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This work investigates the thermal stability of Cu-Cu bonding using a thin Ag passivation layer in
applications targeting advanced packaging. Conventional Cu-Cu bonding often requires elevated
temperatures (=250 °C) that can exacerbate thermal stress and limit process flexibility, making multi-
chip stacking more challenging. By introducing a 3 nm Ag passivation layer, we demonstrate reliable
bonding at lower temperatures with improved durability against high-humidity and high-temperature
environments, as confirmed by both Highly Accelerated Stress Tests (HAST) and burn-in
measurements. In-situ transmission electron microscopy (TEM) and 4D-STEM strain mapping reveal
that Ag diffusion along Cu grain boundaries not only retards abnormal grain growth but also reduces
interfacial void formation at elevated temperatures. These enhancements collectively maintain a
stable interface and superior mechanical strength relative to that for non-passivated Cu-Cu bonding.
The results highlight the importance of metal passivation in enabling low-temperature Cu-Cu bonding
technologies with robust thermal stability, providing the feasibility for next-generation advanced

packaging platforms.

Recent advancements in 3D integration technologies such as TSMC’s SoIC,
Intel’'s EMIB, and Samsung’s X-Cube highlight the importance of advanced
packaging in enhancing high-performance computing (HPC)'~'. Integrat-
ing more compute chiplets, high bandwidth memory (HBM), co-packaged
optics (CPO), and passive devices can address bandwidth, power delivery,
and signal integrity challenges, as illustrated in Fig. 1 The above scenarios
rely heavily on sequential stacking technology, such as HBM and chiplet
integration, indicating that a robust bonding should feature a low thermal
budget, short bonding duration and good thermal stability to prevent issues
from repeated heating and cooling cycles during sequential stacking. Con-
ventional solder-based stacking technology, although widely used, faces
critical scaling challenges in smaller pitches. Problems such as solder
squeezing, electromigration, and high reflow temperatures (260 °C)
adversely affect both reliability and electrical performance™. In response,
Cu-Cu bonding has gained attraction in support of high-density inter-
connects because copper offers excellent electrical conductivity, robust
thermal dissipation, and potential for finer-pitch scalability. However,
copper surfaces oxidize readily, often requiring elevated bonding

temperatures of 250-400 °C*'”. These high temperatures can induce ther-
mal stress, delamination, and additional complexity in sequential chip
stacking.

To mitigate these issues, researchers have proposed multiple methods
to reduce the required bonding temperature, including acid-based surface
treatments''’, the use of self-assembled monolayers'', plasma
activation' ™", and the use of nanocrystalline*' or nano-twinned copper
films” . Among these techniques, metal passivation bonding has
demonstrated the most pronounced temperature reduction, achieving
bonding below 120 °C in ambient conditions using less than 1 min*™.
Metal passivation bonding is also the only technology that is not constrained
by bond size and pitch. Table 1 summarizes the bonding conditions of the
Cu-Cu bonding candidates. Passivation bonding differs from other Cu-Cu
bonding technologies in two key ways. First, a passivation metal such as Ag
or Au is deposited onto the Cu surface to prevent oxidation. Second, Cu
atoms diffuse more readily through the grain boundaries of the passivation
layer, as illustrated in Fig. 2, reducing the time and temperature needed for a
strong bond™***. In contrast, other Cu-Cu bonding technologies typically
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Fig. 1 | Conceptual diagram of the advanced
packaging. Advanced packaging based on Cu-Cu
bonding techniques can increase function density by
integrating high bandwidth memories, high-
performance computing, Co-Packaged Optics
(CPO), and even passive device.
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Table 1 | Comparison of Cu-Cu bonding

Candidates Cu-Cy'* 13334446 Nanocrystalline Cu?**"*" Nano-twin*244-52 Passivation®>?

Scheme W2W /D2D D2w / D2D W2W / D2D W2Ww / D2D

Bonding temperature 250°C 300°C 150°C R.T. 70°C
Bonding duration 3min 10-40 min 60 min 50 min 1 min
Post annealing w/o w/o w/o 100 °C (10-60 min) w/o

Pad (<3 um) N/A N/A N/A N/A available

Fig. 2 | Mechanism of passivation bonding. Pas-
sivation bonding prevents Cu oxidation and facil-
itates lower-temperature Cu atom diffusion through
grain boundaries, effectively reducing bonding
temperature and enhancing interfacial integrity.
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rely on the lattice diffusion of copper atoms, which requires higher tem-
peratures and longer bonding durations'*"”.

