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Abstract: Cu-Cu bonding has the potential to break through the extreme boundary of scaling down
chips’ I/Os into the sub-micrometer scale. In this study, we investigated the effect of 2-step bonding
on the shear strength and electrical resistance of Cu-Cu microbumps using highly <111>-oriented
nanotwinned Cu (nt-Cu). Alignment and bonding were achieved at 10 s in the first step, and a
post-annealing process was further conducted to enhance its bonding strength. Results show that
bonding strength was enhanced by 2–3 times after a post-annealing step. We found 50% of ductile
fractures among 4548 post-annealed microbumps in one chip, while the rate was less than 20% for
the as-bonded counterparts. During the post-annealing, interfacial grain growth and recrystallization
occurred, and the bonding interface was eliminated. Ductile fracture in the form of zig-zag grain
boundary was found at the original bonding interface, thus resulting in an increase in bonding
strength of the microbumps.

Keywords: highly <111>-oriented nanotwinned copper; die-to-die bonding; die-to-wafer bonding;
post-annealing; grain growth; die shear test

1. Introduction

In the era of 5G and big data, extremely high-speeds of signal transmission and multi-
system functionality in technologies are growing in demand, especially as a result of the
COVID-19 pandemic. Distance communication, such as telemedicine, business meetings,
and online education, has greatly increased the demand for electronic and micro-electronic
products. Excellent reliability, small size, high functionality, and low-cost of devices are thus
required. However, it is incredibly difficult to shrink down the pitch of solder microbumps
below 10 µm [1–8], due to bridging and the side wall wetting effect [9–11]. Cu-Cu bonding
has shown potential in overcoming the limitation of scaling down into the sub-micron
scale, and impede the delay problem of RC signal. Currently, die-to-wafer and die-to-
die approaches have not been realized in mass production yet, due to low throughput.
Several methods have been conducted to bond Cu microbumps and obtain good bonding
quality, such as surface activated bonding (SAB) [5], plasma passivation [1,12], and thermal
compression bonding [13–15]. These were conducted in a complex pre-treatment chamber.
This may lead to additional costs for the treatment facility and processing. In this study,
we only used citric acid followed by DI water and N2 purging to clean the bonding surface
under room temperature and ambient pressure. Thus, the manufacturing cost and process
complexity were further reduced.

In a previous study, Shie et al. revealed that Cu-Cu bonding can be bonded at
300 ◦C in 10 s using highly <111>-oriented nanotwinned copper (nt-Cu) [15], which is
the shortest bonding time reported. Such nt-Cu was demonstrated to have superior
mechanical properties [16–19] and great resistance to electromigration [20]. However, the
reliability of chips (bonding strength) is not satisfactory. Hence, this study is aimed at
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demonstrating that bonding strength can be enhanced significantly by triggering interfacial
recrystallization and grain growth during a post-annealing process. However, the surface of
Cu microbumps deposited on the Si wafer might be varied in height and surface roughness
after chemical mechanical planarization (CMP) treatment. Additionally, the bonding
pressure might not be uniform during the bonding process. Thus, Cu-Cu joints in Kelvin
structure and Daisy chain were additionally measured by a 4-point probe technique to test
the functionality of bonded joints. Results of electrical resistance measured before and after
post-annealing show the capability of assisting the connection of opened Cu-Cu joints and
further strengthening them, as shown in Table 1. Therefore, post-annealing is applied to
increase the mechanical strength and maintain low electrical conductivity in joints.

Table 1. Number of opened joints detected among 35 bumps measured by a 4-point-probe technique.

Conditions As-Bonded Post-Annealed

300 ◦C/93 MPa/10 s 0/35 0/35
300 ◦C/47 MPa/10 s 8/35 0/35
300 ◦C/31 MPa/10 s 14/35 0/35

In this study, we conducted the bonding process in two steps and investigated its
reliability. We primarily focused on shortening the bonding time to save the time of
alignment in the first step. The post-annealing process has the ability to be executed
batch by batch at the second step, thus increasing production and yield rates in industrial
manufacturing. The first step was conducted using alignment marks of the top and bottom
dies. It was bonded for only 10 s under thermal compression in N2. Higher bonding quality
was achieved at the second step, denoted as post-annealing. Note that three main factors
which affect the bonding quality of a Cu-Cu bond are surface diffusivity, oxidation rate,
and surface roughness. To obtain greater consistency and higher bonding quality, highly
<111>-oriented nt-Cu microbumps were bonded within 10 s in the first step fabrication.
According to [21], Hsiao et al. reported that the <111> crystal plane is the highest packing
plane in an FCC structure. It possesses the lowest number of dangling bonds and the lowest
oxidation rate. Moreover, the most densely packed plane has the lowest activation energy
to endure during diffusion. Thus, they concluded that the <111> Cu surface possesses
the highest surface diffusivity and lowest oxidation rate among all other crystallographic
planes of Cu. Therefore, it is of great importance to fabricate a high percentage of <111>
surface in the nt-Cu bumps.

