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Long-term high-temperature aging mechanism of
copper-metallized through-glass vias: a combined
nanoindentation test and hybrid Potts-phase field
simulation study
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Abstract
The reliability of through-glass via (TGV) interconnects is critical for advanced semiconductor packaging. This work
investigates microstructural and mechanical evolution in electroplated TGV–Cu subjected to long-term aging at
250 °C. TGV samples were fabricated via laser-induced etching and double-sided copper electroplating, then aged for
up to 1008 h. Nanoindentation revealed region-dependent reductions in hardness (from 2.0–2.5 GPa to below 0.5 GPa)
and modulus (from 110–130 GPa to 40–90 GPa), with surface-near regions most affected. The glass substrate
maintained stable mechanical properties until microcracks formed after 1008 h. EBSD quantification showed grain-size
enlargement from 0.46 µm to 1.86 µm and a concurrent decrease in dislocation density. Molecular dynamics
simulations of 3, 4, 5 nm grains corroborated the inverse relationship between grain size and micro-mechanical
properties. A hybrid Potts-phase field model further linked grain coarsening to stress relaxation and elastic-energy
minimization, revealing that as grains grow, the overall von Mises stress in the structure decreases; high-modulus
grains retain relatively higher local stresses, while low-modulus, low-stress grains exhibit faster growth rates. Electrical
I–V measurements confirmed stable ohmic behavior, despite a drop in insulation resistance. These integrated
experimental and computational insights provide theoretical guidance for optimizing TGV interposer design and
ensuring long-term operational reliability in heterogeneous integration technologies.

Introduction
The computing demands of future data-intensive

applications will greatly exceed the capabilities of cur-
rent electronics, and are unlikely to be met by isolated
improvements in transistors, data storage technologies, or
integrated circuit architectures alone1. Consequently,
advanced packaging techniques leveraging system minia-
turization and heterogeneous integration have emerged as

critical solutions to overcome performance bottlenecks2.
Among these approaches, 2.5D packaging integrates
multiple chips in-plane through silicon or glass inter-
posers, facilitating more compact, lightweight, and func-
tionally integrated systems, thus markedly improving
spatial efficiency3,4. Through-via technology, embedded
within interposers, vertically connects dies to underlying
electrodes, significantly enhancing inter-chip signal
transmission density, speed, and efficiency, and has been
widely adopted in heterogeneous integration5. Never-
theless, conventional through-silicon via (TSV) technol-
ogy suffers from inherent limitations, including complex
fabrication processes, high costs, and significant electro-
magnetic coupling due to silicon’s semiconducting prop-
erties, restricting its suitability for high-frequency and
large-scale applications6,7. In contrast, through-glass via
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(TGV) technology, utilizing glass substrates, exhibits
notable advantages such as reduced costs, superior ther-
mal stability, and excellent high-frequency electrical per-
formance, making it increasingly attractive for diverse
applications in RF components, optoelectronic integra-
tion, micro-electromechanical systems (MEMS), and
other emerging technologies8,9.
To further enhance interconnect density and ensure

long-term operational reliability, there is increasing
industry interest in through-glass via (TGV) structures
that integrate the benefits of copper filling via electro-
plating with conformal metallization techniques8,10–12.
A TGV interposer has been successfully fabricated
utilizing laser-induced deep etching followed by via-
filling processes13. However, as via diameters continue
to shrink and aspect ratios (defined as via depth to
diameter) increase, significant anisotropic internal
stresses develop within the vias. These stresses can lead
to reliability concerns, including copper extrusion,
interface delamination, and substrate cracking14–16.
Post-electroplating, copper grains within vias exhibit
random orientations without a defined structural
order17–19. During short-term post-plating annealing,
copper in TGV typically undergo recovery, recrystalli-
zation, and grain growth phases, during which grain
size, morphology, and defect density evolve dynami-
cally17,20,21. Consequently, the strain distribution within
the Cu filling of the TGVs becomes highly hetero-
geneous, with varying degrees of plastic deformation
across different grain regions, dependent on their spa-
tial positions22–24. Concurrently, residual stresses
evolve in response to these microstructural transfor-
mations25. Quantitative links between heterogeneous
microstructures and key mechanical properties are still
scarce26. Experimentally tracking the coupled evolution
of these microstructures under thermomechanical
loading and during long term aging is technically
demanding and time-consuming. Integrating high-
resolution computational approaches with advanced
characterization methods offers a promising solution.
Molecular dynamics (MD) simulations capture the
nanoindentation process at atomic resolution and
directly correlate grain-scale features with micro-
mechanical responses27,28. Phase field modeling can
combine Monte Carlo with multiphysics coupling to
simulate microstructural evolution across time scales
beyond experimental reach22,29. Together, these mul-
tiscale techniques establish a framework for assessing
the long-term reliability of TGV-Cu interconnects.
In this paper, we combine experiment and multiscale

