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Nanograin-Twin-Nanograin Alternating Composite Structure
Enable Improved Cross-Interface Cu─Cu Bonding at Low
Thermal Budgets

Cong Chen, Helios Y. Li, Gangqiang Peng, Zeyang Zheng, Erqian Dong, Jianwen Zhong,
Chuan He, Yi Wang, Jia-Syuan Chang, Zhuofei Gan, Jinwei Gao,* Yu-Ting Huang,*
Chih-Ming Chen,* and Shien-Ping Feng*

Chip stacking using through-silicon via (TSV) and direct copper-to-copper
(Cu─Cu) bonding technology has emerged as a superior solution to overcome
the limitations of Moore’s law. However, conventional approaches face a
fundamental trade-off: coarse-grained Cu requires high bonding temperatures
(>300 °C), while nanograined Cu is unstable and tends to coarsen even at
room temperature after electroplating. Here, this paradigm is broken through
a unique composite copper (comp-Cu) architecture featuring alternating
nanograin (ng─Cu) and (111)-oriented nanotwin (nt─Cu) domains.
The nt─Cu domains, stabilized by coherent twin boundaries (CTBs), suppress
room-temperature grain growth (2% resistance drifts over 15 days), while
ng─Cu regions enable rapidly grain growth at 170 °C. This dual functionality
facilitates atomic bridging across interfaces via two synergistic pathways:
1) grain-boundary-diffusion-dominated ng─Cu recrystallization and 2) low-
activation-energy surface migration along nt─Cu (111) planes. The resulting
bonded joints achieve enhanced mechanical and electrical performance:
56.4±3.6 MPa shear strength (52% > coarse Cu), 258 h electromigration
lifetime (6.45× > conventional), and 3.1% resistance drift after 1,000 thermal
cycles (−16–160 °C). The work not only provides a practical solution for low-
thermal-budget 3D packaging but also establishes a paradigm for designing
metastable composites that reconcile traditionally incompatible properties.
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1. Introduction

Recently, chip stacking has emerged
as a promising technology in advanced
microelectronic packaging to overcome
the physical limits of Moore’s law.[1,2]

Through-silicon via (TSV) and micro-
bump are employed to shorten the wiring
between chips, offering high intercon-
nect density, small form factor, low power
consumption, and high performance.[3]

In industrial applications, micro solder
bumps are widely used for chip-level
bonding; however, their pitch is con-
strained to ≈20 μm because the adjacent
micropumps may touch each other if the
pitch is too small during thermal com-
pression bonding or reflow.[4,5] To over-
come these challenges, direct Cu─Cu
bonding has been proposed as an alterna-
tive, enabling further pitch reduction.[6,7]

Conventional coarse-grained Cu di-
rect bonding typically requires high tem-
peratures (>300 °C) to overcome sur-
face oxide barriers and activate bulk
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diffusion,[6,8–10] but such thermal aggression fundamentally con-
flicts with the integration of temperature-sensitive components
(e.g., advanced Dynamic Random-Access Memory(DRAM),
organic substrates) and introduces reliability concerns such
as misalignment, residual thermal stress, and compromised
reliability.[11] Recent efforts have focused on reducing the ther-
mal budget for Cu─Cu bonding. For instance, surface-activated
bonding techniques utilize Ar ion beams under ultra-high vac-
uum (UHV) to clean Cu surfaces and remove oxides, enabling
bonding at lower temperatures.[12,13] However, such UHV-
dependent methods face scalability challenges in high-volume
manufacturing. Similarly, fluorine-containing gas plasma ac-
tivation was proposed to achieve low-temperature bonding,
yet the strict atmosphere control limits its adaptation in the
industry.[14–16]

Recent findings highlighted the significant role of atomic dif-
fusion in the direct bonding process, wherein atoms can mi-
grate across or along the bonding interface during the bonding
process.[17–20] According to the investigation using the embedded
atom method (EAM),[21] the adatom migration on the (111) Cu
surface—with its relatively low surface energy—exhibits lower
activation energy compared to other crystallographic planes.
This accelerated self-diffusion facilitates void densification and
closure during bonding. Grain engineering leveraging (111)-
oriented nt-Cu has enabled Cu─Cu bonding at ≈200 °C.[22]

