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Abstract: The failure mechanisms of Cu—Cu bumps under thermal cycling test (TCT) were investi-
gated. The resistance change of Cu—Cu bumps in chip corners was less than 20% after 1000 thermal
cycles. Many cracks were found at the center of the bonding interface, assumed to be a result of weak
grain boundaries. Finite element analysis (FEA) was performed to simulate the stress distribution
under thermal cycling. The results show that the maximum stress was located close to the Cu
redistribution lines (RDLs). With the TiW adhesion layer between the Cu—Cu bumps and RDLs, the
bonding strength was strong enough to sustain the thermal stress. Additionally, the middle of the
Cu—Cu bumps was subjected to tension. Some triple junctions with zig-zag grain boundaries after
TCT were observed. From the pre-existing tiny voids at the bonding interface, cracks might initiate
and propagate along the weak bonding interface. In order to avoid such failures, a postannealing
bonding process was adopted to completely eliminate the bonding interface of Cu-Cu bumps. This
study delivers a deep understanding of the thermal cycling reliability of Cu—Cu hybrid joints.

Keywords: Cu-to-Cu direct bonding; instant bonding; thermal cycling test

1. Introduction

Currently, the COVID-19-pandemic-led surge in demand for high-performance com-
puting chips is prevailing. They are used in high-end electronic devices, such as com-
plementary metal oxide semiconductor (CMOS) image sensors [1] and high bandwidth
memory (HBM) [2]. To fabricate high-performance computing chips, a three-dimensional
integrated circuit (3D IC) technique is employed [3,4]. However, challenges still exist in 3D
IC packaging [5], for instance, with the reliability of interconnects [6]. In a 3D IC device,
solder microbumps have been widely used as interconnects between functional chips and
an interposer [7]. Those solders severely suffer from electromigration [8-10] and thermal
fatigue [11-13] during operations. In addition, the high resistance and downscaling of
solder joints should be critically considered. Conventionally, the diameter of a solder
microbump is about 30 um, while that of a ball grid array (BGA) solder bump is about
150 um. The volume of solder microbumps is about 125 times smaller than that of BGA
solder bumps. This can lead to the severe formation of intermetallic compounds (IMCs),
necking, and voids in the solder microbumps [6,14-17].

With the goal of the shrinking of joints, Cu-to-Cu direct bonding is thus adopted as
a potential candidate for the next generation of interconnects. Additionally, low thermal
budget bonding is the main task in 3D IC packaging. This can be achieved by low tem-
perature or short-time bonding. To date, Cu-to-Cu direct bonding has been researched
extensively [18-21]. Diffusion bonding with a (111) Cu surface [22], capping passiva-
tion layer [23], and surface activation bonding [24] were widely employed to achieve
low-temperature Cu-to-Cu direct bonding.

High-strength nanotwinned Cu (nt-Cu) [25-28] was demonstrated to possess low
bonding temperature and electrical resistance [28-32]. The (111) surface can be well
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controlled through electroplating [30]. The highest surface diffusivity of a (111) Cu sur-
face can enhance the surface creep bonding during thermal compression bonding pro-
cesses [22,29]. To examine the Cu-to-Cu direct bonding quality, various reliability tests were
conducted [33,34]. A shear strength greater than 100 MPa was obtained by eliminating
the bonding interface [33]. Thermal cycling tests (TCTs) and high-temperature storage
(HTS) were conducted with a Cu/SiO; hybrid bonding structure. They reported that the
coefficient of thermal expansion (CTE) of SiO, is smaller than that of Cu. Thus, the Cu—Cu
bumps were under compression at an elevated temperature, and no obvious defects were
formed [34].

To date, systematic studies on the failure mechanisms of Cu joints with high CTE
dielectrics under thermal cycling are limited. In this study, the mechanical reliability
and failure mechanism of samples bonded at various conditions were examined using
TCT. The (111)-oriented nt-Cu was fabricated by electroplating. This research can provide
helpful information to improve the current Cu/dielectric hybrid bonding technology
using the high-CTE dielectrics, such as polyimide (PI) [35], polybenzoxazole (PBO) [36],
benzocyclobutene (BCB) [37], and epoxy thermosets [38].

2. Materials and Methods
2.1. Sample Fabrication

The tested vehicle used in this study was designed on an 8-inch wafer, which included
top-die and bottom-die patterned wafers. The Cu redistribution lines (RDLs) were first
electroplated, and photosensitive PBO was used to cover the RDLs as a passivation layer
by spin coating. To connect the Cu RDLs and Cu—Cu bumps, the passivation openings of
PBO were fabricated through lithography. A photoresist was used to define the location
and diameter of Cu-Cu bumps. An additive (Chemleader Corporation, Hsinchu, Taiwan)
was employed to fabricate the nt-Cu microbumps. Prior to the Cu-to-Cu direct bonding,
chemical mechanical planarization (CMP) was conducted to reduce surface roughness
(Rq) to 3 nm. The 8-inch wafer was then diced into various top (6 x 6 mm?) and bottom
(15 x 15 mm?) dies. Various chips were fabricated by instant bonding using a chip-to-
chip bonder (CA-2000VA, Bondtech Co., Ltd., Kyoto, Japan). More information about the
bonding process and results can be referenced in our recent study [39].

In this study, the effects of bonding pressures and time on the electrical resistance of
Cu—Cu bumps were investigated. The bonding pressure ranged from 15 to 90 MPa, with
the bonding time ranging between 5 and 60 s. The bonding time was the holding time of
the bonding force. After the instant bonding, the chips were dispensed with the underfill
(UF) to protect the Cu—Cu bumps from oxidation during the reliability tests. Figure la
shows a typical image of the as-fabricated chip. The UF flowed into the chips from one or
two sides of the edges of the top die, and then sealed other sides of the edge. Thus, a black
region (UF) around the top die can be seen in Figure 1a. The curing condition of the UF
was 165 °C for 2 h.

