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Experimental Evidence for the Impact of Copper Microstructure on Residual
Stress of Through Silicon Via
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Y School of Mechanical Engineering and Birck Nanotechnology Center, Purdue University, West Lafayette, 47907,
IN, USA

D Mechanical and Aerospace Engineering, University of California, Los Angeles (UCLA), Los Angeles,
California 90095, USA

(Dated: 12 June 2026)

Three-dimensional integrated circuits (3DIC) with Cu through silicon vias (TSVs) offer improved system
performance beyond front-end-of-line scaling. However, the residual thermal stress imparted by TSVs on the
surrounding silicon raises reliability concerns. This stress is dependent upon the mechanical properties of Cu,
which are dependent on its underlying microstructure owing to the metal’s anisotropic modulus. Smaller TSVs
magnify this microstructural effect due to the increased grain-to-via diameter ratio. Here, we experimentally
quantify the impact of Cu-microstructure on the TSV-induced residual stress within silicon. A 3-pm TSV
array was annealed at 400°C for 60 min, and the residual stress in the surrounding Si was imaged with
Raman spectroscopy at room temperature. The Cu surface microstructure was characterized with electron
backscatter diffraction (EBSD) to deduce the microstructure dependent elastic modulus. Mean Si residual
stress increased with the out-of-plane elastic modulus of Cu, which varies by 2x with the grain structure,
and the microstructural influence diminishes with increasing distance from the TSV. Together, these findings
provide direct experimental evidence linking copper microstructure to the residual stress within the Si near

a TSV, an effect that becomes increasingly prominent with the continued TSV scaling.

I. INTRODUCTION

The demand for high efficiency and low energy cost in
applications such as artificial intelligence and high per-
formance computing continues the push for higher per-
forming modern microelectronics!. However, with the
shrinkage of transistor size towards the atomic scale, lim-
its both physical and economic have slowed front end
of line (FEOL) scaling!. Innovation beyond the FEOL
are needed to accelerate the post-Moore era. Three-
dimensional integrated circuits (3DIC) provide a promis-
ing path, as it improves system performance on the pack-
age level without further scaling in FEOL?.

A through silicon via (TSV) is a vertical metal inter-
connect embedded into the Si itself. For 3DIC, TSVs-
sure are crucial, enabling vertical signal transmission and
power delivery through Si dies. This boosts system per-
formance by increasing interconnect density and reduc-
ing latency by shortening the signal path. TSVs also
allow heterogeneous integration of separately manufac-
tured known-good dies (KGDs) that reduce footprint and
improve cost efficiency?. The pursuit for ultra high band-
width in advanced memory applications and high-density
interconnect in backside power delivery continue to drive
the further scaling of TSV size to 1 ym and below®.

Despite the benefits TSVs’ provide, thermomechani-
cal reliability issues arising from coefficient of thermal
expansion (CTE) mismatch is an inherent challenge of
the heterogeneous system*®. TSVs are multi-layer struc-
tures made of a metal pillar (usually Cu) embedded into
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Si and surrounded by adhesion layer, anti-diffusion bar-
rier, and dielectric insulator®”. The CTE of Cu is six
times that of Si, however. Thermal stresses ultimately
causing structural failure can, therefore, develop both
during the fabrication and operation of 3DICs employing
TSVs289, Moreover, thermal stress affects Si’s mobility
and thus circuit performance owing to the semiconduc-
tor’s piezoresponse'C. It is, therefore, vital to understand
the characteristics governing the TSV-induced stress so
that designs and processes can be developed mitigating
the impact of the inherent CTE mismatch.

For larger TSVs (> 10pm), stress can be well described
with isotropic models'''7, where the mechanical prop-
erties of Cu are assumed to be independent of its mi-
crostructure. An isotropic response of the metal core, in
turn, results in identical stress profiles from one TSV to
the other. Despite the highly anisotropic properties of
single crystal copper'®, the isotropic assumption is valid
for large-sized TSVs because at this scale each TSV pos-
sesses hundreds of randomly-oriented grains. The large-
ensemble of randomness “adds up” to a quasi-isotropic
response!?. However, as size of TSV scales down, Cu
grain size becomes comparable to the TSV diameter?’.
When this occurs, there are no longer enough grains
to “average out” all directional dependence from the
anisotropic response intrinsic to the material?!. With
the continued scaling of TSV, the grain structure of Cu
will have, therefore, a more pronounced impact on the
TSV-induced thermal stress.