The unique microstructure of nt─Cu, dominated by CTBs, en-
hances mechanical strength, electrical conductivity, thermal sta-
bility, and resistance to electromigration (EM) and intergranular
corrosion.[23,24] However, most of these nt─Cu joints exhibit a
visible sharp edge with weak mechanical strength. While post-
bonding annealing above 250 °C can mitigate this issue by en-
hancing interfacial quality, the required annealing temperature
(>250 °C) still exceeds the thermal budget constraints of ad-
vanced DRAM integration technologies.
On the other hand, ng─Cu has also received attention for di-

rect Cu─Cu bonding due to its rapid recrystallization properties,
enabling grain growth across the bonding interface at a low ther-
mal budget and yielding strong mechanical strength at the cross-
interface.[25–28] However, practical challenges arise during pro-
duction:plated ng─Cu undergoes several processes, including
chemical mechanical polishing (CMP), wafer cutting, cleaning,
and potentially transportation from the foundry site to the OSAT
(Outsourced Semiconductor Assembly and Test) company. Con-
sequently, due to the extended post-plating resting time (referred
to as q-time), the grains of ng─Cuwill naturally grow and coarsen
even at room temperature due to the self-annealing effect.[29]

This phenomenon makes the ng─Cu materials impractical for
real production scenarios.Moreover, studies include highly (110)-
oriented perpendicular nanotwinned Cu (p-ntCu) for bonding
at 200–250 °C, although anisotropic grain growth mainly oc-
curs laterally, resulting in voids at straight interfaces.[30] Micro-
cone Cu structures fabricated by pulse electrodeposition require
very high bonding pressures (≥100 MPa) to reduce void forma-
tion at 250 °C.[31] Quenching-induced wrinkled surfaces intro-
duce strain energy but necessitate processing at 300 °C.[32] Re-
cent work suggests a good approach using hybrid surface grains
with (111)-oriented and nanocrystalline structures, which lever-
age rapid (111) diffusion and grain-boundary pathways to achieve
bonding at 200 °C.[33]

In this work, we developed a unique composite copper (comp-
Cu) structure by combining (111)-oriented nt─Cuwith randomly
oriented ng─Cu. This comp-Cu directly addresses the limita-
tions of conventional low-thermal-budget approaches by achiev-
ing: 1) ambient-pressure operation (vs UHV/controlled atmo-
sphere), and 2) full compatibility with existing thermal compres-
sion tools (vs plasma/vacuum equipment). By periodically inter-
leaving (111)-oriented nt─Cu domains with ng─Cu regions, we
engineered a self-regulating system where coherent twin bound-
aries act as nanoscale anchors—suppressing ng─Cu coarsening
during fabrication (ΔR< 2% over 15 days)—while enabling rapid
nanograin recrystallization at 170 °C (43% below conventional
thermal budgets). During low-temperature bonding, the inher-
ent instability of nanograins in ng─Cu initiates grain boundary
(GB) sliding and creep, driving atomic diffusion across the inter-
face. This process not only facilitates grain growth but also gen-
erates vacancies that enhance atomic mobility in adjacent nt─Cu
regions. Critically, the accelerated diffusion supplies adatoms
that migrate into interfacial voids, where they diffuse faster along
the low-energy (111) planes of nt─Cu, accelerating void closure
and interfacial densification. This advance resolves the long-
standing trade-off between thermal stability and process scala-
bility, offering a practical and scalable pathway for direct Cu─Cu
bonding in advanced electronic packaging applications.