simulations to unravel how long-term aging at 250 °C
alters TGV–Cu interconnects. Spatially resolved
nanoindentation and EBSD characterize the relationship
between micro-mechanical properties and grain-growth

kinetics. Molecular dynamics simulations then explore
the theoretical dependence of hardness and elastic
modulus on grain size. A hybrid Q-state Potts-phase field
model links grain-morphology evolution with stress
relaxation and free-energy minimization, examining the
interplay between grain structure and thermo-
mechanical behavior. Finally, I–V measurements con-
firm the stability of the electrical performance under
prolonged aging.

Results and Discussion
Figure 1a illustrates the fabrication process for the

TGV-Cu interposer. In this study, a conventional Schott
AF32 borosilicate glass substrate was used. Through a
laser-induced etching process, through-glass vias with a
diameter of 50 μm and a thickness of 300 μm were
formed, and via metallization was achieved by double-
sided copper electroplating. Initially, a high-current-
density DC flash plating rapidly deposits a dense initial
layer on via walls. The process then shifts to AC plating to
ensure uniform growth in the via center, completing
bridging. Finally, low-current-density DC plating thickens
the copper layer to the required design specifications and
thickness. The finished TGV-Cu samples were aged at
250 °C for durations of 0, 84, 168, 504, and 1008 hours.
Samples were then sectioned, mounted, and polished to
expose cross-sections for further study.
As structural dimensions decrease below a certain

size, the mechanical properties of materials, influenced
significantly by surface effects, microstructure, and
processing history, often differ notably from bulk
materials30. Nanoindentation is widely used to measure
mechanical properties at the micro and nanoscale due to
its high sensitivity and resolution31. In this study, elastic
modulus (E) and hardness (H) were measured using a
Nano-indenter XP system (MTS Systems Corporation)
with a dynamic contact module (DCM) and continuous
stiffness measurement (CSM) at a constant strain rate of
0.05 s−1. A standard Berkovich diamond tip was used,
continuously recording penetration depth (h) and
applied load (P) during indentation. Load-displacement
curves were used to calculate E and H based on the
contact area. The specific indentation locations are
shown in Fig. 1b. Figure S1 presents the load-
displacement curves for TGV-Cu under a fixed 50 mN
load after different aging periods. The maximum
indentation depth remained below 10% of the copper
thickness, avoiding any substrate effects from the glass.
These curves show that both the maximum and residual
indentation depths change with aging time, indicating
corresponding variations in hardness and modulus of
the copper layer.
The Oliver-Pharr method was used to calculate hard-

ness (H) and elastic modulus (E) according to the
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following equations14,32:

H ¼ Pmax

A
ð1Þ

1
Er

¼ 1� ν2

E
þ 1� ν2i

Ei
ð2Þ

In the above formula, Pmax is the maximum load, and A
is the contact area of the indentation. For the Berkovich
indenter, the constant β is 1.034, Er is the effective elastic
modulus, and Ei and υi are the elastic modulus
(1140 GPa) and Poisson’s ratio (0.07) of the indenter,
respectively.