2.2. Resistance Measurement of Cu—Cu Bumps

A Kelvin structure was designed and fabricated to measure the resistance of the Cu-
Cu bumps at the three corners of the chip (Figure 1a). The 3D image of the Kelvin structure
is shown in Figure 1b. Many probe pads (1 mm in diameter) were fabricated (Figure 1a)
on the bottom die. The four-point probe technique was used to measure the electrical
resistance using a power supply (Keithley 2400, Keithley Instruments, Inc., Cleveland, OH,
USA). The lowest compliance level of voltage measurement was 0.2 mV. Through the probe
pads, a current of 0.1 A was applied. The voltage difference of the Cu-Cu bump (blue circle
in Figure 1b) could be measured. Thus, the resistance change of the single Cu—Cu bumps
could be observed during TCT. Four chips were fabricated for each bonding condition
to conduct TCT, with a resistance change among the Cu—Cu bumps averaging 12 Cu—Cu
bumps. Thus, we can avoid processing variation and measurement error.
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Figure 1. (a) A typical image of the as-fabricated chips. The underfill (UF) can be seen around the top die. The Kelvin

structures were fabricated at the three corners of the top die. The probe pads were fabricated on the bottom die for the

4-point probe measurement. (b) A 3D image of the Kelvin structure.

2.3. Thermal Cycling Test

In order to study the TCT reliability of the chips, four different bonding conditions
were chosen, as listed in Table 1. After the bonding process, those samples underwent
TCT (TCC-150W, ESPEC Co., Osaka, Japan). The TCT temperature ranged from —55 to
125 °C. The soak time was 5 min, and the ramp rate was 18 °C/min. The TCTs were
terminated after 1000 cycles. The resistance of the Cu—Cu bumps was measured after
each set of 250 thermal cycles. The criterion of resistance change was 20%. Two types of
cross-sectional focused ion beam (FIB) images (Figure 2) were employed to characterize the
failure mechanisms. After TCT, the chips were grinded and polished at the site of Kelvin
bumps to study the TCT failure mechanisms. The FIB was used to ion-mill the first cross
section (Figure 2a,b). Those chips were then vertically attached on the FIB holder for the
second ion milling of the second cross section (Figure 2¢,d). Additionally, the electron
images were used to detect voids and cracks, while the ion images were employed for
Cu grain analysis. The finite element method (FEM, ANSYS Workbench, Canonsburg,
Pennsylvania, USA) was utilized to construct the models with the single Cu—Cu bumps
and analyze their stress distribution. The detailed parameters of the FEM models of single
Cu—Cu bumps with Cu RDLs and a Si substrate are shown in Figure 2b and in reference [40].
In order to simulate the stress in the corner Cu—Cu bumps of the chips, two sides of the
model were set as symmetry regions. The stress distributions at —55 and 125 °C were then
discussed. Additionally, a scanning transmission electron microscope (STEM) was used to
characterize the void distribution of the bonding interface. Using the FIB, STEM images,
and numerical analyses, the relationships between cracking, void formation, Cu grains,
and stresses were then correlated.
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Table 1. Four bonding conditions chosen for the TCTs.

No. Atmosphere Temperature (°C) Bonding Pressure (MPa) Bonding Time (s)
1 N, ambient 300 90 30
2 N, ambient 300 20 10
3 N, ambient 300 47 10
4 N, ambient 300 31 10
: 4.5
Observation plane I um

Observation plane

PBO 4
. 30 um
< 1 13 um
20 um

PBO > y

X 18 pm 4.5 um
(a) (b)
1st cross section 1st cross section

Bonding interface UF

2nd cross section Bonding interface 2nd cross section

(0) (d)

Figure 2. Illustrations of two kinds of FIB cross-sectional images. (a,c) Three-dimensional schematics of the Cu—Cu bumps

and RDLs. The coordinates were marked at the middle of the Cu—Cu bumps. The observation plane in (a) was used to show

the cross-sectional images (b). (b) is the first cross section of the x-z plane and shows the dimensions of the Cu-Cu bump

and RDLs, which were used in FEM. The observation plane in (c) was employed to present the cross-sectional images (d).

(d) The cross sections contain the x-z and x-y planes, showing the bonding interface in half spheres. The x-y plane is the

second cross section.

3. Results and Discussion
3.1. As-Fabricated Samples with Different Bonding Conditions
3.1.1. Electrical Resistance Measurement

The resistances of the Cu-Cu bumps bonded at different conditions are shown in
Figure 3. The resistance was measured after the bonding process without UF dispensing.
With the same bonding temperature (300 °C) and pressure (90 MPa), the bonding time
could be shortened from 60 to 5 s (Figure 3a). If the bonding temperature and time were
kept at 300 °C and 10 s, respectively, the bonding pressure could be decreased from 90 to
15 MPa (Figure 3b). The bonding condition (the dash blue square) was 300 °C/90 MPa/10s.
As the bonding temperature was 300 °C, the resistance of the single Cu-Cu bump could
remain around 4.5 m(), even though the bonding pressure or time was lower. Therefore,
the two higher bonding pressure (300 °C/90 MPa/30 and 10 s) and two lower bonding
pressure (300 °C/47 and 31 MPa/10 s) conditions were chosen to carry out TCTs. Those
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four conditions are marked with the blue dashed line and red solid line squares in Figure 3
and listed in Table 1.
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Figure 3. Resistances of the Cu-Cu bumps bonded at different bonding conditions. (a) The bonding temperature and

pressure were kept at 300 °C and 90 MPa, while the bonding time ranged from 5 to 60 s. (b) The bonding temperature and

time were kept at 300 °C and 10 s, while the bonding pressure ranged from 15 to 90 MPa.

