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The Cu pillar bump, an electrode formed on a silicon chip, connects the devices inside a high bandwidth 
memory (HBM) package and is the most important interconnection affecting the electrical, thermal, 
and mechanical properties of advanced semiconductor package. Recently, the number of input/output 
(I/O) in HBM packages has been increasing and the fine pitch of Cu pillar is also becoming significantly 
smaller. Therefore, the bonding strength between electrodes is deteriorating due to the increase in 
interconnection density and fine pitch, which threatens the reliability of semiconductor packages. 
Also, the bonding strengths between Cu pillars, electrodes inside HBM package are greatly affected 
by the plating process, package temperature, interconnection technology, package process, as well 
as thermal expansion coefficient of materials, crystal structure and orientation of the material, and 
electrochemical reaction while using electronic packages. After Ti is sputtered as a bonding layer 
and Cu is sputtered as a seed layer onto the Si chip electrode, and finally, Cu pillar bumps (25 μm in 
diameter, 55 μm in pitch) are formed through electroplating. When the Cu seed layer is removed by 
etching, leaving only the electrode portion of chip, the Cu pillar bump is completed, but an undercut 
occurs at the interface of Cu pillar and Cu seed layer during the etching process of Cu seed layer. 
Electroplating process of Cu pillar bump was performed at conditions of 3.0, 8.0 and 13.0 A/dm2 (ASD). 
However, the grain size and the orientation of Cu pillar bumps changed significantly depending on the 
electroplating current density, and the undercut length also varied accordingly. The orientations and 
the grain sizes of Cu pillar bump was analyzed by EBSD and SEM, respectively. The grain orientation 
of the Cu filler bump was (111) at a current of 3.0 ASD, and the (100) and (110) orientations of the Cu 
filler bump were mainly formed at current conditions of 8.0 and 13.0 ASD. Also, the grain size of the Cu 
filler bump was 2.77 μm when the current density was 3.0 ASD, and 0.93 μm at current density of 13.0 
ASD. Length of the undercut etched at the interface of Cu pillars and Cu pad of Si chip increased from 
0.43 μm at 3.0 ASD to 1.72 μm at ASD 13.0. Thus, shear strength of Cu pillar bump decreased rapidly 
from 35.77 gf to 17.65 gf. This study is expected to contribute greatly to improving the reliability 
of next generation semiconductor packages by clarifying the correlation between electroplating 
conditions, orientation of grain in Cu pillar, and shear strength of Cu pillar bump.
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The growing demand for high-speed data processing in artificial intelligence, high-performance computing, and 
advanced 2.5D or 3D integration has significantly increased the required chip input and output density. To meet 
these requirements within limited die footprints, fine-pitch interconnect technologies have become essential. 
Traditional solder bumps have long been the standard in flip-chip packaging. However, their mechanical 

1Department of Semiconductor Convergence Engineering, Sungkyunkwan University, 2066 Seobu-ro, Jangan-
gu, Suwon-si 16419, South Korea. 2Department of Semiconductor and Display Engineering, Sungkyunkwan 
University, 2066 Seobu-ro, Jangan-gu, Suwon-si 16419, South Korea. 3Memory Analysis Science and Engineering 
Team, Samsung Electronics Co., Ltd, 1, Samsungjeonja-ro, Hwaseong-si 18448, South Korea. 4Advanced Process 
Development Lab, Samsung Electronics Co., Ltd, 1, Samsungjeonja-ro, Hwaseong-si 18448, South Korea. 5PostFAB 
Team, Bump Technology Group, Samsung Electronics Co., Ltd, 1, Samsungjeonja-ro, Hwaseong-si 18448, South 
Korea. email: sbjung@skku.edu

OPEN

Scientific Reports |         (2026) 16:9814 1| https://doi.org/10.1038/s41598-026-38879-9

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-38879-9&domain=pdf&date_stamp=2026-2-19
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-38879-9&domain=pdf&date_stamp=2026-2-19


limitations, especially at pitches below 100 μm, such as reduced stand-off height and limited I/O density, make 
them unsuitable for next-generation semiconductor packaging. In contrast, Cu pillar bump technology offers 
a promising alternative that enables finer pitches and provides improved electrical, thermal, and mechanical 
performance1,2.