Figure 1c, d show changes in hardness and elastic
modulus of TGV-Cu over the aging period. Initially, the
hardness was between 2.0 and 2.5 GPa, rapidly declining
to around 1.5 GPa after 84 hours, and gradually
decreasing afterward. The Mid-region hardness showed
only slight changes after 84 hours, whereas the Top and
Bottom regions continuously declined to below 0.5 GPa.
Similarly, the elastic modulus dropped from
110–130 GPa initially to 40–90 GPa after 1008 hours,
with the Mid-region declining more slowly than the Top
and Bottom regions. These results indicate that pro-
longed high-temperature aging progressively reduces
hardness and modulus, with the regions near via surfaces
most affected.
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Fig. 1 Sample preparation workflow and micro-mechanical analysis of TGV–Cu and the glass substrate from 0 to 1008 hours after
high-temperature aging. a Schematic of the TGV–Cu sample preparation and testing workflow. b optical-microscope image of nanoindentation
impressions. c nanoindentation hardness of TGV–Cu. d nanoindentation elastic modulus of TGV–Cu. e nanoindentation hardness of the glass
substrate. f nanoindentation elastic modulus of the glass substrate
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Figure 1e, f present nanoindentation results for the glass
substrate approximately 10–20 µm from the TGV-Cu/
glass interface. The glass hardness remained stable at
approximately 6.3–6.5 GPa and the modulus around
56–58 GPa from 0 to 504 hours. However, after
1008 hours, a sharp decline in hardness and abnormal
modulus behavior were observed in the Mid-region.
Optical microscopy (Fig. S2) and SEM imaging (Fig. S3)
show microcracks in the glass after prolonged aging and
reveal that the outliers correspond to indentations inter-
secting these cracks rather than intrinsic degradation of
the glass. To verify this, we performed additional
nanoindentation in crack-free (located >50 µm away from
any visible surface or subsurface cracks) under the same
CSM conditions. After applying an exclusion criterion to
remove crack-affected indents, the representative glass
properties at 1008 h remain essentially unchanged relative
to earlier times (H= 6.4 ± 0.2 GPa; E= 57.1 ± 0.7 GPa).
Measurements at the same positional region for other
aging times likewise show similarly stable properties;
load-displacement curves are shown in Fig. S1c. These
results confirm that the previous anomaly arose from
indents intersecting microcracks, whereas the intrinsic,
crack-free glass remains mechanically stable up to 1008 h.
The high dislocation and grain-boundary densities in

TGV-Cu, along with its complex grain orientations and
sizes, make its mechanical properties sensitive to micro-
structural evolution. A systematic EBSD analysis of TGV-
Cu microstructures before and after aging was conducted
in a region measuring 10 µm (width) × 300 µm (length),
matching the nanoindentation area.
Figure 2a shows inverse pole figure (IPF) maps for

samples aged for 0 and 1008 hours, and Fig. 2b provides
corresponding grain-size distributions. During aging at
250 °C, grain size increased rapidly from an average dia-
meter of 0.46 µm (0 hours) to 1.26 µm after 84 hours—a
nearly 300 % increase—aligning with the significant
decrease in hardness and modulus observed. Further
aging slowed grain growth, reaching an average diameter
of 1.86 µm by 1008 hours, representing a roughly 30%
increase compared to the 84-hour measurement.
Table 1 summarizes grain-size changes in the Top,

Middle, and Bottom regions of the via (each 10 µm ×
15 µm). Initially (0 hours), grain sizes were similar across all
regions. However, after aging, grains near the via openings
(Top and Bottom) grew significantly from 1.44 µm at
84 hours to 1.99 µm at 1008 hours. Conversely, grains in the
Middle region grew more slowly, increasing from 1.20 µm
to 1.34 µm over the same aging period. This regional dis-
parity explains the slower hardness reduction in the Middle
region and the pronounced microcracking observed in the
underlying glass substrate after 1008 hours.
During prolonged aging at 250 °C, electroplated copper

first undergoes recovery and recrystallization, releasing

stored energy within grains. Electroplated copper typically
has a fine-grained structure with high dislocation density,
causing recrystallization at temperatures well below cop-
per’s melting point, making 250 °C sufficient for this
process. Recrystallization produces randomly oriented
equiaxed grains and significantly reduces dislocation
density33.
Figure 2c, d present the statistical distribution and

spatial maps of geometrically necessary dislocation (GND)
density in selected EBSD scan regions. As grain size
increases, dislocation density decreases, dropping rapidly
from an initial 1.98 × 1016m-2 (0 hours) to 9.32 × 1015m−2

after 84 hours, and gradually to 3.82 × 1015m-2 by
1008 hours. This indicates that high-temperature aging
significantly reduces internal dislocation density in elec-
troplated copper. Overall, aging at 250 °C significantly
accelerates copper grain growth, homogenizes grain
orientations, reduces both dislocation density and grain-
boundary area, and thereby lowers the material’s lattice
distortion energy, stabilizing a low-dislocation
microstructure.
To clarify how copper grain size affects mechanical