3.1.2. Microstructure of Cu—Cu Bumps

The cross-sectional FIB images of the as-fabricated Cu—Cu bumps bonded at 300 °C/
90 MPa/30 s and 300 °C/31 MPa/10 s are shown in Figure 4a,c and Figure 4b,d, respec-
tively. The electron images in Figure 4a,b show that the Cu RDLs connected with the
Cu—Cu bumps, and the PBO covered the RDLs acting as passivation layers. The Cu—Cu
bumps were surrounded by UF for excellent filling. Some white particles in UF are fillers,
which were mixed into epoxy thermosets to obtain better mechanical properties. At the
bonding interfaces of the Cu—Cu bumps, some tiny voids existed after the instant bonding
process. These void formations might be attributed to the defects on the Cu surfaces. They
transformed into various lenticular shapes (Figure 4a,b) due to the pressure gradient and
Gibbs-Thomson effect during thermal compression bonding process [41]. The length of
the voids was measured, with the largest value being 480 nm. Other voids were too small
to be measured through SEM images, and this will be discussed in Section 3.5.

The 3D images of the Cu microbumps after CMP are shown in Figure 4e,f. A TiW
adhesion layer between the PBO, Cu RDL, and Cu microbump is shown in Figure 4e. The
nt-Cu columnar grains can be observed at the middle and edge of the Cu microbumps [39].
Compared with the distribution of grains in Figure 4c,f, because of the high bonding
pressures (90 MPa) and temperature (300 °C), the nt-Cu columnar grains recrystallized to
form fine grains during the bonding process. Therefore, more recrystallized grains can be
observed in Figure 4c than in Figure 4d. However, the bonding time (30 and 10 s) was not
long enough for grain growth. We found that more nt-Cu columnar grains remained in
Figure 4d compared with those in Figure 4c due to the lower bonding pressure and time.
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Figure 4. Cross-sectional images of the as-fabricated Cu—Cu bumps bonded at (a,c) 300 °C/90 MPa/30 s and (b,d) 300 °C/
31 MPa/10 s. (a,b) and (c,d) are electron and ion images, respectively. (a—d) The bonding interface in the blue squares

was enlarged. (a,b) The lenticular shape of voids can be observed. (c¢,d) The grain boundary at the bonding interface can

be observed. White arrows point out the bonding interface, and blue arrows point out the triple junctions. (e,f) Three-

dimensional images of the Cu bumps after CMP and before the bonding process. (e,f) are electron and ion images,

respectively.
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The distribution of grains is also presented in the enlarged images of the bonding
interfaces (blue squares in Figure 4c,d). Some triple junctions [42,43] were detected (blue
arrows in Figure 4c). These triple junctions led to a zig-zag bonding interface. This indicates
that the atomic interdiffusion at the bonding interface occurred in the sample bonded at
300 °C/90 MPa/30 s. This phenomenon might be caused by the recrystallization of grains
at the bonding interface (Figure 4c). These slightly grew further across the bonding interface.
However, the bonding interface bonded at 300 °C/31 MPa/10 s still exists as a straight line
(Figure 4d). If the bonding time is not extended to minutes or hours, the bonding interface
will not be eliminated [18,33].

3.2. Resistance Change of the Cu—Cu Bumps under Thermal Cycling

The resistance change of the Cu-Cu bumps under TCT is shown in Figure 5. Note
that the as-fabricated Cu—Cu bumps bonded at different bonding conditions underwent
UF dispensing and full curing. Their initial electrical resistances were denoted as 0 cycle
(Figure 5a), and the values are from 4.0 to 4.4 m(Q), which were set as the 0% resistance
change for each bonding condition. After 250 cycles, the resistance of the Cu—Cu bumps
bonded at 300 °C/47 MPa/10 s increased by 4.4%, and those bonded at 300 °C/90 MPa/10 s
increased by 2.7%, while the others did not change. The resistance significantly increased
after 500 cycles and reached 8-12% after 1000 cycles. Using a 20% criterion, all of the
bonding thus passed 1000 thermal cycles. At first glance, the scale of TCT damage of the
three bonding conditions appeared with only a 4% difference of resistance change after
1000 thermal cycles. However, the actual damage was totally different, and is confirmed in
the following cross-sectional images.

5.0 20.0
48 I “7300 °C/90 MPa/30 s
' “°300 °C/47 MPa/10 s

46 | ! 190 300 °C/31 MPa/10's

44 < ’ 9
c : + T °
£42 | $10.0
e ) T 5 o
4.0 S —
% [}
$38 . i % 50 F R
§ 56 | 300 °C/90 MPa/30 s 3 .
300 °C/90 MPa/10 s 3 /
34 - X 90
a2 *°300 °C/47 MPa/10 s
' 300 °C/31 MPa/10 s
30 . k I —50 1 1 1
0 250 500 750 1000 0 250 500 750 1000
Number of thermal cycles Number of cycles
(a) (b)

Figure 5. The resistances of the Kelvin bumps were measured after each set of 250 thermal cycles. Average (a) resistance
and (b) resistance change for each bonding condition.

3.3. Cross-Sectional Images of TCT Damage

Two kinds of the cross-sectional images of the Cu—Cu bumps after 1000 cycles are
shown in Figures 6 and 7.
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Cu-Cu bump

3.3.1. The First Cross-Sectional Images

Figure 6a,b shows the electron images in the x-z plane. Various cracks are present at
the bonding interface. There is no gap among the UF, PBO, RDLs, and Cu—-Cu bumps. The
Cu—Cu bumps are uniformly surrounded by the UF. The cracks at the bonding interface
in Figure 6a are much smaller than those in Figure 6b, but their difference in resistance
change is only 4%. Some Cu grains recrystallized, and further little grains grew at the
center of the bonding interface. Several zig-zag cracks propagated along the fine grains
in Figure 6c. In contrast, the cracks are straighter in Figure 6d because the grains did not
recrystallize and grow across the weak grain boundaries to form triple junctions at the
bonding interface [42,43]. This difference was caused by the microstructure of as-fabricated
Cu—Cu bumps in Figure 4c,d. In Figure 4c, there are many recrystallized fine grains at
the bonding interface after the 300 °C/90 MPa/30 s bonding with some remaining triple
junctions. During TCTs, those fine grains grew further across the bonding interface. On
the contrary, the as-fabricated Cu—Cu bumps bonded at 300 °C/31 MPa/10 s did not have
many recrystallized fine grains at the bonding interface. Thus, their bonding interfaces
were straight and weak, which led to severe cracking after 1000 thermal cycles.