The anisotropic behavior of Cu TSVs have been previ-
ously investigated both experimentally and computation-
ally underscoring how variation in the Cu-microstructure
could impact the stress induced by the TSVs!921729,
Electron backscatter diffraction (EBSD), for example,



images the Cu grain structure within the TSVs pro-
viding a foothold linking microstructure to variations
in mechanical properties®®?*. Nanoindentation, mean-
while, has directly quantified the microstructure depen-
dent change in elastic modulus within the cross section of
the Cu within a TSV.28. This knowledge has been lever-
aged computationally to assess the implications of this
microstructural dependence on the thermal stress within
the TSV and the surrounding silicon. Finite element
analysis (FEM)?2:26 phase field method??®| technology
computer-aided design (TCAD)?®, and crystal plasticity
finite element (CPFE) method?”, have each been used to
assess the thermomechanical response of polycrystalline
Cu TSV, consistently demonstrating the non-trivial im-
pact of Cu-microstructure on thermal stress.

Even as Cu-microstructure is known as a direct deter-
minant of the thermomechanical response direct exper-
imental measurements linking silicon stress to the cop-
per microstructure remains lacking. Recognizing this, we
experimentally studied the impact of Cu-microstructure
in a TSV on the resulting residual stress within the
surrounding silicon. Practically, a 3-pm diameter TSV
sample was annealed at 400°C for 1-hour, and residual
stress within the surrounding Si was imaged with Raman
spectroscopy at room temperature. The resulting stress
images within the silicon were compared to the varia-
tion in effective elastic modulus of the polycrystalline
Cu-cores deduced from the microstructure imaged with
EBSD. By correlating Raman-imaged TSV stress with
Cu grain structure, we provide direct experimental ev-
idence highlighting the impact of Cu-microstructure on
TSV-induced thermal stress in silicon showing a direct
correlation between silicon stress and the effective out-
of-plane modulus of Cu.

Il. MATERIALS AND METHODS

TSV arrays with a diameter of 3 pm, a height of 21 um,
and pitches ranging from 6 pm to 12 pm were fabricated
on alx1cm? Sisubstrate with a thickness of 525 pm.
The TSV array was first patterned with photolithogra-
phy and etched with deep reactive ion etching (DRIE).
A 15-nm SiOs insulator was then deposited with plasma
enhanced atomic layer deposition (PEALD), followed by
physical vapor deposition (PVD) sputtering of 100-nm
Ta barrier and 300-nm Cu seed. The deep trench was
then filled with electroplated copper. Chemical mechan-
ical polishing (CMP) was performed to remove the ex-
cessive copper on the top surface and reveal the Si/SiOq
substrate. The detailed fabrication process flow and pro-
cess optimization can be found in our previous paper3®3!.
Figure 1 shows both top views of polished TSV arrays
accompanied by a scanning electron microscope (SEM)
image of TSV cross sections prepared using a focused ion
beam (FIB).

The TSV arrays were then thermally annealed at
400°C for one hour in a high-temperature furnace purged

FIG. 1. Fabricated 3-pm Cu TSV array. Optical microscope
images of polished top surface of TSV arrays with (a) a 6-pm
pitch and (b) a 12-pm pitch. (b) SEM/FIB image of TSV
cross section with a opening of 3.4 pm and a height of 21 pm.

with forming gas (98% nitrogen and 2% hydrogen). An-
other CMP step was performed after annealing to remove
Cu-protrusion and improve the smoothness of the top
Cu surface, enabling high-quality characterization of Cu-
microstructure with EBSD. The grain structure of TSV
array was then imaged on the top surface with electron
beams at 20 kV and 0.4 nA and a step size of 150 nm.

Microstructural data obtained with EBSD was post-
processed with AZtec Crystal software, which reduced
the noise and provided pixel-level determination of grain
orientation (see Figure 2a). In practice, the pixels of cop-
per were segmented into grains with a misorientation cri-
terion of <10° by a Python script (see Figure 2b). The
elasticity matrix of each grain was then determined by
its crystal orientation using an algorithm adopted from
the study of Zhang et al.?3. With the elastic modulus
of each grain determined, the effective elastic modulus of
each Cu core was evaluated by volume-weighted average
derived from the individual Cu grains’ elasticity matrix,
using Hill’s averaging method3?.

Crnean = % (Z fiCi+ (Z fi5i>1> (1)

where Chean is the average stiffness matrix of the Cu
core, C; and S; are the stiffness matrix and the com-
pliance matrix of i-th grain, and f; is i-th grain’s vol-
ume fraction estimated using equivalent grain diameter.
Figure 2c¢ shows the histogram of effective out-of-plane
Young’s modulus deduced from the EBSD analysis for
187 separate T'SVs, where a variation of 2x is observed
spanning from 80 GPa to 160 GPa.