2. Results and Discussion

The comp-Cu and nt─Cu materials were produced by control-
ling the additives in the aqueous plating electrolyte. The sur-
face micromorphology was examined using Focused Ion Beam
(FIB). Figure 1a displays the top-view surface of the nanotwin
and nanograin hybridized comp-Cu, with the orange dotted circle
highlighting the area containing nanotwin domains, surrounded
by the nanograin region indicated by the green dotted circle.
Figure 1b and Figure S1 (Supporting Information) provide zoom-
out and in cross-section image of the comp-Cu, displaying a high
density of nanotwin domain in the columnar grains, marked by
the orange dotted circle, adjacent to the nanograin highlighted
by the green dotted circle. Figure S2 (Supporting Information)
shows a cross-section image of nt─Cu, illustrating typical nan-
otwin columnar grains. Figure 1c presents a high-resolution im-
age of the comp-Cu, accompanied by an inset of an electron
diffraction pattern, showing the region of nanotwin lamellae sur-
rounded by a cluster of nanograins. Grain orientations and GB
distributions were analyzed by Electron Backscatter Diffraction
(EBSD) for comp-Cu, nt─Cu, and coarse grain Cu, as shown
in Figure 1d, Figures S3 and S4 (Supporting Information), re-
spectively. The comp-Cu exhibits a preference for the (111) ori-
entation, with large grains enriched in this orientation and sur-
rounded by randomly oriented nanograins. The nt─Cu shows
nearly 100% (111) orientation, while the coarse grain copper ex-
hibits a random orientation without any specific preference. X-
ray diffraction (XRD) analysis also revealed a predominant (111)
orientation perpendicular to the substrate in both the nt─Cu and
comp-Cu materials (Figure 1e). Note that there are other orien-
tations present in the composite Cu due to randomly oriented
nanograins. This preference for the (111) orientation can be at-
tributed to the lower energy of (111) nuclei formation during
electroplating.[34,35]
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Figure 1. Microstructure and structure stability of different copper. a) Scanning Ion Microscopy (SIM) image of top surface of comp-Cu, where the
orange dotted island area is hierarchical nanotwinned domains surrounded by nanograins (green dotted lines). b) SIM image of cross section of comp-
Cu. c) a high-resolution image of the comp-Cu, accompanied by an inset of an electron diffraction pattern. d) EBDS IPF-Z mapping for the comp-Cu.
e) XRD of comp-Cu and nt─Cu. f) the sheet resistance changes of comp-Cu, ng─Cu (nanograin copper), and nt─Cu at room temperature. g) evolution
of comp-Cu grain count ratio and surface area contribution during annealing at room temperature, 200, 250, and 300 °C for 30 min, respectively.

The structural stability of different copper samples at room
temperature was assessed by monitoring changes in sheet re-
sistance over time, as depicted in Figure 1f. The sheet resis-
tance of ng─Cu film decreased by 15% within 5 days due to self-
annealing. In contrast, the comp-Cu experienced only a 2% drop
in resistance, while the resistance of nt─Cu remained nearly un-
changed even after 15 days. The inhibited self-annealing phe-
nomenon in comp-Cu can be attributed to the retardation of
nanograin growth, as these grains are pinned by the high density
of coherent twin boundaries. The thermal stability of the copper
samples was evaluated by subjecting them to annealing at dif-
ferent temperatures for a duration of 30 min. The evolution of
microscopic morphology and average grain size in comp-Cu was

tracked using EBSD IPF images (Figure S5, Supporting Informa-
tion) and summarized in Figure 1g. In the as-deposited state, fine
grains (<1 μm)made up 91.9% of the grain count but only 30.1%
of the surface area, while larger grains—mostly nanotwins—
covered 69.9% of the area. This disparity in size and distribution
indicates notable differences between the two grain groups in the
compositematerial. After annealing at 200 °C, fine grains slightly
decreased to 87.9% of the count and 28.7% of the area, with large
grains covering 71.3%. As the annealing temperature increased
to 250 and 300 °C, the proportion of fine grains dropped to 84.6%
and 73.5%, and their area coverage fell to 26.4% and 16.7%, re-
spectively. Meanwhile, large grains expanded to 73.6% and 83.3%
of the surface area. This grain coarsening led to an increase in
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Figure 2. The interfacial characterization. a–c) SIM image of the bonding interfaces of comp-Cu bonding at 170, 200, and 250 °C, respectively. Selected
nanograin-enriched regions and nanotwin areas are highlighted with purple dashed lines. d,e) bonding interfaces of nt─Cu under 170 and 200 °C.
f,g) SIM images show the bonding interfaces of coarse-grain copper at 250 and 300 °C, respectively. h,i) the EBDS map for comp-Cu and nt─Cu bonded
at 200 °C for 30 min.