Although passivation bonding enables Cu-Cu interconnections to be
formed at lower temperatures and in shorter times, its thermal stability has
not been thoroughly investigated in previous studies. Moreover, even
conventional high-temperature Cu-Cu bonding lacks comprehensive ver-
ification of thermal stability during sequential stacking. Given the evolving
trends in the advanced packaging industry, there is a critical need for
bonding technologies that offer both low-temperature processing, short
bonding duration, and robust thermal stability. This investigates the thermal
stability of conventional Cu-Cu bonding and Cu-Cu bonding that employs a
metal passivation layer, considering both macroscopic and microscopic
perspectives. At the macroscopic level, we measure mechanical strength and
electrical performance during stress tests and extended annealing, gen-
erating insights into the reliability of the bonded structures. On the
microscopic level, we use in-situ transmission electron microscopy (TEM)
to examine interfacial changes such as grain coarsening, void nucleation,
and passivation metal clustering at elevated temperatures. This integrated
viewpoint elucidates the mechanisms behind thermal degradation and
guides the optimization of passivation strategies for improved bond
robustness. Ultimately, these findings are expected to facilitate the devel-
opment of reliable low-temperature Cu-Cu interconnects suitable for multi-
chip stacking in next-generation advanced packaging platforms.

Methods

This work explores two bonding structures: Cu-Cu bonding with and
without metal passivation, both on a 4-inch Si wafer featuring an SiO,
insulation layer, a Ti adhesion layer, and a Cu conduction layer, as well as an
additional 3 nm Ag layer for passivation, as shown in Supplementary Fig. 1.
The fabrication process began with RCA cleaning of the Si substrate to
remove contaminants and particles, followed by the deposition of a SiO,
layer to serve as an insulating or passivating film. Next, photoresist (PR) was
applied to the SiO, layer to create a mask for subsequent patterning, after
which a metal stack comprising 30 nm Ti, 300 nm Cu, and 3 nm Ag was
deposited onto the exposed areas using physical vapor deposition (DC-
sputtering, Ton Tech Microvac 450CB) at a deposition rate of 1 A/s under a
working pressure of 4 x 107° torr. The PR was then stripped using a lift-off
technique, leaving the metal in the desired pattern on the SiO, surface. After
the above process, surface roughness measurements were conducted, as the
roughness of the bonding surface is crucial for bonding quality. The Cu
surface of the Cu-Cu bonding samples exhibited a surface roughness (Ra) of
approximately 1.36 nm, while the Cu-Cu bonding samples with Ag passi-
vation showed a slightly higher Ra value of 1.55 nm, as shown in Fig. 3.
These results indicate that both surfaces were sufficiently smooth to support
high-quality bonding. Then, the wafers were subsequently diced into
5mm x5 mm top dies and 10 mm x 10 mm bottom dies. Then Cu-Cu
bonding samples were successfully bonded at 250 °C under ambient air for
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Fig. 3 | Surface roughness of samples before
bonding. a The Cu-Cu bonding samples and (b) the
Cu-Cu bonding samples with Ag passivation.
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180 s with 7.85 MPa applying force, while the dies with Ag passivation were
successfully bonded at 180 °C for 60 s under ambient air with 7.85 MPa
applying force. Both bonding structures employed Kelvin structures with a
50 pm x 50 um bonding pad to measure electrical characteristics (Supple-
mentary Fig. 1). This study evaluates the thermal stability of bonded
structures from both macroscopic and microscopic perspectives. At the
macroscopic level, specimens underwent an unbiased, highly accelerated
stress test (HAST) at 110°C and 85% relative humidity for 264h in
accordance with JESD22-A118, followed by contact-resistance measure-
ments. Mechanical strength and electrical performance were further
assessed after extended high-temperature annealing at 180 °C for 8 h and
300 °C for 50 min. At the microscopic level, in-situ transmission electron
microscopy (TEM) was used to monitor interfacial evolution at elevated
temperatures. TEM lamellae were prepared by focused ion beam (FIB), and
a protective layer was first deposited on the bonded samples to mitigate Ga
damage, and controlled the lamella thickness to about 100 nm to enable
high-resolution imaging. The specimen was then transferred with a glass tip
onto an in situ TEM heating chip and mounted on a Protochips Fusion
Select holder (Aduro 300) for dynamic observation, as illustrated in Sup-
plementary Fig. 5.