Residual stress within the Si surrounding the TSV ar-
ray was quantified with Raman spectroscopy at room
temperature. The scan was performed in a WiTec al-
pha300R system with in a backscattering arrangement.
A 532-nm laser was focused to a diffraction limited spot
size on the top surface of Si with a 100x/0.9 objective
at a laser flux of <10mW/pm? to minimize the laser
self-heating. Image scans were performed by rastering
laser on the sample at a step size of 300 nm with a
piezo-stage. Day-to-day variation of stress-free Si shift
was calibrated by daily examination of Raman shift on



C)

Probability Density

80 100 120 140 16
Ez mean (GPa)

Equivalent Diameter (um)

FIG. 2. Microstructure of Cu TSV and evaluation of elasticity
matrix. (a) Inverse pole figure (IPF) of a 5 x 5 TSV array
shows the crystal orientation. (b) Pixels on Cu are segmented
into grains with a misorientation criterion of < 10° with most
exhibiting a an equivalent diameter of ~1 pm. (c) Histogram
of 187 TSVs indicates the variability of z-directional Young’s
modulus.

a bare Si sample, and drift of laser wavelength in long-
duration scans (>10 hours) was corrected by tracking
measured changes of the same location with time. Biax-
ial stress (o) on Si (001) was calculated by a standard
formula linking the measured Raman shift (w) to the ref-
erence position (wp) on the stress-free reference sample
via ¢ = (w — wp)/D, where D = —3.6 cm™!/GPa is
a known calibration coefficient3334. A biaxial stress as-
sumption is applied to evaluate the average residual stress
around copper TSV near the Si surface, and the correla-
tion between Raman shift and stress level was validated
in previous studies®334. The details of system setup and
calibration can be found in our previous work?Y.

I1l. RESULTS AND DISCUSSION

The stress and microstructure of a 10 x 5 TSV array
with a pitch of 12 pm was investigated using a combi-
nation of Raman and EBSD imaging to link how the
Cu-microstructure impacts the mechanical state of the
silicon. Figure 3a shows a combined microstructure-
stress map, where Cu crystal orientation is represented
with colors assigned via the inverse pole figure (IPF)
and Raman-measured stress is depicted with a yellow-
orange-brown color scale. Although the geometry of TSV
remained consistent throughout the array, the profile,
as well as the magnitude of stress within the Si, varies
considerably from one TSV to the other. Conventional
isotropic models!! predict TSV stress merely based on
geometric factors and homogeneous mechanical proper-
ties. Therefore, those models fail to explain the observed
TSV-to-TSV difference, and additional contributing fac-
tors, such as microstructure, must be accounted for.

Figures 3b and 3c provide enlarged views of two TSVs
with the same geometry but distinct microstructures,
where one of them contains more than 10 grains and the
other is closer to single crystal for the top portion of the
TSV measured by EBSD. Comparing their stress fields,
the more polycrystalline TSV (Figure 3b) exhibits lobes
of both tensile and compressive stress within the Si. The

heterogeneous Cu-microstructure leads to a varied stress
within the Si. The more uniform microstructure of Fig-
ure 3c, in contrast, leads to a more uniform tensile stress
profile in the Si. Taken together, the characteristics of
stress fields are consistent with that of Cu-microstructure
influencing both the magnitude and distribution of the
stress in the silicon. Cu-microstructure alters the ef-
fective moduli of TSV and, therefore the magnitude of
Si-stress. Therefore, we conclude that the TSV-to-TSV
variation of residual stress within the silicon is due to the
distinct microstructure of the individual metallic cores.

Y (um)
Stress(MPa)

[111;

FIG. 3. Microstructure and residual stress of a Cu TSV array
with 12 pm pitch. (a) Mixed stress and crystal orientation
map. Crystal orientation of Cu is denoted with IPF colors,
and level of Si biaxial stress is plotted in a yellow-orange-
brown scale. Detailed views of TSVs (b) possesses more than
10 grains and (¢) dominated by single grain. The enlarged
regions in (b) and (c) are denoted with dotted boxes sur-
rounding their location in the original map of (a).

To support this conclusion, the correlation between
microstructure and the magnitude of the residual stress
within the silicon was investigated. To do so, coordi-
nates of a given TSV center were first determined. A
ring-shaped band was then defined by two concentric cir-
cles each centered with the copper core of a TSV having a
width (i.e., distance between two concentric circles) fixed
at 1 pm, an example of which is shown in Figure 4. The
mean stress within the silicon surrounding a TSV was
then calculated by calculating the average stress of all
pixels within this band. The average stress could then be
compared to the average effective modulus of the grain in
the out of plane direct (F,). To further assess the spa-
tial extent of the Cu-microstructure’s influence on the
Si, the location of this band was also varied by altering
the magnitude of the inner and outer radii while keep-
ing their difference constant at 1 pm. By specifying the
location of the band with the average radius (r) of in-
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ner and outer circle—corresponding to the distance from
the center of band to that of TSV—the spatial extent of
Cu-microstructure on Si stress was investigated.
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FIG. 4. Calculation of mean residual stress of TSV. (a) Pixels
are segmented into ring-shaped bands with a distance of r =
2.5 pm to the center of adjacent TSV and a width of 1 pm.
TSV centers are denoted with purple crosses. (b, ¢) Enlarged
view of stress bands of two T'SVs. The location of the enlarged
regions within the array are denoted with dotted boxes in the
original map of (a).