Cu pillar bumps consist of a rigid electroplated Cu column with a thin solder layer on top. This structure 
allows for precise control of bump geometry and stand-off height and also improves signal integrity and 
current-carrying capability. The microstructural characteristics of the electroplated Cu, particularly its grain 
size and crystallographic orientation, are key factors in determining the mechanical reliability of the bump and 
its behavior during subsequent processing steps. Many studies have shown that electroplating current density 
significantly influences the grain structure of Cu. Higher current densities typically lead to finer grains and 
changes in crystallographic texture. These microstructural changes affect not only the intrinsic mechanical 
strength of the Cu pillar but also its behavior in downstream processes such as wet etching3.

In particular the seed-layer etching step is critical for defining the final bump profile and can lead to 
undesirable undercut formation as isotropic etching progresses laterally beneath the electroplated pillar4,5. 
This geometric discontinuity reduces the effective contact area at the bump base and serves as a local stress 
concentrator, increasing the risk of interfacial delamination or crack initiation under thermal and mechanical 
loads6. Furthermore, recent studies have shown that the crystallographic orientation of Cu grains strongly 
influences their etch resistance. (111)-oriented surfaces exhibit slower etch rates and maintain more stable 
morphologies than other orientations7,8. These observations indicate that the microstructural evolution during 
Cu electroplating directly affects undercut formation and, consequently, the mechanical reliability of Cu pillar 
bumps.

As the dimensions of electronic packaging continue to shrink, modern fine-pitch Cu pillar electroplating 
demands stringent specifications, including void-free filling, high coplanarity (uniform pillar height), and 
excellent geometric fidelity. Meeting these complex requirements relies not only on process parameters like 
current density but also critically on the electrolyte composition. Various additives, such as accelerators, 
suppressors, and levelers, are employed to modulate nucleation and growth behaviors, thereby controlling grain 
size and inducing specific crystallographic orientations. Accelerators facilitate charge transfer and lower the 
overpotential to enhance the plating rate. For instance, Bis-(3-sulfopropyl) disulfide (SPS), a typical accelerator, 
contributes to reducing surface roughness. Kao et al. demonstrated that tuning the SPS concentration effectively 
controls the microstructure, resulting in significant changes in grain size and mechanical properties via the 
Hall–Petch effect9. Levelers are essential for ensuring surface flatness and coplanarity. Zhu et al. evaluated the 
impact of levelers on Cu pillar morphology and highlighted their critical role in preventing void formation and 
ensuring compatibility with solder caps10. Furthermore, the synergistic effect of combining these additives is 
crucial. Wang et al. showed that optimizing the additive combination improves plating efficiency and secures 
a compact deposition structure with enhanced corrosion resistance11. Beyond chemical additives, process 
parameters such as pulse plating also play a significant role. Mariani et al. verified that pulsed current and 
pulsed reverse current significantly enhance the hardness and microstructural homogeneity of Cu deposits12. 
Additionally, the behavior of impurities derived from additives is significant. Meiners et al. reported that sulfur 
impurities specifically segregate at grain boundaries, inhibiting grain growth. However, excessive accumulation 
can lead to stress concentration and embrittlement13. As established above, the final microstructure and texture 
in Cu electroplating are determined by a complex interplay of the additive package, current mode, and impurity 
behavior. Therefore, to clarify the fundamental deposition mechanism without these confounding variables, 
this study utilized a commercial electrolyte with a fixed additive package. By doing so, we deliberately focused 
on isolating and identifying the specific influence of current density on the grain size and crystallographic 
orientation of Cu pillars.

Cu pillars with a diameter of 25 μm and a pitch of 55 μm were fabricated under various current density 
conditions. Electron backscatter diffraction (EBSD) was utilized to characterize the crystallographic orientation 
and grain structure of the electroplated Cu. Undercut dimensions were quantitatively measured following seed-
layer etching. The mechanical integrity of the joints was evaluated through shear testing, while interfacial stress 
distributions were analyzed using technology computer-aided design (TCAD) simulations. This integrated 
analysis elucidates the interplay between electroplating conditions, microstructure, and interfacial reliability, 
providing a foundation for optimizing Cu pillar bump fabrication in advanced semiconductor packaging.

