along the gold layer and
alumina interface. Similar behavior was observed for Auimmersion Au/ Ni samples. Comparing Figs. 9共a兲–9共c兲, it
could be seen that bonding first initiates at the outer region,
and the bonding region grows inward with the increase of
tool temperature. This corresponds with the simulated interfacial shear stress 共Fig. 7兲. The shear stress is the largest in
the outer region, where the contamination layer is disrupted
more and the surface is easier to be activated for bonding. In
the case of a cylindrical joint, the unbonded region should be
the central region. Such peripheral bonding observed is not
unique though. Wire thermocompression bonds3,23 and even
ultrasonic welds25 were found to exhibit bonding at the periphery and no central bonding. In this report, gold stud thermocompression bonds revealed similar behavior. In our subsequent report, a more detailed finite element analytical
model will be explored to understand the influence of boundary conditions at the bonding interface which could explain
the bond formation from the outer region of the bumps.
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IV. CONCLUSIONS

Based on the above results, the following conclusions
are reached:
共1兲 There is a critical bonding temperature for thermocompression bonding. No bonding happens when temperature is below this threshold value. Such critical temperature is related to the activation of deformed organic films
on the gold surfaces.
共2兲 The critical temperature required is reduced if in the
presence of higher interfacial shear. This means that,
under similar bonding conditions, the threshold temperature is lower for harder substrate than for softer
substrate.
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