Results and Discussion

Thermal stability bonding structure investigation

To first evaluate the bonding quality of both structures, both Cu-Cubonding
structure and passivation structure were sent for HAST. Before HAST, the
contact resistance of Cu-Cu bonding with and passivation structure was
approximately 2.02 x 10”7 Q-cm® and 2.55 x 107 Q-cm?, respectively. After
264 h of unbiased HAST, both samples without any underfill protection
(which is typically used to protect solder bumps) maintained stable bonding
and exhibited only minor deterioration in specific contact resistance, 4%
deterioration for the passivated sample and 8% deterioration for the non-
passivated one, as shown in Fig. 4a, b These results indicate that the both
bonded structures were well bonded and could withstand severe humidity
and temperature variations without obvious degradation of electrical
performance.

To further investigate the thermal stability of the bonding structure, a
burn-in test was performed, involving heating the samples under a nitrogen
atmosphere without electrical current as an accelerated aging process.
Electrical performance was evaluated before and after annealing at 180 °C
for 8h (Supplementary Fig. 5) and at 300 °C for 50 min, as shown in
Fig. 4c—e. The Ag passivation structure showed stable electrical perfor-
mance, exhibiting only a slight increase of about 2.8 % in contact resistance
after 8 h at 180 °C. After annealing at 300 °C for 50 min, the contact resis-
tance decreased by 6%. In contrast, Cu-Cu bonding without passivation
experienced a small change in contact resistance about 3% after 8 h at
180 °C, indicating moderate stability. However, it failed after exposure to
300 °C for 50 min, revealing insufficient thermal stability at higher tem-
peratures. Furthermore, Fig. 4f shows that after annealing for 60 to 240 min,
the mechanical strength of Cu-Cu bonding with metal passivation initially
increased and then plateaued, while that without passivation gradually

declined. The Cu-Cu bonding with passivation maintained superior
mechanical strength compared to that without passivation in all cases.

Previous investigations reported that Cu-Cu bonding at or above
400 °C, followed by annealing at the same temperature, was shown to
obviously improve interfacial morphology through increased grain growth
and elimination of voids'>*™*. Such high-temperature conditions provide
sufficient thermal energy for interatomic diffusion and recrystallization,
thereby reinforcing the bond. However, in low-temperature bonding sce-
narios (below 250 °C), post-bonding annealing typically offers fewer ben-
efits due to incomplete grain growth and recrystallization of the bonding
interface. Furthermore, incomplete grain growth and recrystallization at the
bonding interface have the opportunity to allow cracks to propagate along
regions of ‘poor’, non-saturated grain growth, ultimately weakening the
bonding strength. In this study, both the Cu-Cu bonding structure and the
passivation structure were bonded at lower temperatures and shorter
durations. It is reasonable to assume that the bonding interface of the Cu-Cu
bonding structure in this case is incomplete grain growth and recrystalli-
zation. However, after passivation is applied, both electrical performance
and bonding strength can be effectively improved under low bonding
temperature and short bonding duration, suggesting that passivation at the
bonding interface helps reduce the consequences of incomplete grain
growth and recrystallization. (Supplementary Note 2-Bonding mechanism
of passivation bonding).

In-Situ TEM analysis of microstructure transformation

In-situ TEM analysis (Supplementary Note 3- Experimental setup before
In-situ TEM analysis.) was conducted to observe the real-time behavior
of Cu-Cu bonding structures and passivation structures, under con-
trolled thermal conditions. The bonded samples were prepared as in-situ
TEM specimens using a focused ion beam (FIB) system equipped with
SEM and were then placed on a temperature-controlled holder for
simultaneous heating and microscopic examination. The temperature
profile for the in-situ TEM experiment and the corresponding times are
labeled in the figures, as shown in Figs. 5a, 6a, and 7a. The temperature
profile starts from the room temperature, and then the temperature
increases to around 180 °C, marking the first plateau (labeled as 1). After
a hold period of 90 min, the temperature rises again to 300 °C (labeled as
2) and is held for 50 min. Finally, the temperature increases to about
400 °C (labeled as 3) for 20 min.