PBO \ Cu—Cu bump/./‘

PSSR Al T LS

bl D CURSD VBN oCeragndl 1

CuRDL | 4 ¢ B.NeuRDL 0 g

(c) (d)

Figure 6. Cross-sectional images of the as-fabricated Cu—Cu bumps bonded at (a,c) 300 °C/90 MPa/30 s and
(b,d) 300 °C/31 MPa/10s. (a,b) and (c,d) are electron and ion images, respectively.
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Bonding interface

10 pm

(c) (d)

Figure 7. The second cross-sectional images of the as-fabricated Cu-Cu bumps bonded at (a,c) 300 °C/90 MPa/30 s and
(b,d) 300 °C/31 MPa/10s. (a,b) and (c,d) are electron and ion images, respectively.

3.3.2. The Second Cross-Sectional Images

To obtain a more precise cracking region at the bonding interface, the same Cu-Cu
bumps were further FIB-cut, and the second cross sections in the x-y plane are shown
in Figure 7. The observation plane is shown in Figure 2c, and the correlation of the first
and second cross sections is shown in Figure 2d. We found that cracks confined in a
circle located at the bonding interface in Figure 7a,b. The cracking profile appears as a
ductile fracture surface. The interfacial cracks seem to be independent of grain boundaries
in Figure 7c,d; however, various zig-zag cracks initiated and propagated along grain
boundaries in Figure 6¢,d). Some dark stains on the x-z plane (Figure 7a,c) are Cu oxides.
These appeared after a few days of sample storage between the first and second cross
section analyses.

The cracking area in Figure 7a is smaller than that in Figure 7b, corresponding to
a 4% difference in resistance change. It has been reported that the resistance increased
by 5% as the contact ratio increased from 20% to 100% [44]. In this study, the resistance
change is approximately 8-12% after 1000 cycles, and the crack distribution is very dif-
ferent (Figure 7a,b). The scale of the cracking area depends on the bonding pressure and
bonding time. Cracks are located in a 5.4 um radius circle in Figure 7a as bonded at
300 °C/90 MPa/30 s. For the Cu microbump bonded at 300 °C/31 MPa/10s, itis 11 um
and is shown in Figure 7b. The remaining bonding ratio accounts for 87% and 46% as
bonded at 300 °C/90 MPa/30 s and 300 °C/31 MPa/10 s, respectively. Therefore, the
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damage mechanisms are strongly related to the bonding conditions and are not easily
correlated to the difference in resistance change.

3.4. Finite Element Method

Normally, cracks initiate at the edge and propagate along grain boundaries or an
interface [11-13]. Interestingly, we found that the cracks formed along the grain boundaries
at the bonding interface center. Thus, we constructed the FEM models to elucidate such
a phenomenon. The parameters of material properties for FEM are listed in Table 2. The
equivalent stress, or von Mises stress, distribution in the Cu-Cu bumps and RDLs is shown
in Figure 8. The applied temperatures in Figure 8a,b are —55 and 125 °C, respectively. The
location of maximum stress at 125 °C is at the corner of the Cu-Cu bump and RDL, and
the stress is 146.6 MPa. However, there is no crack or void at that site in Figure 6, with
the actual sites of the cracks in Figures 6 and 7 showing at the bonding interface. The
stress distributions normal to the bonding interface, which is along the z-axis, are shown in
Figure 9.

Table 2. Material properties used in the FEM models.

Material Poisson’s Ratio =~ Thermal Conductivity (W/m°C) Tg (°C) CTE (ppm/°C)  Young’s Modulus (GPa)
Cu 0.34 401 - 16.8 110
PBO 0.3 0.2 300 64 2.3
. 30 (<Tg) 0.2 (<Tg)
Underfill 0.3 0.4 130 110 (>Tg) 85 (>Tg)

(a) (b)

Figure 8. Equivalent stress (von Mises) distribution in the FEM Cu—Cu bumps and RDLs at (a) —55 °C and (b) 125 °C.

At =55 °C, the bonding interface is under compression with a maximum stress of
59.7 MPa at the edge, which is shown in Figure 9a,c. At 125 °C, the interface is under
tension with a maximum stress of 21.9 MPa, which is shown in Figure 9b,d. Interestingly,
the edge of the bonding interface is under compression. Obviously, the formation of
interfacial cracks is attributed to the tensile stresses shown in Figure 9b,d. In Table 2, the
CTEs of the dielectrics (PBO and UF) are four and two times greater than that of the Cu.
At 125 °C, the middle of the Cu—Cu bumps is subjected to tensile stresses. Note that the
tensile yield stress of the annealed Cu is ~100 MPa [28]. Thus, the plastic deformation at
the bonding interface will not occur at 125 °C. However, thermal fatigue can lead to crack
formation initiating from the pre-existing defects at the bonding interface. In addition, the
bonding interface is considered the weakest boundary of the instant bonding. Thus, cracks
initiate and propagate at the middle region. If the bonding strength is strong enough, the
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cracking region caused by thermal cycling is smaller at the central bonding interface, as
shown in Figure 6a,c; Figure 7a,c; and Figure 9b,d.

Bonding interface Bonding interface

Bonding interface Bonding interface

(©) (d)

Figure 9. Stress distribution in the FEM Cu—-Cu bumps and RDLs at (a,c) —55 °C and (b,d) 125 °C. (a,b) and (c,d) are stress
distributions in the x-z and x-y planes, respectively.