Experimental
Cu pillar bump fabrication
Cu pillar bumps with a diameter of 25 μm and a pitch of 55 μm were fabricated on Ti/Cu seed layers deposited 
by sputtering, followed by selective photolithography and electroplating14. A commercial acidic copper 
electrolyte (Mitsubishi Chemical, Japan) formulated for high throwing power and fine-pitch filling was used. 
The plating process was conducted at room temperature under acidic conditions (pH 1–2). Accordingly, the 
cross-sectional texture evolution observed in the Cu pillars should be interpreted as dependent on the specific 
plating chemistry and operating window, and it may not be directly generalized to other bath formulations. 
Electroplating was carried out at three current densities (3.0, 8.0, and 13.0 ASD) to grow Cu pillars within the 
patterned openings. A thin Ni layer was electroplated between two Cu layers to serve as a diffusion barrier and 
suppress excessive intermetallic compound formation, after which additional Cu was deposited to complete the 
Cu–Ni–Cu multilayer15. A Sn–1.8 wt% Ag solder alloy was then plated to form a solder cap, and the photoresist 
was removed, yielding Cu–Ni–Cu–solder pillar bumps with a height of 38 μm, as shown in Fig. 1; Table 1. After 
photoresist removal, the exposed Ti/Cu seed layers were etched using a mixture of H2SO4 and H2O2 solution. 
During the etching process, isotropic dissolution formed undercuts at the bottom region of the Cu pillar bump. 
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The undercut length increased from 0.43 μm to 1.72 μm as the plating current density was raised from 3.0 to 
13.0 ASD.

Microstructural characterization
Undercut formation at the base of the Cu pillar bumps was examined using a field-emission scanning electron 
microscope (FE-SEM, Helios 5 DualBeam, Thermo Fisher, USA). Undercut lengths were measured directly 
from FE-SEM images to assess variations induced by different electroplating current density conditions. To 
investigate the internal microstructure of the Cu pillars, cross-sectional specimens were prepared using focused 
ion beam (FIB) milling. A Ga⁺ ion beam was applied perpendicular to the Cu pillar surface with controlled width 
and depth, enabling precise exposure of the internal structure for further analysis.

EBSD (ZEISS GeminiSEM 460) was employed to analyze the crystallographic orientation and average 
grain size within the Cu pillar bumps. EBSD analysis of Cu pillar bumps revealed detailed microstructural 
characteristics, including orientation distribution, texture, and grain size. By comparing the microstructures 
of Cu pillar bumps fabricated under different electroplating current densities, the effect of current density on 
the grain growth orientation of Cu pillar bump was investigated. The correlation between current density and 
orientation of Cu pillar bump was elucidated, and the effect of grain growth orientation on undercut formation 
was systematically investigated to contribute to improving the reliability of 3D semiconductor packages.

Mechanical characterization
Shear test was conducted to evaluate the adhesion strength of Cu pillar bump with different current densities. 
Shear tests were conducted using a shear system (DAGE 4000Plus, Nordson, UK) based on JEDEC22-B117 
standard with a shear speed of 300 μm/s and a probe height of 12 μm (Fig. 2). To ensure statistical reliability, 
shear tests were conducted directly on the wafer level with a sample size of 100 bumps for each current density 
condition. Outliers were rigorously excluded to minimize experimental error. Additionally, for the evaluation 
of undercut length, 30 randomly selected bumps were analyzed per condition to ensure data representativeness.

The fracture surface of the Cu pillar bump was subsequently analyzed by FE-SEM to determine the failure 
mode. To investigate the effect of undercut geometry on the stress distribution within the Cu pillar bumps, 
three-dimensional TCAD simulations were performed. The geometric model was constructed to replicate the 
dimensions of the fabricated samples, consisting of a cylindrical Cu pillar on a silicon substrate. Crucially, to 
reflect the experimental etching results, specific undercut geometries were introduced at the Cu/seed-layer 
interface. Undercut lengths were modeled as 0.43  μm, 1.06  μm, and 1.72  μm, corresponding to the distinct 
structures observed at current densities of 3.0, 8.0, and 13.0 ASD, respectively. Regarding material properties, 
this study adopted an isotropic linear elastic model for the Cu pillar. This simplification is justified because 
the mechanical failure in this system is primarily governed by the geometric stress concentration caused by 

Parameter Dimension

Pitch 55 μm

Diameter 25 μm

Solder Cap (Sn-1.8Ag) 12 μm

Height 38 μm

UBM Thickness (Ti/Cu) 0.1 μm/0.3 μm

Table 1.  Detailed dimensions of the Cu pillar bump.

 

Fig. 1.  Schematic of the Cu pillar bump fabrication process.
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the undercut effect, rather than by crystallographic orientation-dependent stiffness. The Young’s modulus and 
Poisson’s ratio for the Cu pillar were assigned as 115 GPa and 0.34, respectively.