Before the in-situ TEM experiment, both Cu-Cu bonding structures
and the passivation structures were well bonded which had been verified by
measuring the contact resistance and also evaluated by TEM analysis as
shown in Figs. 5b, 6b. Notably, very few voids can be observed at the Cu-Cu
bonding interface. To investigate how the incomplete grain growth and
recrystallization of the bonding interface affect bonding quality after ther-
mal stress, we selected the area with voids for subsequent in-situ TEM
observation as shown in Fig. 5c-e. Furthermore, for the passivation struc-
ture, the void-free bonding interface was formed by passivation direct
bonding and Cu-diffused area (Supplementary Note 2-Bonding mechanism
of passivation bonding). Therefore, the in-situ TEM observation area was
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selected at the region consisting of a passivation direct bonding area and a
Cu-diffused area as shown in Fig. 6¢.

During the initial isothermal hold at 180 °C for 90 min, at low mag-
nification, most bonded area of both the bare Cu-Cu bonding and the
passivation bonding structures exhibited obvious thermal stability, as shown
in Figs. 5f, g and 6d. However, clustering of adjacent voids was observed
within the Cu-Cu bonding interface at high-resolution TEM as shown in
Fig. 5h. The observations confirmed that low-temperature Cu-Cu bonding
does not benefit from post-bonding annealing. Moreover, it is reasonable to
assume that the clustering of adjacent voids at the bonding interface during
heating has the chance to allow cracks to propagate along the bonding
interface, ultimately weakening the bonding strength, as the pull test results
shown in Fig. 4f.

In the passivation samples, as shown in Fig. 7a—f, two notable phe-
nomena were identified through HR-TEM: First, at the passivation direct
bonding area, the aggregation of passivation metal within the passivation

layer was observed during heating, as shown in Fig. 7e. The observed
aggregation of the passivation metal during heating is attributed to
agglomeration phenomena, which are well-documented in metal thin films
under thermal stress. As supported by literature™, agglomeration in silver
thin films is primarily driven by surface diffusion processes that become
active at elevated temperatures. These processes cause the film to minimize
its surface energy by forming clusters, leading to discontinuities such as
voids or hillocks. Although the passivation metal migrated during heating,
diffused Cu simultaneously filled the vacated spaces, thereby maintaining a
dynamic equilibrium at the bonding interface and keeping it void-free.
Second, diffused Cu at the bonding interface would recrystallize during
heating, and then the bonding interface would gradually vanish. Therefore,
the aggregation of the passivation metal, coupled with the diffusion of Cu
atoms into the vacated regions, maintained a dynamic equilibrium that
preserved a void-free interface. As a result, the bonded samples exhibited
stable electrical performance and mechanical strength after aging.
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Fig. 5 | Heating profile of in-situ TEM and in-situ TEM results of Cu-Cu bonding
interface. a Heating profile of in-situ TEM. b In-situ TEM images of Cu-Cu bonding
interface (before heating). c Selected area for In-situ TEM, including well-bonded

and void area. d EDS of the selected area (before heating). e HR-TEM image of the
selected area (before heating). f In-situ TEM image of sample after 180 °C heating for

Before heating

30 min. g In -situ TEM images of sample after 180 °C heating for 90 min. h Merging
of the adjacent voids of the Cu-Cu bonding interface after 180 °C heating for 10 min.
i In-situ TEM images of Cu-Cu bonding interface after 300 °C heating for 50 min.
j EDS of Cu-Cu bonding interface after 300 °C heating.

Upon further heating to 300 °C, the bare Cu-Cu bonding structure
exhibited pronounced abnormal grain growth and numerous voids, as
shown in Fig. 5i, j. In contrast, the passivation structure showed only minor
grain growth at the interface as shown in Fig. 6e, g. Even at 400 °C, the
passivated sample remained relatively stable, as shown in Fig. 6f, h. These
findings, combined with the burn-in testing results, which revealed the
importance of incorporating a passivation layer for low-temperature Cu-Cu
bonding.