The magnitude of stress in the silicon correlates with
the effective modulus of the Cu in the TSV and thus
its microstructure. Shown in Figure 5, the correlation
between stress and effective Young’s modulus of Cu is
evaluated at two different distances, namely r = 2.5 pm
and r = 4.5 nm from the TSV core. At r = 2.5 pm,
the inner circle of the band is located close to the Si-
Cu interface, and a pronounced positive correlation is
observed between z-directional elastic modulus and mean
stress of TSV (see Figure 5a). A p-value of p < 1074 is
obtained with linear regression, proving the statistical
significance of the correlation.

The positive relationship between stress and z-
directional modulus can be explained by microstructure-
dictated minimization of elastic strain energy. Elastic
strain energy scales with directional elastic modulus (E)
and elastic strain (€). The elastic strain energy in the
out-of-plane direction can be expressed as U, ~ E,€2.
With a larger z-directional modulus, the minimization of
strain energy during thermal processes tends to decrease
deformation in z direction. Meanwhile, a larger E, corre-
sponds to smaller elastic moduli in the x and y directions,
allowing larger in-plane strains. Consequently, Cu TSVs
with larger E, tend to undergo larger in-plane expan-
sions, squeezing more significantly against surrounding
Si and leading to a higher level of Si stress. The cor-
relation between the grain-dictated elastic modulus and
stress demonstrates the important role of microstructure

in predicting residual stress of 3-um TSVs. As the size
of TSVs continues shrinking, combined grain-diameter
analysis is needed to further understand the thermome-
chanical response of scaled TSVs?.

The influence of the metal microstructure decays with
distance away from the TSV underscoring how scaling
will heighten the importance of this effect as via spac-
ing approaches the zone affected by the microstructure.
Qualitatively, the spatial decay of the microstructural in-
fluence on Si-stress is seen by comparing the correlation
with effective modulus at a distance of r = 4.5 pm and
r = 2.5 nm from the core. Even as both show a positive
correlation with effective modulus, the effect is demon-
strably weaker further away from the TSV core (com-
pare Figures 5a and b). To quantify the spatial decay
of the microstructural influence on Si-stress, a linear re-
gression was performed to fit stress (o) as a function of
z-directional modulus (FE.) as a function of distance from
the Cu-core. The resulting fitted slopes (i.e., do/OFE.,),
representing the sensitivity of the Si-stress to the Cu-
microstructure, are plotted in Figure 5c. The magni-
tude of TSV-induced stress in Si decreases in a inverse
parabolic manner'! with distance, leading to a reduc-
tion in the sensitivity by a factor of 2 at a distance ap-
proximately equal to the TSV-radius. Effectively, the
anisotropic characteristics of stress field diminish as it
is being developed in the less-anisotropic Si substrate3®.
This is a natural consequence of Saint-Venant’s principle.

IV. CONCLUSIONS

The impact of Cu-microstructure on the thermome-
chanical residual stress of TSVs with a diameter of 3 nm
was investigated by comparing Raman stress imaging and
EBSD grain characterization. Stress measured in the sil-
icon near the TSV increases with the magnitude of the
out-of-plane elastic modulus of copper determined by the
Cu-microstructure. This positive correlation is explained
with minimization of elastic strain energy. The observed
microstructural dependence of Si-stress diminishes with
distance from the Cu-core, having a decay length on the
order of the TSV diameter. Together, this study experi-
mentally demonstrates the impact of Cu-microstructure
on residual stress in the silicon surrounding TSVs and
highlights how this effect will likely become more promi-
nent as the diameter and spacing between vias continues
to decrease role with the continued scaling needed for
advanced 3DIC.
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FIG. 5. Dependence of residual stress (o) on z-directional elastic modulus (E.) at varying distances from the TSV center.
Residual stress as a function of z-directional elastic modulus at (a) » = 2.5 pm and (b) » = 4.5 pm. A significant positive
correlation is observed in the region close to TSV (r = 2.5 nm), whereas the trend becomes less prominent at a larger distance
(r = 4.5 pm). Confidence of correlation is examined with linear regression. The blue dots represent experimental data and the
red dotted line denotes the linear fit. The 95% confidence interval are plotted as red bands. (c) The fitting slope (0o /0E.)
quantifies the sensitivity of residual stress to the Cu-microstructure near the TSV. The fitted slope decreases with increasing
distance from the TSV center, indicating a diminishing influence of Cu-microstructure on residual stress. The distance from

TSV center (r) is normalized with radius of TSV (R).
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