Boundary conditions were defined to simulate the destructive shear test conditions. The bottom surface of 
the substrate was fixed, and a lateral load was applied via a rigid shear tool. The shear tool, characterized by a tip 
width of 27 mm, was positioned at a shear height of 12 μm from the substrate surface. A total force of 20.1 g was 
applied to the contact interface, and the resulting equivalent stress distribution was analyzed to identify critical 
failure initiation sites.

Results and discussions
Microstructural evolution via EBSD analysis
Figure 3a-1 ~ c-1 show Image Quality (IQ) maps of Cu pillar bumps electroplated under various current densities, 
3.0, 8.0 and 13 ASD, revealing variations in bump morphology. To quantitatively assess the microstructural 
differences, EBSD analysis was performed to evaluate grain size, crystallographic orientation, and texture. A 
high indexing rate of approximately 98.7% was achieved within the region of interest, ensuring the statistical 
reliability of the EBSD data even for the fine-grained structures. Figure  3a-2 ~ c-2 shows the EBSD inverse 
pole figure (IPF) maps for Cu pillars plated under varying current densities. The Cu pillar bump with (111) 
orientation was formed under the electroplating condition of 3.0 ASD, as shown in Fig. 3-a-2. Approximately 
88% of the grains in the Cu pillar bumps are oriented along the (111) orientation, indicating a pronounced 
preferential crystallographic orientation, as shown in Table 2.

Figure 4 shows the average grain sizes for Cu pillar bumps plated at different current densities. At 3.0 ASD 
(Fig. 4a), the mean grain size is approximately 2.77 μm, whereas at 13.0 ASD (Fig. 4c), it decreases sharply to 
around 0.93 μm. These results indicate a significant reduction in grain size as current density increases16–18. 
The observed texture evolution from a strong (111) orientation to a mixed orientation can be elucidated by 
the competition between the nucleation rate and the crystal growth rate, which is governed by the cathodic 

Fig. 3.  EBSD Image Quality (IQ) maps of the Cu pillar bump cross-section under various ASD conditions: (a-
1) 3.0, (b-1) 8.0, and (c-1) 13.0, EBSD inverse pole figure (IPF) maps of the Cu pillar bump cross-section under 
various ASD conditions: (a-2) 3.0, (b-2) 8.0, and (c-2) 13.0.

 

Fig. 2.  (a) SEM micrograph of the Cu pillar bump before shear test. (b) Cross-sectional schematic of the 
boundary conditions of a Cu pillar bump.
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overpotential. At a low current density of 3.0 ASD, the relatively low overpotential favors the growth mechanism 
over nucleation. This condition provides sufficient time for Cu adatoms to diffuse across the surface and arrange 
themselves into the thermodynamically most stable configuration. Consequently, the grains preferentially grow 
along the close-packed (111) plane, which possesses the lowest surface energy in the FCC system19–22.

In contrast, the high current density of 13.0 ASD induces a high overpotential, providing a large driving 
force that exponentially increases the nucleation rate. The rapid deposition creates numerous fine grains and 
effectively restricts the surface diffusion of adatoms to the lowest-energy sites3. As a result, kinetically trapped 
orientations with higher surface energies, such as (100) and (110), are formed alongside (111), leading to the 
random texture observed in the EBSD analysis21.

As a result, bumps plated at low current densities exhibit large columnar grains with a strong (111) orientation, 
while those plated at high current densities develop an isotropic microstructure composed of ultrafine grains. 
These microstructural differences are expected to significantly influence both the seed-layer etching process and 
the mechanical performance of the Cu pillar bumps23–26.

Undercut formation after seed-layer etching
During the etching process, undercutting tends to occur at the interface between the Cu pillar bump and the 
Cu/Ti seed layer due to their difference in current density. In fact, undercutting was primarily observed at 
the interface between the electroplated Cu columns and the underlying Cu/Ti seed layer. Figure 5 shows the 
undercut formation at the base of Cu pillar bumps following seed-layer etching, with the extent of undercut 
varying significantly depending on the plating current density. Specifically, Fig.  5b and c shows that bumps 
plated at higher current densities increase undercuts with lengths exceeding 1 μm.

Fig. 5.  SEM micrographs of undercut formation in Cu pillars at different ASD conditions: (a) 3.0, (b) 8.0, and 
(c) 13.0.

 

Fig. 4.  Grain size distributions of the Cu pillar cross-sections at different ASD conditions: (a) 3.0, (b) 8.0, and 
(c) 13.0.