Additionally, the roughness of the bonding surface is also a key factor to obtaining
high quality Cu joint bonding. Herein, we used chemical mechanical planarization (CMP)
prior to the bonding to reduce its roughness. The electrical and bonding properties of the
bumps with and without post-annealing were investigated. Bonding quality was then
characterized using shear tests, and the electrical resistance was measured by a Kelvin
structure in the tested vehicles (Figure 1) and a Daisy chain using a four-point-probe
technique.
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Figure 1. (a) Bonded test vehicle. (b) Layout of the tested vehicle. (c) Enlarged layout of the Kelvin structure at squared
area at (b). (d) Schematic of the Kelvin structure in the tested vehicle.

2. Materials and Methods

Highly <111>-oriented nt-Cu microbumps were electrodeposited on an 8-inch pho-
toresist (PR) patterned wafer using direct current at room temperature. The electrolyte
used in this investigation contained a high purity copper sulfate solution, 100 g/L of
sulfuric acid [22], 0.1 mL/L of a hydrochloric acid, and an additive for nanotwin nucleation
(Chemleader Corporation, Hsinchu, Taiwan). Figure 2 shows the workflow of the first step
bonding. Wafer level CMP was conducted after the nt-Cu electrodeposition on an 8-inch
patterned wafer to reduce the surface roughness of Cu microbumps. A dicing process
was then carried out, and the samples were diced into the top (6 × 6 mm2) and bottom
(15 × 15 mm2) dies. The bonding surfaces were cleaned with a citric acid [23,24] and DI
water, and blown dry through an N2 purge. The reason for this is that the native oxide
layer on the bonding interface, acting as a barrier for atomic diffusion, may critically affect
its bonding quality.
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Top die and bottom die were set on the bonding head and stage to align by alignment marks. The first step bonding under 31 

MPa, 47 MPa and 93 MPa compression at 300 °C within 10 s was performed in N2 ambient. 

Table 2. Bonding conditions of the first step bonding process. 

Condition Temperature (°C) Pressure (MPa) Time (s) 

1 300 93 10 

2 300 47 10 

3 300 31 10 

Figure 2. (a) Electrodeposition of nt-Cu microbumps by DC current on an 8-inch patterned wafer. The diameter of nt-Cu
microbump is 30 µm and the pitch is 80 µm. (b) CMP process of 8” patterned wafers. The bump surface roughness (Rq) is
below 5 nm. (c) Schematic of test vehicles in this study: 6 × 6 mm2 for top die and 15 × 15 mm2 for bottom die. (d) Before
the bonding process, bonding surface was cleaned by citric acid and rinsed by deionized water. (e) Each die was then dried
with N2 gas. (f) Top die and bottom die were set on the bonding head and stage to align by alignment marks. The first step
bonding under 31 MPa, 47 MPa and 93 MPa compression at 300 ◦C within 10 s was performed in N2 ambient.

The first step bonding was then executed under N2 ambient under an ambient pressure
environment. The reason we used N2 ambient for the 1st bonding process was to provide a
medium for a better heat transfer. Table 2 shows the conditions of the first step bonding
process. The facility used for the bonding was die-to-die flip chip bonder (CA-2000VA,
Bondtech Co., Ltd., Kyoto, Japan). The heating area of the heating head and plate was
approximately 3 cm2. Thus, the expected bonding temperatures could be obtained within
a very short time using the heater. After the first bonding process (10 s), N2 purging was
used to cool down the bonded chip. The second step bonding was executed in vacuum
to prevent further oxidation in the Cu joints. The vacuum pressure was below 4 Pa. The
bonding force and bonding time are listed in Table 3. The correlation between bonding
strength, electrical properties, and interfacial microstructure after the first bonding and the
post annealing were subsequently analyzed. A scanning electron microscope (SEM) and
focused ion beam (FIB) were employed to observe microstructures in the microbumps and
bonding quality at the interface. There were 4548 microbumps on a test vehicle, and their
electrical resistances were measured by a four-point probe at the Kelvin structure and Daisy
chain of the tested vehicles, and the bonding strength was quantized by die shear tests.
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Table 2. Bonding conditions of the first step bonding process.