3.5. Defects at Bonding Interface for Crack Formation

According to the SEM images and FEM analyses, the maximum stress (Figure 8b) was
located near the RDLs, but the cracks formed at the bonding interface (Figures 6 and 7).
It is reasonable that there was a TiW adhesion layer between Cu—Cu bumps and RDLs.
Its adhesive strength was strong enough to sustain the thermal stress. On the other hand,
many triple junctions were observed in Figure 4c, but cracks still formed at the bonding
interface shown in Figure 6a. The reason is that some defects at the bonding interface were
not detected by the SEM images.

In our previous study [42], the cross-sectional TEM images show that some voids were
located at the bonding interface. Such voids are the weak points for crack initiation during
TCT. Cracks might initiate from those voids and propagate along the bonding interface.
In this study, the STEM image was used to investigate the void distribution. In order to
focus on the bonding interface, a TEM sample containing a bonding interface was cut from
the Cu-Cu bumps bonded at 300 °C/90 MPa/30 s (Figure 10a). The thickness of the TEM
sample is ~100—150 nm, so the voids at the bonding interface could be easily observed. The
bright field STEM image (Figure 10b) shows many white dots segregated at the bonding
interface. The largest diameter of these white dots is ~100 nm. Energy dispersive X-ray
spectroscopy (EDS) spectrums are shown in Figure 10c. With the same analysis time, the
counts of the signal strength of K, ¢, and L, ¢, are between 1500 and 2000 at the site of
the EDS-1, while those at the EDS-2 range from 200 to 300. The white dot can be certified
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as a void. Due to the segregated distribution of voids and the tensile stress at the center of
the bonding interface (Figure 9b,d), cracks are likely to form at the bonding interface.

The plane of bonding interface TEM sample at bonding interface

KB ,Cu

4 6 8 10
Energy (keV)

EDS-2

Ka,Cu

KB,Cu
4 6 8 10
Energy (keV)

(b) ()

Figure 10. Typical STEM images of the as-fabricated Cu-Cu bumps bonded at 300 °C/90 MPa/30 s showing the bonding
interface. (a) Schematic of the cutting site of the TEM sample. The thickness of the sample is 100-150 nm containing various
defects on the bonding interface. (b) Typical bright field STEM image of the bonding interface. (c) EDS spectrums taken at
site-1 and site-2 in (a). The energy of site-1 is much stronger than that of site-2; thus the white dot at site-2 can be considered
avoid.

In this study, the dielectric around the Cu-Cu bumps is mainly composed of UE. It can
be replaced by PI, BCB, or other polymer dielectrics [45-48]. The CTE of these dielectrics
is larger than that of Cu. When the chip temperature is higher than its glass transition
temperature (Tg), the CTE might be larger than 100 ppm/°C; however, Young’s modulus
will decrease. If the Cu—-Cu bumps are under tension, cracks will form at the weak bonding
interface. To suppress such a crack formation, longer bonding is needed for bonding
interface elimination. The dielectrics have a potential for hybrid bonding using instant
bonding [39] and postannealing [49] to enhance its reliability.

4. Summary

In summary, we studied the failure mechanisms of the Cu—Cu bumps with underfill
during TCT. The resistance change of the Cu—Cu bumps was 8-12%, which was lower than
the 20% criterion. Due to the high CTE of the dielectrics and weak grain boundaries of
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the bonding interface, cracks formed at the middle of the Cu—Cu bumps. The crack scale
decreases with the increase in bonding pressure and time.

We found that some triple junctions formed at the bonding interface of the bump
bonded at 300 °C/90 MPa/30 s. These triple junctions implied that the Cu atoms diffused
across the bonding interface and became a zig-zag grain boundary after TCT. Many voids
at the bonding interface were observed using STEM. The FEM results show that, at 125 °C,
the maximum stress locates at the Cu RDLs. Due to good adhesion between the TiW
layer with the Cu bump and RDLs, cracks rather formed at the bonding interface. Under
thermal cycling, cracks might initiate from the pre-existing voids and propagate along the
bonding interface.

When bonded at 300 °C/31 MPa/10 s, cracks in the bumps caused by thermal cycling
were more serious than those of higher bonding pressure and longer time. The bonding
interface was quite straight, indicating less Cu atomic diffusion across the bonding interface.
A two-step bonding, which includes instant bonding and postannealing, is suggested to
strengthen the bonding interface for greater mechanical reliability by eliminating the weak
bonding interface.

Author Contributions: Conceptualization, K.-C.S.; methodology, K.-C.S.; software, P-N.H.; valida-
tion, K.-C.S., P-N.H., and Y.-].L.; formal analysis, K.-C.S., D.-P.T., and C.C.; investigation, K.-C.S.,
P-N.H., and Y.-].L.; writing—original draft preparation, K.-C.S. and D.-P.T.; writing—review and
editing, K.-C.S., D.-P.T., and C.C,; supervision, C.C.; project administration, C.C.; funding acquisition,
C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan, under
contracts MOST-110-2634-F-009-027 and MOST-107-2221-E-009-007-MY3.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Kagawa, Y.; Fujii, N.; Aoyagi, K.; Kobayashi, Y.; Nishi, S.; Todaka, N.; Takeshita, S.; Taura, J.; Takahashi, H.; Nishimura, Y.;
et al. Novel stacked CMOS image sensor with advanced Cu2Cu hybrid bonding. In Proceedings of the 2016 IEEE International
Electron Devices Meeting (IEDM), San Francisco, CA, USA, 3-7 December 2016; pp. 8.4.1-8.4.4.

Jun, H.; Cho, J.; Lee, K; Son, H.; Kim, K.; Jin, H.; Kim, K. HBM (High Bandwidth Memory) DRAM Technology and Architecture.
In Proceedings of the 2017 IEEE International Memory Workshop (IMW), Monterey, CA, USA, 14-17 May 2017; pp. 1-4.

Hu, C.C.; Chen, M.E; Chiou, W.C.; Yu, D.C.H. 3D Multi-chip Integration with System on Integrated Chips (SoIC™). In Proceedings
of the 2019 Symposium on VLSI Technology, Kyoto, Japan, 9-14 June 2019; pp. T20-T21.