average grain size from 427 to 515 nm at 200 °C, 666 nm at
250 °C, and 882 nm at 300 °C, suggesting that small grains
merged into larger ones or combined with nanotwinned grains.
In contrast, the average grain size of nt─Cu increased only
slightly, from 1009 to 1045 nm (200 °C), 1095 nm (250 °C), and
1129 nm (300 °C) (Figure S6, Supporting Information).
The unique properties of comp-Cu ensure structural stability

during extended periods at room temperature after electroplat-
ing while facilitating controlled grain growth at elevated tem-
peratures during bonding processes. Theoretically, the thermo-
dynamic driving force for grain growth is the GB energy,[36,37]

and in this case, the excess energy of different copper was calcu-
lated. Table S1 (Supporting Information) presents the annealing
temperatures (T), annealing times (Δt), and corresponding av-
erage grain sizes (d) for the different copper samples. Changes
in average grain size were used to estimate the activation en-
ergy, with detailed calculations available in the supplementary
material and Figures S7 and S8 (Supporting Information). And
Tables S2 and S3 (Supporting Information) shows the results
for the activation energy (Q), surface energy, and GB energy
(𝛾gb) for nt─Cu and comp-Cu. The calculated activation energy
for nt─Cu is 67.34 kJ mol−1, aligning with values reported in

other studies.[38–43] The activation energy for comp-Cu is 59.44 kJ
mol−1, slightly lower than that of nt─Cu and higher than the re-
ported value of 35 kJ mol−1 for ng─Cu.[44,45] As described earlier,
the composite structure comprising nanotwins and nanograins
remains stable at room temperature; however, as the tempera-
ture rises, grain growth becomes more pronounced. This phe-
nomenon could be attributed to the nanograin-enriched regions
facilitating atomic movement between neighbouring nanotwins.
Subsequently, these copper samples were used for bonding

comparison. Note that bonding can be classified into three types
based on interfacial quality: failure bonding, successful bond-
ing with visible interface, and successful bonding with cross-
interface formation. Most current studies still show a visible in-
terface after bonding. Enhancing cross-interface bonding or even
eliminating the bonded interface is desirable especially under
impact conditions such as electrical current, heat, or mechan-
ical loading. Figure 2a–c shows the scanning ion microscopy
(SIM) images of the bonding interfaces for the comp-Cu bonded
at 170, 200, and 250 °C for 30 min, respectively. These images
demonstrate successful bonding with distinct zig-zag interfaces.
Notably, in the nanograin-enriched region, it can be observed
that some nanograins grow across the bonding interface, which
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become more pronounced at higher bonding temperatures. As
shown in Figure 2d, successful bonding can also be achieved
using nt─Cu at 170 °C, forming a sharp and straight interface
with the presence of voids at the interface. The bonding qual-
ity of nt─Cu can be enhanced by increasing the bonding tem-
perature to 200 °C (Figure 2e) and 250 °C (Figure S9, Support-
ing Information), while still maintaining a sharp interface. In
comparison, the coarse grain Cu exhibits a failure in bonding at
250 °C, with the presence of a noticeable gap shown in Figure 2f.
To achieve successful bonding, a higher thermal budget of 300 °C
(Figure 2g) is required for coarse-grain Cu. To further analyze the
bonding interfaces, the microstructure of comp-Cu and nt─Cu
bonded at 200 °C for 30 min was characterized using EBSD
(Figure 2h,i). The IPF-Z mapping reveals a well-formed bond-
ing interface with cross-interface formation in the nanograin-
enriched area for comp-Cu. In contrast, nt─Cu lacks noticeable
cross-interface features.
As experimentally characterized in terms of thermal stabil-

ity and interfacial morphology, cross-interface growth served as
the direct evidence of the excellent bonding quality in comp-
Cu, which is absent in nt─Cu. This cross-interface growth re-
gion can be attributed to a combination of factors, including
atomic mobility, grain boundary (GB) dynamics, and interfa-
cial structural characteristics. First, density functional theory
(DFT) calculations were performed to evaluate surface energet-
ics. As illustrated in Figure S10 (Supporting Information) and
Figure 3a, the (111) surface demonstrates the lowest surface en-
ergy (0.214 eV Å−2) and adatom activation energy (0.942 eV) but
the highest surface vacancy formation energy (0.715 eV). By com-
parison, the (001) surface exhibits intermediate properties, in-
cluding a surface energy of 0.287 eV Å−2, an adatom activation
energy of 1.751 eV, and a surface vacancy formation energy of
0.287 eV. In contrast, the (011) surface displays the highest sur-
face energy (1.018 eV Å−2) and the negative surface vacancy for-
mation energy (−0.734 eV), despite its relatively low adatom ac-
tivation energy (1.674 eV). This anomalous behavior likely origi-
nates from structural instability inherent to its high-energy con-
figuration. A more detailed discussion is in the Supporting In-
formation. All in all, these results highlight that atoms can move
more easily on the (111) surface compared to other surfaces.
Consequently, atoms at the nt─Cu to nt─Cu bonded interface
preferentially migrate along the X-Y interface plane, forming a
straight bonding interface. DFT calculations reveal that the (111)
plane has a significantly higher surface vacancymigration energy
barrier (0.6053 eV) compared to the (001) (0.4398 eV) and (011)
(0.2273 eV) surfaces (Figure 3b; Figure S11, Supporting Infor-
mation). This elevated barrier suppresses vacancy diffusion and
void aggregation at the (111) interface, hindering cross-interface
growth in the Z-direction. Second, GB diffusion plays a more
critical role than surface diffusion in the Z-direction bonding
process.[19,46] For polycrystalline metals, the mobility of atoms
along GBs is much higher than within the lattice.[47,48] As the
grain size decreases, the density of GB diffusion channels in-
creases. Consequently, comp-Cu, with an average grain size of
427 nm, exhibits more GB diffusion channels at the initial bond-
ing interface than nt─Cu, which has an average grain size of
1009 nm. This higher density of GB channels enhances atomic
migration across the interface, promoting cross-interface growth.
Third, the bonding interface densifies more slowly when both