Condition Temperature (◦C) Pressure (MPa) Time (s)

1 300 93 10
2 300 47 10
3 300 31 10

Table 3. Bonding conditions of the second step bonding process.

Condition Temperature (◦C) Pressure (MPa) Time (h)

1 300 47 1
2 300 47 1
3 300 47 1

3. Results and Discussion

The crystallographic orientation analysis at the normal direction of nt-Cu microbumps
bonding surface before bonding was carried out by EBSD, and is shown in Figure 3c. The
main purpose of this is for crystal orientation confirmation and optical interface modules
(OIM) analysis. The OIM analysis detected the <111> ratio of the microbump surface with
a 10◦ angle tolerence to be approximately 40%. According to our previous studies [21,25],
the higher the ratio of <111>, the better the bonding quality could be, thanks to the highest
surface diffusivity of <111> surface in a FCC metal. It is three to six orders higher than
other crystal orientations. The ratio of <111>-oriented grains does not increase above
40%, due to the arc of passivation opening. It affects the nt-Cu columnar grain nucleation
during electroplating. Figure 3a,b shows the cross-sections of the microbumps from the
top and bottom dies. We found that the diameters of passivation opening of the top and
bottom die are 15 and 25 µm, respectively. The reason for the different passivation opening
used in this study is that we expect the microbumps from the top die to remain on the
bottom die during the shear tests. Interfacial fracture can be observed when the bonding
strength is high enough. In this study, the fractures which occurred at the passivation
opening on the top die can be observed by SEM. Ductile fractures accounted for >50% over
4548 post-annealed microbumps in a chip, while the as-bonded counterparts were below
20% after shear tests.

Figure 4 shows the process profile using a 93-MPa pressure under 300 ◦C in nitrogen
ambient. Figure 5a,b shows the FIB images for the as-bonded sample under a 93-MPa
compression. It is obvious that the bonding interface is almost free of large voids (Figure 5a).
However, some gaps are detected at the edges of microbumps. Grains did not grow across
the bonding interface, but some nt-Cu columnar grains disappeared and formed new
grains at the marked regions (Figure 5b). We found 20% of ductile fractures among
4548 microbumps in one chip, as listed in Table 4. We also reduced the bonding force to
47 MPa, and the bonding profile is shown in Figure 6. Similarly, voids were not obviously
seen at the bonding interface using electron image (Figure 7a). However, some gaps were
also found at the edges of the microbumps, as shown in Figure 7a. Some columnar grains
disappeared. Recrystallization in the bumps was found, but no grain growth at the bonding
interface was observed (Figure 7b). We counted the ductile fracture of 4548 microbumps in
a chip to be only 3% (Table 4).

Table 4. Percentage of ductile fracture in a total of 4548 microbumps.

Conditions As-Bonded Post-Annealed

300 ◦C/93 MPa/10 s 20% -
300 ◦C/47 MPa/10 s 3% 50%
300 ◦C/31 MPa/10 s 1% -
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(e) Cu microbumps after CMP.

Metals 2021, 11, x FOR PEER REVIEW 7 of 15 
 

 

 

Figure 4. Process profile of temperature and bonding force vs. bonding time in the first step with an 

applied bonding force of 93 MPa. 

We also decreased the bonding pressure to 31 MPa and analyzed its bonding quality. 

A typical bonding profile is shown in Figure 8. The results show that the microbump re-

sistance remained unchanged, but its bonding strength dropped significantly to 26 MPa, 

which is roughly 50% less compared to that of the 93-MPa bonding condition. As shown 

in Figure 9a, gaps are still seen at the edges of microbumps. Most of the <111>-oriented 

nt-Cu columnar grains are detected in the passivation opening (Figure 9b). Ductile frac-

ture of 4548 microbumps in a chip equaled as 1%, as shown in Table 4. It has been reported 

that some nt-Cu columnar grains grew into larger grains, and shifted to other orientations 

under a high bonding temperature [7–9]. This was conducted under 40 MPa for 20 min. A 

few nt-Cu grains grew larger and transformed to anther orientation under a bonding tem-

perature of 250 °C [26]. They found that brittle fractures presented in the samples without 

grain growth at the bonding interface. Ductile fractures occurred in the bonding with a 

recrystallized interface. Similar findings are obtained in this investigation (Figures 5b, 7b 

and 9b). Interestingly, obvious interfacial grain growth and recrystallization are not de-

tected in all the as-bonded samples. Thus, its bonding strength is lower than that of the 

post-annealed counterparts. 