Agrawal, A.; Huang, S.; Gao, G.; Wang, L.; DeLaCruz, J.; Mirkarimi, L. Thermal and Electrical Performance of Direct Bond
Interconnect Technology for 2.5D and 3D Integrated Circuits. In Proceedings of the 2017 IEEE 67th Electronic Components and
Technology Conference (ECTC), Orlando, FL, USA, 30 May-2 June 2017; pp. 989-998.

Tu, K.N. Reliability challenges in 3D IC packaging technology. Microelectron. Reliab. 2011, 51, 517-523. [CrossRef]

Chen, C.; Yu, D.; Chen, K.-N. Vertical interconnects of microbumps in 3D integration. MRS Bull. 2015, 40, 257-263. [CrossRef]
Tu, K.N; Liu, Y. Recent advances on kinetic analysis of solder joint reactions in 3D IC packaging technology. Mater. Sci. Eng. R
Rep. 2019, 136, 1-12. [CrossRef]

Liao, Y.-H.; Chen, C.-H.; Liang, C.-L.; Lin, K.-L.; Wu, A.T. A comprehensive study of electromigration in pure Sn: Effects on
crystallinity, microstructure, and electrical property. Acta Mater. 2020, 200, 200-210. [CrossRef]

Shen, Y.-A.; Chen, C. Effect of Sn grain orientation on formation of Cu6Sn5 intermetallic compounds during electromigration. Scr.
Mater. 2017, 128, 6-9. [CrossRef]

Chang, Y.-W.; Hu, C.-C,; Peng, H.-Y,; Liang, Y.-C.; Chen, C.; Chang, T.-C.; Zhan, C.-].; Juang, ].-Y. A new failure mechanism
of electromigration by surface diffusion of Sn on Ni and Cu metallization in microbumps. Sci. Rep. 2018, 8, 5935. [CrossRef]
[PubMed]

Chu, Y.-C,; Chen, C.; Kao, N; Jiang, D.S. Effect of Sn grain orientation and strain distribution in 20-pm-diameter microbumps on
crack formation under thermal cycling tests. Electron. Mater. Lett. 2017, 13, 457-462. [CrossRef]

Liang, Y.C; Lin, HW.,; Chen, H.P;; Chen, C.; Tu, K.N,; Lai, Y.S. Anisotropic grain growth and crack propagation in eutectic
microstructure under cyclic temperature annealing in flip-chip SnPb composite solder joints. Scr. Mater. 2013, 69, 25-28.
[CrossRef]

Shnawah, D.A ; Sabri, M.EM.; Badruddin, I.A. A review on thermal cycling and drop impact reliability of SAC solder joint in
portable electronic products. Microelectron. Reliab. 2012, 52, 90-99. [CrossRef]

Mo, C.C,; Tran, D.P; Juang, J.Y.; Chen, C. Effect of Intermetallic Compound Bridging on the Cracking Resistance of Sn2.3Ag
Microbumps with Different UBM Structures under Thermal Cycling. Metals 2021, 11, 1065. [CrossRef]


http://doi.org/10.1016/j.microrel.2010.09.031
http://doi.org/10.1557/mrs.2015.29
http://doi.org/10.1016/j.mser.2018.09.002
http://doi.org/10.1016/j.actamat.2020.09.010
http://doi.org/10.1016/j.scriptamat.2016.09.028
http://doi.org/10.1038/s41598-018-23809-1
http://www.ncbi.nlm.nih.gov/pubmed/29651034
http://doi.org/10.1007/s13391-017-7041-5
http://doi.org/10.1016/j.scriptamat.2013.03.018
http://doi.org/10.1016/j.microrel.2011.07.093
http://doi.org/10.3390/met11071065

Materials 2021, 14, 5522 14 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chen, H.-Y.; Chen, C. Thermomigration of Cu-Sn and Ni-5n intermetallic compounds during electromigration in Pb-free SnAg
solder joints. J. Mater. Res. 2011, 26, 983-991. [CrossRef]

Chang, Y.-W.; Cheng, Y.; Xu, E; Helfen, L.; Tian, T.; Di Michiel, M.; Chen, C.; Tu, K.-N.; Baumbach, T.J. Study of electromigration-
induced formation of discrete voids in flip-chip solder joints by in-situ 3D laminography observation and finite-element modeling.
Acta Mater. 2016, 117, 100-110. [CrossRef]

Chang, Y.; Chiang, T.; Chen, C. Effect of void propagation on bump resistance due to electromigration in flip-chip solder joints
using Kelvin structure. Appl. Phys. Lett. 2007, 91, 132113. [CrossRef]

Chang, S.-Y.; Chu, Y.-C.; Tu, K.N.; Chen, C. Effect of anisotropic grain growth on improving the bonding strength of <111>-oriented
nanotwinned copper films. Mater. Sci. Eng. A 2021, 804, 140754. [CrossRef]

Suga, T.; He, R.; Vakanas, G.; La Manna, A. Direct Cu to Cu Bonding and Other Alternative Bonding Techniques in 3D Packaging.
In 3D Microelectronic Packaging: From Fundamentals to Applications; Li, Y., Goyal, D., Eds.; Springer International Publishing: Cham,
Switzerland, 2017; pp. 129-155.