 

Unit: % 3.0 ASD 8.0 ASD 13.0 ASD

(111) 87.7 39.8 25.6

(110) 5.9 32.6 38.6

(100) 2.8 21.5 22.3

Others 3.6 6.1 13.5

Table 2.  Percentage of crystallographic orientations in the Cu pillar cross-sections at different ASD conditions.
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Figure 6 compares undercut lengths under different plating conditions. At 3.0 ASD the bump exhibits a 
minimal undercut length of less than 0.5 μm. At 8.0 ASD lateral etching reaches approximately 1.06 μm at the 
bump perimeter while at 13.0 ASD, the bump displays a pronounced undercut averaging 1.72 μm, resulting in 
a distinct.

The significant disparity in the undercut extent can be rationalized by the microstructural differences induced 
by the current density, specifically grain size and the resulting grain boundary density. In wet etching processes 
generally considered isotropic, grain boundaries act as thermodynamically unstable regions characterized 
by high defect densities and elevated free energies27. Furthermore, these boundaries serve as rapid diffusion 
channels for the etchant, facilitating deeper penetration into the material. Consequently, a higher density of 
grain boundaries promotes preferential electrochemical dissolution and accelerates lateral etching. It is well 
established that grain refinement significantly increases the grain boundary area, which serves as the primary 
driving force for enhanced etch rates in copper wet etching processes, a mechanism consistent with previous 
findings22.

While crystallographic orientation can theoretically influence surface reactivity due to differences in planar 
atomic density, its impact is considered secondary to the dominant effect of grain boundaries in this specific 
etchant system8,28. In this study, the increase in ASD promoted rapid nucleation, leading to significant grain 
refinement. As shown in Fig. 4, the 13.0 ASD condition exhibited the finest grain size (0.93 μm) and, consequently, 
the highest grain boundary density. This microstructural feature correlates directly with the most severe undercut 
observed in Fig. 6, confirming that the grain boundary-driven mechanism is the dominant contributor to the 
accelerated etching at high current densities. Ultimately, such excessive undercut reduces the effective bonding 
area, which may serve as a potential detriment to the mechanical reliability of the interconnects5.

Shear test results
A shear test was performed to assess the impact of undercut formation on the mechanical reliability of Cu pillar 
bump interconnections. As shown in Fig. 7, bumps plated at lower current densities sustained higher shear loads 
than those plated at higher densities. The bump formed at 3.0 ASD exhibited a shear force of approximately 
35.77gf, significantly higher than the bump plated at 13.0 ASD. This suggests that increasing the current density 
from 3.0 to 13.0 ASD reduces shear force by nearly 50%. A general decline in shear force was observed with 
increasing current density, likely due to the intensified undercut defects along the bump sidewalls, which reduce 
the effective bonding area and concentrate local stresses at the bump perimeter, promoting shear failure.

Fracture surface observations after shear testing revealed distinct failure modes depending on the plating 
current density. Figure 8 shows SEM images of Cu pillar bumps after shear testing. The fracture of the Cu pillar 
bump electroplated at 3.0 ASD (Fig. 8a) propagates within the Cu pillar bump matrix, exhibiting a ductile failure 
mode. In contrast, at higher current densities such as 8.0 and 13.0 ASD, the fracture mainly occurs along the 
undercut, showing an adhesive failure mode. The increased undercuts caused by higher current densities reduce 
the effective bonding area between the Cu pillar bump and Cu/Ti seed layer, concentrating local stresses and 
facilitating crack initiation along the undercut below Cu pillar bump4,5,29.

Several studies have shown that grain refinement in electroplated Cu can enhance intrinsic material strength, 
as described by the Hall–Petch relation. Although the bumps electroplated at 8.0 and 13.0 ASD exhibited refined 
grains, their shear strength was significantly reduced by geometric undercuts and weakened interfaces6. In 
contrast, the bump plated at 3.0 ASD with larger grains and a (111) texture showed higher ductility and fewer 
undercuts, resulting in a more uniform stress distribution and a relatively higher fracture load. This indicates 
that, in this study, the strengthening effect from grain refinement did not dominate the mechanical response of 
the interconnections, likely due to the presence of defects such as undercuts4,30. In conclusion, while the plating 
current density can influence the crystallographic properties of Cu pillar bumps, the mechanical reliability of 

Fig. 6.  Undercut length of Cu pillar bumps fabricated at different current densities.

 

Scientific Reports |         (2026) 16:9814 6| https://doi.org/10.1038/s41598-026-38879-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports
http://www.nature.com/scientificreports


these structures is primarily determined by geometric defects such as undercuts. These defects outweigh any 
strengthening effects that may result from microstructural refinement.