sides of the crystalline orientations are identical,[19] whereas mis-
matched orientations significantly accelerate densification. This
enhancement arises from the randomly oriented nanograin re-
gions in comp-Cu, which introduce interfacial GB structures and
induce substantial atomic displacements at these boundaries.
Furthermore, the grain growth in nanograin-enriched regions
would reduce GBs, resulting in a decrease in volume and the
creation of vacancies, thereby promoting atomic movement in
the nearby nanotwin regions.[49,50] This enhanced atomic move-
ment results inmore adatomsmigrating into cavities and voids at
the bonding interface, driven by a stress potential gradient that
arises between the contacted regions and the non-contacted re-
gions along the interface.[51]

The bonding process, schematically summarized in Figure
S12 (Supporting Information), involves three sequential stages.
Initially, the top and bottom dies are aligned within a nitro-
gen chamber, resulting in two contact scenarios: 1) the (111)-
dominated areas of both dies touch each other, with nanograin
domains also making contact. 2) A portion of the (111) areas
from the top and bottom dies overlap, resulting in large (111)
areas meeting the nanograin domains. Upon applying pressure
and heat, localized plastic deformation at contact points gener-
ates interfacial voids, while a stress potential gradient forms be-
tween strained contacted regions and unstrained voids. These
stress potential gradient drives atomic migration from strained
zones to voids, causing void coalescence and void density reduc-
tion. As shown in Figure 3c for comp-Cu bonding, void closure is
driven by two primary mechanisms: GB diffusion, where atoms
migrate alongGBs to bonding interface (indicated by red arrows),
and surface diffusion, where atoms redistribute across void sur-
faces (indicated by orange arrows). In the nanograin-enriched re-
gions, GB diffusion promotes grain growth in the Z-direction
and provides additional adatoms (site 1) that migrate along the
X-Y bonding interface, especially at the (111)/ (111) overlap re-
gions, where movement is faster (site 2). This atomic movement
would also generate vacancies and further stimulate atomic dif-
fusion in the adjacent nanotwin regions (site 3). As a result, the
increased adatoms and their rapid migration along the bonding
interface toward voids facilitate interfacial densification and pro-
mote cross-interface bonding.
Figure 3d–f shows the TEM images of the bonding interface