Rebhan, B.; Hingerl, K. Physical mechanisms of copper-copper wafer bonding. J. Appl. Phys. 2015, 118, 135301. [CrossRef]
Made, R.I; Gan, C.L,; Yan, L.; Kor, K.H.B.; Chia, H.L.; Pey, K.L.; Thompson, C.V. Experimental characterization and modeling of
the mechanical properties of Cu—Cu thermocompression bonds for three-dimensional integrated circuits. Acta Mater. 2012, 60,
578-587. [CrossRef]

Liu, C.-M,; Lin, H.-W.; Chu, Y.-C.; Chen, C.; Lyu, D.-R.; Chen, K.-N.; Tu, K.N. Low-temperature direct copper-to-copper bonding
enabled by creep on highly (111)-oriented Cu surfaces. Scr. Mater. 2014, 78-79, 65-68. [CrossRef]

Tan, C.S,; Lim, D.F,; Singh, S.G.; Goulet, S.K.; Bergkvist, M. Cu—Cu diffusion bonding enhancement at low temperature by surface
passivation using self-assembled monolayer of alkane-thiol. Appl. Phys. Lett. 2009, 95, 192108. [CrossRef]

Shigetou, A.; Hosoda, N.; Itoh, T.; Suga, T. Room-temperature direct bonding of CMP-Cu film for bumpless interconnection. In
Proceedings of the 2001 IEEE 51st Electronic Components and Technology Conference (ECTC), Orlando, FL, USA, 29 May-1 June
2001; pp. 755-760.

Tran, D.-P,; Chen, K.-J.; Tu, K.N.; Chen, C.; Chen, Y.-T.; Chung, S. Electrodeposition of slanted nanotwinned Cu foils with high
strength and ductility. Electrochim. Acta 2021, 389, 138640. [CrossRef]

Cheng, H.-Y; Tran, D.-P,; Tu, K.N.; Chen, C. Effect of deposition temperature on mechanical properties of nanotwinned Cu
fabricated by rotary electroplating. Mater. Sci. Eng. A 2021, 811, 141065. [CrossRef]

Li, Y.-].; Tu, K.-N.; Chen, C. Tensile Properties and Thermal Stability of Unidirectionally < 111 >-Oriented Nanotwinned and <
110 >-Oriented Microtwinned Copper. Materials 2020, 13, 1211.

Hung, Y.-W.; Tran, D.-P.; Chen, C. Effect of Cu Ion Concentration on Microstructures and Mechanical Properties of Nanotwinned
Cu Foils Fabricated by Rotary Electroplating. Nanomaterials 2021, 11, 2135. [CrossRef] [PubMed]

Liu, C.-M,; Lin, H.-W.; Huang, Y.-S.; Chu, Y.-C.; Chen, C.; Lyu, D.-R.; Chen, K.-N.; Tu, K.-N. Low-temperature direct copper-to-
copper bonding enabled by creep on (111) surfaces of nanotwinned Cu. Sci. Rep. 2015, 5, 9734. [CrossRef] [PubMed]

Hsiao, H.-Y,; Liu, C.-M,; Lin, H.-w.; Liu, T.-C; Lu, C.-L.; Huang, Y.-S.; Chen, C.; Tu, K.N. Unidirectional Growth of Microbumps
on (111)-Oriented and Nanotwinned Copper. Science 2012, 336, 1007-1010. [CrossRef] [PubMed]

Lu, L.; Shen, Y; Chen, X,; Qian, L.; Lu, K. Ultrahigh Strength and High Electrical Conductivity in Copper. Science 2004, 304, 422.
[CrossRef] [PubMed]

Lu, T.-F; Lai, T.-Y,; Chu, Y.Y.; Wu, Y.S. Effect of Nanotwin Boundary on the Cu—Cu Bonding. ECS J. Solid State Sci. Technol. 2021,
10, 074001. [CrossRef]

Juang, J.-Y,; Lu, C.-L.; Li, Y.-J.; Hsu, P-N.; Tsou, N.-T.; Tu, K.N.; Chen, C. A solid state process to obtain high mechanical strength
in Cu-to-Cu joints by surface creep on (111)-oriented nanotwins Cu. J. Mater. Res. Technol. 2021, 14, 719-730. [CrossRef]
Panchenko, I.; Wambera, L.; Mueller, M.; Rudolph, C.; Hanisch, A.; Bartusseck, I.; Wolf, M.]. Grain Structure Analysis of
Cu/SiO; Hybrid Bond Interconnects after Reliability Testing. In Proceedings of the 2020 IEEE 8th Electronics System-Integration
Technology Conference (ESTC), Tensberg, Norway, 15-18 September 2020; pp. 1-7.

Lu, C;Jhu, S.; Chen, C,; Tsai, B.; Chen, K. Asymmetric Wafer-Level Polyimide and Cu/Sn Hybrid Bonding for 3-D Heterogeneous
Integration. IEEE Tran. Electron Devices 2019, 66, 3073-3079. [CrossRef]

Aoki, M.; Hozawa, K.; Takeda, K. Wafer-level hybrid bonding technology with copper/polymer co-planarization. In Proceedings
of the 2010 IEEE International 3D Systems Integration Conference (3DIC), Munich, Germany, 16-18 November 2010; pp. 1-4.
Gallagher, M.; Kozhukh, J.; VanHanehem, M.; Anzures, E.; Bell, R.; Kondo, M. Void-Free Copper Pillar Hybrid Wafer Bonding
Using a BCB Based Polymer Adhesive and Chemical Mechanical Polishing. In Proceedings of the 2018 IEEE 68th Electronic
Components and Technology Conference (ECTC), San Diego, CA, USA, 29 May-1 June 2018; pp. 1479-1484.

Chong, S.C.; Xie, L.; Wickramanayaka, S.; Sekhar, V.N.; Cereno, D.I. Ultra-fine pitch Cu-Cu bonding of 6 pym bump pitch for
2.5D application. In Proceedings of the 2016 IEEE 18th Electronics Packaging Technology Conference (EPTC), Singapore, 30
November-3 December 2016; pp. 102-106.