TCAD stress analysis results
Although the shear test confirmed that undercut defects reduce the overall joint strength. Therefore, a TCAD-
based simulation was employed to more comprehensively examine the stress concentration that occurs in Cu 
bump interconnections when undercuts are present.

Figure 9 presents the residual stress distribution obtained from the simulation model of the Cu bump 
and substrate structure, comparing stress profiles with and without undercuts. Notably, in Fig. 9b and c, both 

Fig. 9.  Finite element simulation results of stress distributions in the Cu pillar bump: (a) ASD 3.0, (b) ASD 8.0, 
and (c) ASD 13.0.

 

Fig. 8.  SEM micrographs of Cu pillar bumps after shear testing: (a) ductile failure mode at ASD 3.0, and (b) 
adhesive failure mode at ASD 8.0 and 13.0.

 

Fig. 7.  Sheer force of Cu pillar bumps fabricated at different current densities.
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conditions with undercuts exhibit pronounced stress concentrations at the lower edge of the bump. These findings 
align with the shear test observations, suggesting that undercuts reduce the contact area and concentrate local 
stresses at the bump perimeter31.

Additionally, larger undercuts correspond to increased stress at the lower portion of the bump, which can 
be attributed to partial loss of contact between the bump base and the substrate. This leads to localized stress 
concentrations, which qualitatively align with the reduced bond strength observed in shear testing30.

A finite-element study by Long et al. found that a bump with an undercut at its bottom can experience up to 
an 88% increase in out-of-plane stress4. Additionally, as the undercut size grows, higher stress levels are observed 
due to the reduced contact area between the chip surface and the bump. More importantly, the location of 
maximum stress coincided with the bump edge, where cracks were observed during shear testing, indicating that 
undercuts act as microstructural defects that compromise the bump’s mechanical integrity.

In conclusion, the presence of an undercut leads to a nonuniform stress distribution at the bump–substrate 
interface, reducing mechanical reliability. Therefore, minimizing undercut formation and controlling the 
crystallographic orientation at the bump base are essential for enhancing the overall reliability of Cu bumps32.

Conclusions
This study investigated the influence of plating current density on the microstructure and mechanical reliability 
of Cu pillar bumps by analyzing their crystallographic orientation undercut morphology and shear strength. 
Cu pillar bumps were fabricated at three different current densities of 3.0 8.0 and 13.0 ASD. FIB cross-sectional 
imaging and EBSD analysis revealed that as the current density increased the grain structure transitioned from 
large columnar grains with a strong (111) orientation to fine equiaxed grains with mixed orientations.

During seed-layer etching undercut length increased significantly at higher current densities due to the 
prevalence of grain boundaries and crystal planes more susceptible to chemical etching. The bump electroplated 
at 3.0 ASD exhibited the highest shear strength whereas the shear strength decreased significantly as the plating 
current density increased to 13.0 ASD.

Finite element simulations further confirmed that undercuts generate localized stress concentrations at the 
bump edges which coincide with crack initiation sites observed during shear testing.

In conclusion this study demonstrates that while controlling plating current density can influence grain size 
and crystallographic orientation the presence of undercut defects serves as a more critical role in determining 
the mechanical reliability of Cu pillar bumps. It is particularly worth noting that the undercut is an irreversible 
geometric defect formed during the etching process. Thus, even if grain coarsening occurs during subsequent 
reflow processes in actual fabrication, the stress concentration induced by the undercut is expected to remain 
the dominant failure mechanism. Therefore, minimizing undercut formation through optimizing the current 
density to suppress etch-susceptible crystallographic textures is essential for improving the structural robustness 
and long-term performance of Cu interconnects in advanced semiconductor packages. This study demonstrated 
that variations in the applied current density significantly modify the microstructure of Cu pillars, specifically 
regarding their grain size and preferred crystallographic orientation. These microstructural differences are 
directly linked to the undercut behavior during seed-layer wet etching and the consequent mechanical reliability. 
Building upon the results obtained from the fixed current density conditions of 3.0, 8.0, and 13.0 ASD, our future 
work will extend to a Hybrid-ASD electroplating strategy. For instance, we will explore a multi-step profile 
that modulates the current density, such as a Low-High-Low sequence, to suppress undercut formation while 
maintaining a high plating rate. Through this approach, we aim to establish an optimized process window that 
simultaneously improves process throughput and mechanical reliability, including enhanced shear strength and 
more stable failure behavior.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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