for coarse-grain copper at 300 °C and nt─Cu and comp-Cu at
200 °C, respectively. In Figure 3d, voids along the bonding in-
terface can be observed in the coarse-grain sample. These voids
have an average diameter of≈30 nmand a void density of 6.2/μm,
where the void density is defined as the number of voids per
unit length along the bonding interface. In Figure 3e, for the
nt-Cu sample, large voids are present along the bonding inter-
face, with an average diameter of ≈60 nm and a void density
of 1.7/μm. In the case of comp-Cu in Figure 3f, it can be ob-
served that nanograins exhibit growth across the interface, as in-
dicated by the blue dashed rectangle. The voids in comp-Cu have
an average diameter of ≈30 nm, with a void density of 1.5/μm.
The reduced number and smaller size of voids in the comp-Cu
sample provide evidence of accelerated void closure during bond-
ing, densifying the bonding interface. Stress-driven surface diffu-
sion (creep) also causes impurity atoms to migrate from strained
areas to unstrained regions, like interfacial voids (Figure 3g–i;
Figure S13, Supporting Information). TEM-EDS mapping
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Figure 3. Surface energy and bonding interface. a) Comparison of surface energy, adatom activation energy, and surface vacancy formation energy for
slab surface models of (111), (001), and (011) along z axis. b) Comparison of surface vacancy migration energy barrier for vacancy-defected slab models
of (111), (001), and (011) along z axis. c)Schematic figure illustrating voids closure of comp-Cu. d–f) TEM images depict the bonding interface of coarse-
grain copper, nt─Cu, and comp-Cu, respectively, after being bonded at 300, 200, and 200 °C for 30 min respectively. In each figure, White dashed lines
in (d), (e), and (f) are nano-sized voids. g–i) TEM images and Energy-Dispersive X-ray Spectroscopy (EDS) analysis were performed on the magnified
bonding interfaces of three types of copper: coarse-grain copper, nt─Cu, and comp-Cu.

confirms these voids are enriched with chlorine (Cl), oxygen
(O), and nitrogen (N) impurities originating from electroplat-
ing additives. Secondary ion mass spectrometry (SIMS) analysis
measured the bulk impurity concentrations in the electroplated
Comp-Cu films as Cl: 334.8, O: 71.65, and N: 4.73 ppm.
Apart from the morphological analysis, the distinct bonding

performance of comp-Cu was evaluated in mechanical and elec-
trical performance. Shear tests were conducted to compare the
mechanical bonding strength of comp-Cu, nt─Cu, and coarse

grain copper, which were bonded at 200, 200, and 300 °C for
30 min respectively. Figure 4a presents the results for three sets
of samples, each consisting of three parallel samples. The cal-
culated average shear strength for comp-Cu is 56.4 ± 3.6 MPa,
which is higher than that of nt-Cu (49.0 ± 4.3 MPa) and signifi-
cantly higher than that of coarse-grain copper (36.9 ± 2.6 MPa).
Electromigration (EM) tests were performed to evaluate the elec-
trical performance, as shown in Figure 4b, with a representative
SEM image of the circuit used for the EM test. The “dog-bone”
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Figure 4. Evaluation of bonding performance. a) A typical shear test diagram includes samples of Comp-Cu and nt─Cu bonded at 200 °C for comparison,
while coarse-grained copper bonded at 300 °C serves as the baseline reference, as coarse-grained copper cannot be bonded at 200 °C. b) plan-view SEM
image of EM testing setup. c) Comparison of the resistance changes of the comp-Cu, nt─Cu, and reference coarse grain copper under EM stressing.
d) Resistance changes of the comp-Cu, nt─Cu, and reference coarse-grain copper during thermal cycle testing. Temperature cycling range was set as
−16 °C ≈160 °C with soak time of 5 min and Ramp rate of ≈117 °C min−1.

bonding joint, with the bonding interface highlighted by a yel-
low dash line, was extracted from the thinned bonding die us-
ing FIB techniques. Subsequently, it was welded on themeasure-
ment stage using easy-lift tool of FIB system. To ensure protec-
tion, the measured circuits were coated with a 30 nm thick Pt
layer and subjected to a continuous current density of 3 × 106 A
cm−2 on a hotplate at 165 °C. The electrical resistance changes
over time were recorded using a four-point probe system during
the EM test. The EM lifetime was defined as the duration of time
which the resistance increases by 20%. The corresponding resis-
tance changes curves are presented in Figure 4c. The comp-Cu
sample exhibited a lifetime of 258 h, which is 6.45 times longer
than that of coarse copper (40 h) and 1.18 times longer than nt-
Cu (219 h). The improvement in EM resistance in the comp-
Cu can be attributed to two factors. First, the presence of (111)-
oriented nanotwin Cu in the composite structure contributes
to enhanced resistance to EM. Second, the nanograin-enriched
region undergoes grain growth and enhance cross-bonding in-
terface formation, serving as a tenon to reinforce the bonding
quality. Following the EM test, the microstructure was examined
using FIB to gain insights into the failure mechanism. In the
case of the coarse-grain copper samples (Figure S14a, Support-
ing Information), numerous voids are observed at the bonding
interface and within the internal area. These voids result from
the agglomerations of vacancies, which easily form and grow at
weak points, especially the bonding interfaces. As previously de-