Shie, K.-C.; Juang, J.-Y.; Chen, C. Instant Cu-to-Cu direct bonding enabled by <111>-oriented nanotwinned Cu bumps. Jpn. |. App.
Phys. 2019, 59, SBBA03. [CrossRef]

Shie, K.C.; Hsu, PN,; Li, Y.J.; Tu, KN,; Lin, B.T.H.; Chang, C.C.; Chen, C. Electromigration and Temperature Cycling Tests of
Cu-Cu Joints Fabricated by Instant Copper Direct Bonding. In Proceedings of the 2021 IEEE 71st Electronic Components and
Technology Conference (ECTC), San Diego, CA, USA, 1 June—4 July 2021; pp. 995-1000.


http://doi.org/10.1557/jmr.2011.25
http://doi.org/10.1016/j.actamat.2016.06.059
http://doi.org/10.1063/1.2790376
http://doi.org/10.1016/j.msea.2021.140754
http://doi.org/10.1063/1.4932146
http://doi.org/10.1016/j.actamat.2011.09.038
http://doi.org/10.1016/j.scriptamat.2014.01.040
http://doi.org/10.1063/1.3263154
http://doi.org/10.1016/j.electacta.2021.138640
http://doi.org/10.1016/j.msea.2021.141065
http://doi.org/10.3390/nano11082135
http://www.ncbi.nlm.nih.gov/pubmed/34443965
http://doi.org/10.1038/srep09734
http://www.ncbi.nlm.nih.gov/pubmed/25962757
http://doi.org/10.1126/science.1216511
http://www.ncbi.nlm.nih.gov/pubmed/22628648
http://doi.org/10.1126/science.1092905
http://www.ncbi.nlm.nih.gov/pubmed/15031435
http://doi.org/10.1149/2162-8777/ac0e14
http://doi.org/10.1016/j.jmrt.2021.06.099
http://doi.org/10.1109/TED.2019.2915332
http://doi.org/10.7567/1347-4065/ab5697

Materials 2021, 14, 5522 15 of 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wu, YS; Lai, T.Y,; Li, M,; Lu, T.F; Wang, Y.H.; Tseng, T.Y. Bonding Mechanisms of Roughened Nanotwinned-Cu Surface at
Temperature as Low as 120 °C. ECS J. Solid State Sci. Technol. 2020, 9, 124005. [CrossRef]

Juang, J.-Y.;; Lu, C.-L.; Chen, K.-J.; Chen, C.-C.A.; Hsu, P.-N.; Chen, C.; Tu, K. Copper-to-copper direct bonding on highly
(111)-oriented nanotwinned copper in no-vacuum ambient. Sci. Rep. 2018, 8, 13910. [CrossRef] [PubMed]

Juang, J.-Y,; Lu, C.-L.; Li, Y.-].; Tu, K.N.; Chen, C. Correlation between the Microstructures of Bonding Interfaces and the Shear
Strength of Cu-to-Cu Joints Using (111)-Oriented and Nanotwinned Cu. Materials 2018, 11, 2368. [CrossRef] [PubMed]
Jourdon, J.; Lhostis, S.; Moreau, S.; Chossat, J.; Arnoux, M.; Sart, C.; Henrion, Y.; Lamontagne, P.; Arnaud, L.; Bresson, N.; et al.
Hybrid bonding for 3D stacked image sensors: Impact of pitch shrinkage on interconnect robustness. In Proceedings of the 2018
IEEE International Electron Devices Meeting (IEDM), San Francisco, CA, USA, 1-5 December 2018; pp. 7.3.1-7.3.4.

Enomoto, T.; Matthews, ].I.; Motobe, T. Advanced Dielectric Materials (Polyimides and Polybenzoxazoles) for Fan-Out Wafer-
Level Packaging (FO-WLP). In Advances in Embedded and Fan-Out Wafer Level Packaging Technologies; Keser, B., Kroehnert, S., Eds.;
Wiley-IEEE Press: Hoboken, NJ, USA, 2019; pp. 271-315.

Chen, C.-H,; Lee, K.-W.; Lin, C.-H.; Ho, M.-].; Hsu, M.-E;; Hsiang, S.-].; Huang, N.-K; Juang, T.-Y. High-Tg, Low-Dielectric Epoxy
Thermosets Derived from Methacrylate-Containing Polyimides. Polymers 2018, 10, 27. [CrossRef] [PubMed]

Zhang, X.-M.; Liu, J.-G.; Yang, S.-Y. A review on recent progress of R&D for high-temperature resistant polymer dielectrics and
their applications in electrical and electronic insulation. Rev. Adv. Mater. Sci. 2016, 46, 22-38.

Fredenberg, M.; Moller, P.; Topper, M. Novel multi-layer wiring build-up using Electrochemical Pattern Replication (ECPR). In
Proceedings of the 2009 59th Electronic Components and Technology Conference (ECTC), San Diego, CA, USA, 26-29 May 2009;
pp. 585-590.

Gao, G.; Mirkarimi, L.; Fountain, G.; Wang, L.; Uzoh, C.; Workman, T.; Guevara, G.; Mandalapu, C.; Lee, B.; Katkar, R. Scaling
Package Interconnects Below 20 pm Pitch with Hybrid Bonding. In Proceedings of the 2018 IEEE 68th Electronic Components
and Technology Conference (ECTC), San Diego, CA, USA, 29 May-1 June 2018; pp. 314-322.


http://doi.org/10.1149/2162-8777/abd261
http://doi.org/10.1038/s41598-018-32280-x
http://www.ncbi.nlm.nih.gov/pubmed/30224717
http://doi.org/10.3390/ma11122368
http://www.ncbi.nlm.nih.gov/pubmed/30477274
http://doi.org/10.3390/polym10010027
http://www.ncbi.nlm.nih.gov/pubmed/30966063

	Introduction 
	Materials and Methods 
	Sample Fabrication 
	Resistance Measurement of Cu–Cu Bumps 
	Thermal Cycling Test 

	Results and Discussion 
	As-Fabricated Samples with Different Bonding Conditions 
	Electrical Resistance Measurement 
	Microstructure of Cu–Cu Bumps 

	Resistance Change of the Cu–Cu Bumps under Thermal Cycling 
	Cross-Sectional Images of TCT Damage 
	The First Cross-Sectional Images 
	The Second Cross-Sectional Images 

	Finite Element Method 
	Defects at Bonding Interface for Crack Formation 

	Summary 
	References