properties, MD simulations were conducted on poly-
crystalline copper models with average grain sizes of 3, 4
and 5 nm34. A rigid Berkovich diamond indenter probed a
simulation cell measuring 200 × 200 × 260 Å containing
approximately 691,483 atoms; grain sizes were controlled
by varying the number of grains within the fixed cell.
During loading and unloading, the indenter advanced at
2.6 Å/ps to a maximum penetration depth of 4 nm. The
system was then equilibrated for 30 ps at 25 °C in an NPT
ensemble with a Nose–Hoover thermostat and a 1 fs time
step, using periodic boundary conditions and initial
energy minimization via the conjugate gradient method.
Figure 3a–c presents the atomic configurations and
indentation morphologies for each model, while Fig. 3d
shows the corresponding load–displacement curves. The
3 nm sample exhibited the highest peak load, and serra-
tions during loading–unloading indicate dislocation-
mediated plasticity and work hardening. Hardness and
elastic modulus were calculated by the Oliver–Pharr
method (ε= 0.75; A= 24.5 hc2). As shown in Fig. 3e,
hardness decreases from 0.50GPa at 3 nm to 0.43 GPa at
5 nm; modulus follows a similar trend, falling from 24GPa
to 19.3 GPa. These simulations corroborate experimental
findings that larger copper grains reduce micro-
mechanical strength in TGV–Cu35,36. The MD cell delib-
erately employs periodic boundary conditions and 3–5 nm
grains to isolate grain-boundary-mediated indentation
mechanisms (partial dislocation activity at grain bound-
aries with limited grain boundary sliding). This config-
uration is therefore used qualitatively to confirm the
monotonic grain-size trend (∂(H, E)/∂d < 0) rather than to
extrapolate absolute magnitudes to the sub-micron

Chen et al. Microsystems & Nanoengineering           (2026) 12:46 Page 4 of 11



experimental regime, where plasticity is dislocation-
controlled and follows conventional Hall–Petch behavior.
Thermo-mechanical responses in TGV–Cu depend

critically on copper grain morphology, orientation,

and spatial distribution37. Experimentally, EBSD mea-
surements show that the average Cu grain diameter
within TGV increased from approximately 0.46 µm to
1.86 µm as aging progressed from 0 to 1008 hours at 250
°C. To investigate the microstructural evolution and
thermomechanical behavior of Cu grains in TGV at an
aging temperature of 250 °C, a hybrid Q-state Pottsphase
field model was developed. This model integrates Monte
Carlo methods for discrete grain evolution with the Allen-
Cahn phase-field approach for continuous order para-
meter dynamics, coupled with thermomechanical calcu-
lations to account for thermal, elastic, and plastic
strains38,39.

Table 1 Grain-size statistics for the Top, Middle, and
Bottom regions of the TGV

Average grain size(μm) 0 84 h 168 h 504 h 1008 h

Top 0.56 1.44 1.54 1.78 1.99

Middle 0.58 1.20 1.23 1.28 1.34

Bottom 0.52 1.18 1.31 1.50 1.97
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In the class Potts model, the microstructure is dis-
cretized into a regular lattice grid, and each lattice site is
assigned a discrete state q 2 0; 1; :::;Q� 1, representing
distinct Cu grain orientations. The total energy of the

system is defined as:

EPotts ¼
X
i;j

J qi;qjð1� δqi;qjÞ ð3Þ
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Where Jqi;qj represents the interaction energy between
neighboring grain states, and δqi;qj is the Kronecker delta,
equaling 1 when qi ¼ qj (indicating sites within the same
grain) and 0 otherwise (indicating sites on a grain
boundary). The evolution of the system is governed by
the Metropolis algorithm. The energy difference ΔE
resulting from this proposed change is calculated, and
the acceptance of the new state is determined using the
probability:

PacceptðΔEÞ ¼ 1
1þ eΔE=ðkBTÞ

ð4Þ

The hybrid Potts–Phase field model introduces con-
tinuous order parameters ηqði; jÞ for each siteði; jÞ and q
denoting the grain orientations, ηq ¼ 1 indicates the site
ði; jÞ belongs to a grain with orientation q. The order
parameters evolve according to the Allen-Cahn equation:

∂ηq
∂t

¼ �L
∂F
∂ηq

ð5Þ

where L ¼ 4m=3lGB is the mobility, m is the temperature-
dependent grain boundary mobility calculated by m ¼
m0 expð�Qact=kBTÞ, in which m0 is the pre-exponential
factor, and Qact is the activation energy. The total free
energy functional F is defined as:

F ¼
X
i;j

XQ�1

q¼0

kη2qð1� ηqÞ2 þ α
X
qi≠qj

η2qiη
2
qj

2
4

3
5þ κη

XQ�1

q¼0

ð∇ηqÞ2 þ Eel

0
@

1
A

ð6Þ

where k and α are the bulk energy coefficients, κη is the
gradient energy coefficient, and Eel represents the elastic
energy contribution. In the hybrid model, the energy
change ΔEhybrid is calculated as:

ΔEhybrid ¼ ΔEPotts þ ΔEbulk þ ΔEgrad þ ΔEelastic

ð7Þ

A strain energy term Eel is introduced to capture the
impact of thermo-elasto-plastic effects on the micro-
structure evolution. Assuming an additive decomposition
of elastic, thermal, and plastic contributions to total
strain, Cauchy strain can be written in the following
expression:

ε ¼ εel þ εth þ εpl ð8Þ

Thermal strain was calculated as:

εth ¼ αthΔT ð9Þ

where αth is the coefficient of thermal expansion (CTE)
for Cu (αth ¼ 17 ´ 10�6;� C�1), and (ΔT ¼ 250�C�
25�C ¼ 225�C) is the temperature difference from the
reference state. For the Cu/Glass interface, the glass CTE
ðαth;Glass ¼ 3:2 ´ 10�6;� C�1Þ was applied to interface
points, introducing a thermal strain mismatch that
induces additional interfacial stress.
Elastic strain is derived from the global strain field,

adjusted by subtracting thermal and plastic strains:

εel ¼ ε� εth � εpl ð10Þ

A plane strain assumption was made to simplify the
thermo-elasto-plastic calculation. Considering the periodic
cell extended infinitely, the global strain field is computed
using a fast Fourier transform (FFT)-based approach.
Elastic properties were defined using anisotropic elastic
constants (E1; E2;E3; ν12; ν13; ν23) for 12 Cu orientations,
as Table S1. For glass interface regions, a Young’s modulus
of 74.8 GPa and Poisson’s ratio of 0.24 were used. The
stiffness matrix for each site (i,j) was defined as:

C ¼
C11 C12 0

C12 C11 0

0 0 C44

2
64

3
75; ð11Þ

where,

C11 ¼ Eavg

1� ν2avg
;C12 ¼ νavgEavg

1� ν2avg
;C44 ¼ Eavg

2ð1þ νavgÞ :

ð12Þ
where Eavg and vavg are averaged elastic constants adjusted
for different Cu orientations and Cu/Glass interfaces.
According to Stress-strain relationship:

σ ¼
σxx

σyy

σxy

2
64

3
75 ¼ C �

εxx

εyy

εxy

2
64

3
75 ð13Þ

the stress tensors’ components were calculated as:

σxx ¼ C11εelxx þ C12εelyy;

σyy ¼ C12εelxx þ C11εelyy;

σxy ¼ C44εelxy:

ð14Þ
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The elastic energy was computed as:

Eel ¼ 1
2
εel : σ ð15Þ

where εel and σ are the elastic strain and stress tensors,
respectively. The von Mises equivalent stress is computed
to assess plastic flow

σvm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
xx � σxxσyy þ σ2yy þ 3σ2

xy

q
ð16Þ

Plastic deformation was modeled using the von Mises
yield criterion, with yield strength dependent on grain size
via the Hall-Petch relationship:

σY ¼ σ0 þ kYffiffiffi
d

p ð17Þ

where σ0 ¼ 20MPa, kY ¼ 0:14MPa �m1=2, and d is the
grain diameter.
The hybrid model is simulated with a specified number

of Monte Carlo steps, and the following operations are
performed in each MC step; the input parameters are
presented in Table S2: First, the lattice map evolution is
performed based on the Potts model with Glauber
dynamics. Then, order parameters are evolved according
to the Allen-Cahn equation with thermal-mechanical
coupling based on the finite difference method. The glo-
bal strain field with periodic boundary conditions is cal-
culated by fast Fourier transform (FFT) to update the
elastic energy, calculate von Mises stress, and the plastic
strain field. The grain size is counted, and the yield
strength is calculated as the next plastic deformation
criterion.
The simulation results are shown in Fig. 4. During aging

from 0 to 1008 h, copper grains in the TGV rapidly
coarsen from a fine, random distribution, with a growth
rate that is initially fast and then slows (Fig. 4a). To ensure
consistency with experiment, we constructed the initial
microstructure from the measured initial grain size
(R0 ≈ 0.46 μm), set the pixel step to 0.5 μm, randomly
assigned grain orientations, and calibrated the mapping
between Monte Carlo steps and real time by repeatedly
comparing simulated average grain sizes with the
experimental data. As summarized in Fig. 4b, both
simulation and experiment follow the classical grain-
growth relation Rn � Rn

0 ¼ Ktðn � 6:52Þ, in good agree-
ment with measurements, confirming that the model
reproduces the overall growth trend. It can be observed
that grains with lower Young’s moduli (e.g., orientation 5)
grow faster than those with higher moduli (e.g., orienta-
tion 1). Figure 4c shows that, as grains coarsen, the von
Mises stress distribution evolves from being concentrated

at grain boundaries to a more relaxed state. When
accounting for the influence of grain morphology on
stress distribution in TGV–Cu, the average von Mises
stress in the Cu filling of the TGV decreases with
increasing grain size—this is because grain-boundary
regions bear higher stress, and smaller average grain
sizes entail more boundaries and thus higher overall
stress. Notably, high-modulus grains retain higher local
stresses than low-modulus grains. Figure 4d shows the
system’s total free energy decreasing rapidly over the first
200 hours and then leveling off, indicating a gradual
approach to thermodynamic equilibrium. Figure 4e shows
elastic strain energy decreasing with grain growth. Com-
paring grain maps (Fig. 4a) and stress fields (Fig. 4c)
reveals that “soft” (low-stress) grains preferentially grow,
while “hard” (high-stress) grains lag. Overall, the aniso-
tropic mechanical properties of copper grains in the TGV
markedly influence thermal-stress distribution during
aging: thermal stress drives the preferential growth of
grains with low Young’s modulus, reducing overall von
Mises stress. Consequently, as TGV–Cu ages, the copper
within the vias softens, rendering the structure more
compliant and susceptible to deformation.
To evaluate the electrical properties of TGV–Cu before

and after aging, I-V measurements were performed on
cross-sectional samples using a probe station coupled
with a Keithley 4200A-SCS parameter analyzer. Twenty-
micrometer wafer probes contacted TGV-Cu, applying a
voltage sweep from 0 to 10 V. During tests, probes con-
nected to the analyzer through coaxial cables monitored
electrical characteristics (Fig. S4). Figure 4f shows linear
I–V curves passing through the origin for all aging
durations, confirming ohmic conduction without break-
down or threshold-voltage behavior within the tested
range. The leakage current of samples at 10 V remained
below 10 nA, indicating excellent insulating quality. The
unaged sample demonstrated extremely high insulation
resistance and negligible leakage current. Insulation
resistance decreased rapidly to 2.5 MΩ after 84 hours and
further dropped to 1.6 MΩ at 168 hours, then declined
more gradually, stabilizing around 500 h and remaining
essentially unchanged up to 1008 h. All electrical mea-
surements were carried out in a dry inert ambient,
minimizing moisture-enabled ionic conduction. Cross-
sectional energy dispersive spectroscopy(EDS) after
1008 h revealed no continuous oxide/reaction layer at the
Cu/glass interface (Fig. S5), whereas SEM showed
microcracks within the glass adjacent to the interface.
These results underscore the excellent electrical perfor-
mance of the TGV–Cu structure: even after prolonged
high-temperature aging, although insulation resistance is
reduced, it remains at a high level. Taken together, the
stabilized resistance reduction is attributed primarily to
stress-assisted microcrack percolation along the Cu/glass
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vicinity—which locally shortens leakage paths—rather
than to a uniform interfacial oxidation or diffusion layer.