scribed, relatively large voids were formed at the bonding inter-
face of the nt─Cu sample, representing the weak points that are
expected to undergo further growth under prolonged electrical
stress (Figure S14b, Supporting Information). In contrast, for
the comp-Cu (Figure S14c, Supporting Information), only small
voids (highlighted by a yellow dashed circle) are visible at GBs
located away from the bonding interface. The findings suggest
that the enhanced cross-interface formation improves the contact
performance, making it more comparable to that of bulk Cu. The
presence of more voids at GBs near the bonding interface after
EM test may be attributed to the accumulation of higher impurity
levels in the vicinity of the bonding interface. To further evaluate
the bonding quality, temperature cycling tests (TCT) were con-
ductedwith a temperature range of−16 to 160 °C, a soak time of 5
min, and a ramp rate of≈117 °C permin. As shown in Figure 4d,
after 1000 cycles, the resistance of the comp-Cu sample increased
by 3.1%, while the nt─Cu sample exhibited an increase of 7.2%,
and the coarse grain Cu sample displayed a significant increase of
17.1%. The cross-sections of the samples after TCTwere analysed
by FIB (Figure S15, Supporting Information). In the case of the
coarse grain and nt─Cu dies, cracks were observed at the bond-
ing interface, indicating that the failure initiated at the bonding
interface due to a weak point. Conversely, in the comp-Cu sam-
ple, cracks primarily formed at GBs, suggesting that the bonding
interface exhibits strength comparable to the bulk Cu body in the
circuit.

Small Methods 2025, e00831 © 2025 Wiley-VCH GmbHe00831 (7 of 10)
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3. Conclusion

In this study, we fabricated a unique comp-Cu structure by
hybridizing (111)-oriented nanotwin and randomly oriented
nanograin structures. We investigated the thermal stability and
activation energy of grain growth, demonstrating direct Cu─Cu
bonding at temperatures below 200 °C with enhanced mechani-
cal and electrical performances. The bonding quality of comp-Cu
exhibited better mechanical strength, EM lifetime, and TCT per-
formance compared to nt─Cu and coarse grain Cu. This com-
posite structure offers three key advantages. First, the compos-
ite structure remains stable at room temperature and undergoes
substantial grain growth when exposed to elevated temperatures.
The presence of twin boundaries in this composite structure acts
as a pinning mechanism, suppressing the self-annealing effect
of the nanograin structure during extended processing periods
after electroplating and before bonding. Second, the compos-
ite retains the advantages of (111) oriented nanotwin structures,
such as higher resistance to EM. Third, under low-temperature
conditions, the nanograin-enriched regions can enhance grain
growth and also promote atomic movement between adjacent
nanotwins across the bonding interface. Moreover, the enhanced
atomic movement generates more adatoms migrating along the
bonding interface toward voids, especially at a faster rate on the
(111)-oriented surface, thereby facilitating interfacial densifica-
tion. The combination of stability at room temperature and cross-
interface bonding at low temperatures presents a practical ap-
proach for real-world industrial manufacturing in advanced mi-
croelectronic packaging.

4. Experimental Section
Electroplating Process: A copper electroplating bath was prepared with

0.6 m CuSO4·5H2O, 90 g L−1 H2SO4 (Sigma–Aldrich), 40 ppm HCl
(Sigma–Aldrich), and proprietary additives (accelerators/suppressors,
Doctech Ltd., Hong Kong SAR, China). Electrodeposition was performed
on a silicon substrate pre-coated with a 100 nm Ti adhesion layer and
200 nm Cu seed layer, using a phosphorus-doped copper anode. By sys-
tematically tuning the type and ratio of accelerators and suppressors
within the additive packages, three distinct types of copper films were se-
lectively deposited: ng─Cu, Comp-Cu, and nt─Cu.

In this study, the effects of plating parameters on the copper mi-
crostructure were investigated. It was found that changing the current den-
sity from 3 to 7 ASD had little impact, so a fixed value of 5 ASD was used.
The microstructure was mainly affected by the accelerator concentration.
The suppressor level was kept constant, and the accelerator amount was
adjusted. As shown in Figure S16 (Supporting Information), at low ac-
celerator levels (1–4 μL), large nanotwinned grains with few nanograins
were formed. When the accelerator increased moderately, nanograins ap-
peared within the nanotwinned grains, forming the desired composite
structure. With further increases, the grain size became smaller, and a fully
nanograined structure was obtained.