Figure 4. Process profile of temperature and bonding force vs. bonding time in the first step with an
applied bonding force of 93 MPa.



Metals 2021, 11, 1864 7 of 15Metals 2021, 11, x FOR PEER REVIEW 8 of 15 
 

 

 

Figure 5. (a) Cross-sectional FIB electron (b) ion images of the microbumps bonded at 93 MPa/10 s 

under 300 °C. 

 

Figure 6. Process profile of temperature and bonding force vs. bonding time in the first step with an 

applied bonding force of 47 MPa. 

Figure 5. (a) Cross-sectional FIB electron (b) ion images of the microbumps bonded at 93 MPa/10 s
under 300 ◦C.

Metals 2021, 11, x FOR PEER REVIEW 8 of 15 
 

 

 

Figure 5. (a) Cross-sectional FIB electron (b) ion images of the microbumps bonded at 93 MPa/10 s 

under 300 °C. 

 

Figure 6. Process profile of temperature and bonding force vs. bonding time in the first step with an 

applied bonding force of 47 MPa. 

Figure 6. Process profile of temperature and bonding force vs. bonding time in the first step with an
applied bonding force of 47 MPa.



Metals 2021, 11, 1864 8 of 15Metals 2021, 11, x FOR PEER REVIEW 9 of 15 
 

 

 

Figure 7. (a) Cross-sectional FIB electron and (b) ion images of the microbumps bonded under 47 

MPa/10 s at 300 °C. 

 

Figure 8. Process profile of temperature and bonding force vs. bonding time in the first step with an 

applied bonding force of 31 MPa. 
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47 MPa/10 s at 300 ◦C.

We also decreased the bonding pressure to 31 MPa and analyzed its bonding quality.
A typical bonding profile is shown in Figure 8. The results show that the microbump
resistance remained unchanged, but its bonding strength dropped significantly to 26 MPa,
which is roughly 50% less compared to that of the 93-MPa bonding condition. As shown
in Figure 9a, gaps are still seen at the edges of microbumps. Most of the <111>-oriented
nt-Cu columnar grains are detected in the passivation opening (Figure 9b). Ductile fracture
of 4548 microbumps in a chip equaled as 1%, as shown in Table 4. It has been reported
that some nt-Cu columnar grains grew into larger grains, and shifted to other orienta-
tions under a high bonding temperature [7–9]. This was conducted under 40 MPa for
20 min. A few nt-Cu grains grew larger and transformed to anther orientation under a
bonding temperature of 250 ◦C [26]. They found that brittle fractures presented in the
samples without grain growth at the bonding interface. Ductile fractures occurred in the
bonding with a recrystallized interface. Similar findings are obtained in this investigation
(Figures 5b, 7b and 9b). Interestingly, obvious interfacial grain growth and recrystallization
are not detected in all the as-bonded samples. Thus, its bonding strength is lower than that
of the post-annealed counterparts.
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Figure 10 shows the process profile of the post-annealing. The cross-sectional FIB
images of the post-annealed samples are shown in Figure 11. We found no gaps at the edges
of the joints. The significance of this current method is that the nt-Cu columnar grains were
completely consumed, recrystallized, and the grain regrew, as shown in Figure 11b,d,f.
Under such a bonding condition, a 50% ductile fracture of 4548 microbumps in a chip was
obtained. Grain growth and recrystallization occurred significantly in all samples treated
for a second bonding step. We propose that, for a longer bonding time, the detwinning
of the nt-Cu columnar grains is more severe [25], and the zig-zag grain boundaries will
replace the original bonding interface, as shown in Figure 11b,d,f. Atomic surface and
grain boundary diffusion will also continue to occur for such a long bonding time.
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Figure 10. Process profile of temperature and bonding force vs. bonding time under the second step
(post-annealing) process.