Conclusions
Through systematic experimental characterization and

computational modeling, this study demonstrates that high-
temperature aging at 250 °C profoundly alters the micro-
structure, mechanical integrity, and electrical performance

of electroplated TGV-Cu interconnects. Nanoindentation
and EBSD analyses reveal region-dependent softening, with
hardness and modulus decreasing most rapidly near via
surfaces due to grain coarsening, dislocation annihilation,
and stress relaxation. Molecular dynamics simulations
theoretically corroborate the inverse relationship between
grain size and micro-mechanical strength. We developed a
hybrid Q-state Potts-based phase field model that enables
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the investigation of the thermo-mechanical behavior of Cu
grains with different orientations in TGV during long-term
high-temperature aging. The simulation results show that
as grains grow, the overall von Mises stress in the structure
decreases. However, anisotropic mechanical properties
of different grains also significantly affect the stress
distribution: low-modulus grains with lower stress levels
preferentially grow, causing TGV-Cu to soften and deform
more easily during extended aging. Despite minor reduc-
tions in insulation resistance after prolonged aging, I–V
measurements confirm stable ohmic behavior without
breakdown. Collectively, these findings provide a compre-
hensive framework for predicting the long-term reliability
of TGV interposers and offer design guidelines to enhance
the robustness of heterogeneous integration platforms.

Methods
Sample preparation
The TGV samples were fabricated on Schott AF32

borosilicate glass substrates using a laser-induced deep
etching method. First, a Ti/Cu adhesion/barrier and seed
layer was deposited onto the via walls by magnetron
sputtering. A copper filling was then performed on both
sides by electroplating. After plating, the samples were
sequentially cleaned in deionized water and isopropanol
via ultrasonic agitation, blown dry with nitrogen, and
vacuum-dried at 60 °C. A subsequent anneal at 300 °C for
1 h was applied. Following electrical and mechanical
testing, the samples were sectioned to expose a cross-
section and reveal the Cu-filled TGV structure. The
specimens were ground using SiC papers of grit #80, #120,
#400, #600, #800, #1200, and #1500, then mechanically
polished with 2.5 µm and 0.5 µm diamond suspensions.
Finally, the cross-sections were ion-polished in a Hitachi
IM4000 Ion Mill to ensure a smooth, clear surface for
microstructural characterization.

Characterization
Nanoindentation tests were performed on a KLA iNano

nanomechanical testing system equipped with a diamond
Berkovich indenter. To evaluate the effect of 250 °C aging
on micromechanical properties, indentations were made at
30 µm intervals across the copper‑filled vias. The micro-
structural evolution of TGV–Cu during aging was analyzed
via scanning electron microscopy (SEM) on a Zeiss Gemi-
niSEM 360 at an accelerating voltage of 15 kV. Following
indentation, the imprint morphology was characterized
using a SENSOFAR 3D optical profiler. To elucidate the
influence of high temperature storage on microstructure
and its relevance to micro‑ and nanoscale mechanical
behavior, electron backscatter diffraction (EBSD) analyses
were conducted on a Thermo Scientific Apreo 2 C field‑e-
mission SEM equipped with an EDAX Velocity Super
detector at 20 kV, a 6.4 nA probe current, and a step size of

70 nm. Precise localization of the EBSD scan area was
achieved by correlating nanoindentation positions with
optical microscopy. For each TGV–Cu cross section, EBSD
data were collected over the entire via width (10 μm) by
length (300 μm). These datasets were analyzed using TSL
OIM software to extract grain size, crystallographic orien-
tation, and grain‑boundary characteristics.

Simulation
Molecular dynamics (MD) simulations were conducted

with the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS). Prior to nanoindentation, the
system was equilibrated under isothermal–isobaric (NPT)
conditions to achieve zero residual pressure in all spatial
directions. The loading and unloading of polycrystalline
copper models with varying grain sizes were simulated
using an embedded‑atom method (EAM) potential to
characterize Cu–Cu. Simulation outputs were visualized
using OVITO; dislocation types and lengths were quan-
tified via the Dislocation Extraction Algorithm (DXA).
The Delft University of Technology ECTM research
Group’s Q‑state Potts phase‑field (QPPF) package is used
to simulate grain growth. The QPPF package integrates
the Taichi (CPU backend) parallel programming language
within Python to accelerate large‑scale microstructure
simulations and capture the long‑term dynamics of
complex multiphase systems40.
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