The comp-Cu microstructure arises from the dynamic interplay be-
tween a polymeric suppressor and a sulfur-based accelerator. The suppres-
sor strongly adsorbs onto the Cu surface under steady-state conditions,
inhibiting deposition particularly in field regions, while the accelerator lo-
cally promotes deposition in recessed areas. Crucially, during the plating
process, the suppressor undergoes periodic adsorption and desorption,
driven by local fluctuations in electric field and additive transport. This
dynamic modulation of the electrochemical potential—somewhat analo-
gous to the transient conditions in pulse-reverse plating—creates a non-
equilibrium environment that favors the co-deposition of twin boundaries
and nanocrystalline copper domains.[52]

Microstructure Characterization: The top surface and cross-sectionmi-
crostructures of different copper films were characterized using focused
ion beam (FIB, Quanta 200 3D and Helios Nano lab 600i, FEI), trans-
mission electron microscope (STEM, Thermo Scientific Talos F200X), and
electron backscatter diffraction (EBSD, Oxford HKL Channel 5). Crys-
tal structure of Cu film was characterized by X-ray Diffractometer (XRD,
Rigaku SmartLab, Cu-K𝛼). The average grain size of the electroplated cop-
per film after chemical mechanical polishing (CMP) was analyzed using
(EBSD). The sheet resistance of the copper film was measured using the
four-point probe method.

Direct Cu─Cu Bonding: After the copper deposition on the silicon
wafer, the CMP process was performed to flatten the copper surface. Then,
the copper wafer was cut into a small die (≈0.5 × 0.5 cm) and cleaned
with acetone, isopropanol, acid solution (HCl: DI water = 1:1 in vol.%),
and deionized water. Finally, the copper surface was further cleaned by
plasma with nitrogen atmosphere, and it was quickly transferred to a
closed chamber for bonding. The bonding parameters were set as 170–
300 °C/30 MPa/30 min, 230 Pa vacuum.

Bonding Quality Characterization—Micromorphology of the Bonding In-
terface: The bonding interface was analysed using a combination of FIB,
EBSD, STEM, and SEM.

Bonding Quality Characterization—Mechanical Strength: Shear tests
were conducted by bonding a small top die with a Cu film to a larger bot-
tom die, also coated with a Cu film. The top die measured 6 mm × 6 mm,
while the bottom die was 10 mm × 10 mm. Both dies were deposited with
a 6 μm-thick copper film, followed by CMP, plasma surface activation, and
vacuum bonding. Shear tests were performed at a speed of 80 μm s−1,
with 4 samples tested in each group.

Bonding Quality Characterization—Electromigration and Thermal Cycling
Assessments: Auxiliary Cu circuits were first fabricated on a Si/Ti/Cu seed
layer using photolithography and electroplating, followed by photoresist
removal and seed layer etching. The bonded copper dies were then thinned
by rotary grinding. Cuboid columns (2.5 × 3 × 10 μm3) containing the
bonding interface were milled using FIB and welded onto the circuit via
tungsten deposition. These columns were subsequently etched into dog-
bone structures with a neck width of 1.5 μm for testing. Notably, Comp-
Cu bonded cuboid columns were deliberately selected to include a cross-
interface area, while nt─Cu bonded columns featured a straight bonding
interface.

Electromigration tests were conducted at 165 °C by applying a constant
current corresponding to a current density of 3× 106 A cm−2 to the cuboid
columns. The increase in resistance was monitored indirectly by measur-
ing the voltage rise using a four-point probe. Thermal cycling tests were
performed between −16 and 160 °C, with 5 min dwell times at each tem-
perature extreme and a ramp rate of 117 °C min−1.

Density Functional Theory Calculation: DFT calculation details can be
found in the subsection Surface properties calculation with DFT in the
Supporting Information.

Statistical Analysis: Shear tests were conducted at a speed of
80 μm s−1, with four samples (each measuring 6 mm × 6 mm) tested per
bonding condition. Results were reported as mean ± standard deviation
(SD). For electromigration and thermal cycling assessments, individual
samples were carefully prepared with well-defined bonding interfaces and
evaluated following standard microfabrication and FIB processing. To fa-
cilitate comparison across conditions, all measured data were normalized.
Statistical analysis and data visualization were performed using OriginPro
2023.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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