The mechanical properties of the as-bonded and post-annealed bonds were quantita-
tively characterized using shear testing. Figure 12 shows the schematic of shear tests. A
shear height of 200 µm was set, and the shear speed was controlled as 100 µm/s. The shear
strength comparison of the post-annealed and as-bonded samples is shown in Figure 13.
The electron images of ductile and brittle fracture modes after characterizing by the die
shear test are shown in Figure 14. It is obvious that the shear strength of the post-annealed
joints is greater than that of the as-bonded counterparts. The shear strength of the as-
bonded samples was measured between to be between 28.1 and 55.7 MPa, depending on
the bonding pressure applied within 10 s, while the post-annealed samples were in the
range of 95 to 125 MPa. Although the post-annealed sample bonded under 47 MPa within
10 s in its first process showed the highest shear strength compared to other parameters,
it still showed at the same range of standard deviation. In other words, we propose that
such variation in post-annealed samples is not significant, and can be neglected due to the
fact that the second step (post-annealing) process is primarily attributed to the increase in
shear strength. The bonding strength of the post-annealed samples significantly increased,
while its resistance almost remained unchanged (Table 5). Nitta et al. [27] reported that the
difference of electrical resistance via its grain size is not significant under room temperature,
but at the lower temperature. The reason is mainly due to the thermal lattice vibration
which is one of the major factors determining resistivity, and thus it can be neglected at
12 K. Under such a low temperature, the contributions from other scattering mechanisms,
such as impurity and grain boundary scattering, are easier to be observed. In this study,
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the electrical resistance was measured at room temperature by a Kelvin structure and Daisy
chain. We did not find any obvious changes in electrical resistance.
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Table 5. Measured resistance of the bumps with a Kelvin structure.

Conditions/Resistance (mΩ) As-Bonded Post-Annealed

300 ◦C/93 MPa/10 s 3.1 ± 0.16 3 ± 0.26
300 ◦C/47 MPa/10 s 2.8 ± 0.06 2.73 ± 0.15
300 ◦C/31 MPa/10 s 2.9 ± 0.36 2.72 ± 0.29

Moreover, the post-annealing also assists in the connection of un-bonded Cu-Cu joints,
and further strengthens them. Note that the surface of Cu joint on the Si wafer might
have variation in height and surface roughness after the CMP treatment. Furthermore,
the bonding pressure might not be uniform, and the bonding time in the first step was
too short during the bonding process. Thus, some Cu-Cu joints are opened after the first
step bonding with humongous values in electrical resistance. Post-annealing assists in the
connection of un-bonded Cu-Cu joints, thus the electrical resistance can be measured from
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opened to valued (Table 1). Chen et al. [28] reported that greater bonding strength could be
achieved at a higher bonding temperature or through longer annealing. In the current study,
the samples with N2 annealed for 60 min at 350 ◦C presented no bonding interfaces and
a higher bonding strength, while the samples without annealing had bonding interfaces,
with a relatively low bonding strength.

Juang et al. [26] reported that recrystallization and grain growth also occurred at the
bonding interface, and reduced the void number. A bonding temperature of 350 ◦C will
result in a greater bonding strength due to the elimination of the bonding interface. It
can be concluded that the improvement of shear strength is attributed to grain growth
and recrystallization, resulting in bonding interface elimination with ductile fractures
during shear testing. In this study, we successfully fabricated Cu-Cu microbumps bonded
in just 10 s with low electrical resistivity and sufficient bonding strength. Moreover, we
demonstrated that the recrystallization and grain growth across the bonding interface sig-
nificantly enhances the bonding strength of the Cu bumps, while their electrical resistance
is maintained to be low. Most importantly, such a bonding method is obviously compatible
for flip chip die-to-die and die-to-wafer processing.

4. Conclusions

In this investigation, microstructural analysis showed that a small amount of grain
growth and recrystallization occurred due to high bonding temperature and force applied.
However, no obvious bonding interface elimination was observed after a first bonding step.
Bonding interfaces were clearly seen, and mostly brittle fractures were found resulting
in a low bonding strength. As the samples further annealed, interfacial recrystallization
occurred and thus the original bonding interface was eliminated. Formation of a zig-zag
pattern at the original bonding interface was found as a sign of ductile fracture. Thus, it
led to a 2–3 times increase in bonding strength among the microbumps, compared to the
as-bonded samples.

It is noteworthy that the aligning process in the die-to-die and die-to-wafer bonding
process is a very time-consuming process, especially due to manual alignment. For the
first bonding, we performed the alignment and instant bonding in 10 s. A post-annealing
step was further conducted to enhance the bonding strength. Such a fast and simple
bonding process is cost saving, and thus applicable for mass production. In this work,
we demonstrated that the two-step bonding process has potential for mass production of
die-to-wafer and die-to-die bonding. Fast bonding is achieved in just 10 s at 300 ◦C in N2
ambient. The joint reliability can be further enhanced by a post-annealing bonding process.
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