On the basis of the results in this study, the passivation layer
obviously enhances the thermal stability and mechanical performance
of Cu-Cu bonding structures, which may be attributed to the diffusion
of Ag atoms into Cu grain boundaries during annealing and therefore
forming a solid solution and contributing to grain boundary segre-
gation strengthening. This process reduces the grain boundary energy
and impedes the movement of dislocations, thereby improving
structural integrity under thermal stress, which has been validated”.
Furthermore, several studies reveal that doping multiple metals can
reduce abnormal grain growth® "' In this study, the Ag passivation
layer stabilizes the microstructure by limiting abnormal grain growth
at elevated temperatures. Without the use of passivation, abnormal
grain growth often leads to void formation and interfacial degradation.

The Ag layer controls the movement of the Cu atom and ensures more
uniform grain growth, which is critical for maintaining a consistent
and reliable interface during prolonged thermal exposure’™***.

These combined effects explain the results that Cu-Cu bonding
structures with a Ag passivation layer consistently outperform bare Cu-Cu
bonding in high-temperature applications, as observed in both in-situ TEM
and burn-in tests. The Ag passivation layer not only improves contact
resistance under thermal stress but also prevents failure at elevated tem-
peratures, making it particularly valuable in low-temperature bonding
applications where thermal budget constraints limit the benefits of post-
bonding annealing,.

4D-STEM strain mapping of the microstructure

To observe Ag segregation at Cu grain boundary, 4D-STEM strain mapping
was employed. This technique enabled the detection of changes in stress
distribution, providing insights into the grain boundary diffusion
mechanisms of the bonding materials, and supplementing observations not
accessible through EDS. As a method with enhanced sensitivity and spatial
resolution, 4D-STEM allows the detection of variations in lattice constants
in both real and reciprocal space, facilitating the precise measurement of
internal stresses within metallic materials.
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bonding interface. a Heating profile of in-situ TEM. b TEM images of the passi-
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area after 180 °C heating for 90 min. e TEM images of passivation bonding interface
after 300 °C heating for 50 min. f TEM images of passivation bonding interface after
400 °C heating for 20 min. g In-situ TEM images of selected area after 300 °C heating
for 50 min. h In-situ TEM images of selected area after 400 °C heating for 20 min.

Before annealing, the analysis of the passivation structure using 4D-
STEM revealed a distinct boundary between the Cu thin film and the Ag
passivation layer. As illustrated in Fig. 8a, the bulk Cu region served as the
reference point for stress mapping. The Ag regions within the passivation
structure exhibited compressive strain as a result of the larger lattice con-
stant of Ag compared to Cu.

The post-annealing results, depicted in Fig. 8b, demonstrated obvious
alterations in the stress distribution at the bonding interface. The compressive

strain observed at the Cu grain boundaries and passivation direct bonding
regions suggests that Ag atoms diffused into the grain boundaries of Cu and
segregated, as indicated by the black solid-outlined area. This diffusion is
consistent with the mechanism in which the grain boundary disorder facil-
itates atomic migration, enhancing the bond integrity of the passivated
structure after thermal treatment”. Comparison of the pre- and post-
annealing states clearly indicates that passivation atoms diffuse through the
Cu grain boundaries, contributing to improved bonding stability.
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Conclusion

This study demonstrates that incorporating an Ag passivation layer sub-
stantially enhances the thermal stability and mechanical robustness of low-
temperature Cu-Cu bonding. Specifically, electrical measurements under
HAST and burn-in tests confirmed that Ag passivation effectively mitigates
deterioration in contact resistance and prevents interfacial failure at higher

annealing temperatures. In-situ TEM observations further revealed that the
Ag passivation layer suppresses abnormal grain growth and facilitates more
uniform Cu diffusion at elevated temperatures, thereby reducing void for-
mation and improving interfacial integrity. An additional 4D-STEM strain
mapping corroborated that Ag atoms diffuse along Cu grain boundaries,
contributing to grain boundary strengthening. Collectively, these findings
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show that metal passivation not only reduces the bonding temperature but
also ensures reliable long-term performance for advanced packaging,
addressing the challenges posed{Citation} by repeated thermal cycling and

miniaturized pitch requirements.

Data availability
All data supporting the findings of this study are available from the corre-
sponding author upon reasonable request.
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