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Abstract: In glass interposer architecture and its assembly process, the mechanical responses of
interposer structure under thermocompression process-induced thermal loading and generated
shrinkage of molding material are regarded as a major reliability issue. Thousands of metal-filled
via are involved in glass interposers and are regarded as a potential risk that can lead to cracking
and the failure of an entire vehicle. In this study, a finite element-based submodeling approach
is demonstrated to overcome the complexity of modeling and the relevant convergence issue of
interposer architecture. Convergence analysis results revealed that at least four via pitch-wide regions
of a local simulation model were needed to obtain the stable results enabled by the submodeling
simulation approach. The stress-generation mechanism during thermocompression, the coefficient of
thermal expansion mismatch, and the curing process-induced shrinkage were separately investigated.
The critical stress location was explored as the outer corner of the chip, and the maximum first
principal stress during the thermocompression process generated on the chip and glass interposer
were 34 and 120 MPa, respectively.

Keywords: TGV; thermocompression; finite element analysis; submodeling technique

1. Introduction

Among three-dimensional (3D) integration techniques of advanced electronic packag-
ing, interposer architecture is regarded as a promising solution for achieving 3D integration
with ultrafine pitch features. Interposer techniques based on mainstream semiconductor
materials, such as silicon (Si), have been widely developed in accordance with the advan-
tage of their compatibility with current semiconductor manufacturing processes. However,
Si interposers have limitations in cost and performance, depending on the wafer size and
usage ratio; moreover, they are limited by the poor electrical characteristics of Si itself.
Accordingly, glass-based interposer technology has been demonstrated to serve as a re-
placement for Si interposers. Glass has relative superior electrical properties, a manageable
coefficient of thermal expansion (CTE), low fabrication process cost, and prospective com-
patibility with next-generation panel fabrication processes [1–3]. Accordingly, glass-based
interposers are regarded as the most promising material to replace the Si-based interposer
technique; substantial literature has demonstrated the related technology, including the
fabrication, thermal treatment, and metallization processes [4–8]. The embedded integrated
circuit architecture with glass interposer has been demonstrated to meet the requirement
of fine line/space and high-density interconnections [9]. Thin glass interposers with a
fine via diameter and I/O pitch have been developed for specific applications for ultra-
high bandwidths [10]. From the viewpoint of mechanical reliability concern, the major
stress-generation mechanism results from the CTE mismatch between the components
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in interposer architecture. The time- and temperature-dependent protrusion behavior
of copper (Cu)-filled glass via (TGV) under different annealing temperatures and dwell
times has been analyzed [11]. A specific failure of radial and circumferential cracks has
been separately observed and attributed to the stress buildup during the heating and
cooling process in the annealing heat treatment procedure [12,13]. The critical stress loca-
tion of Cu-filled TGV has been explored as a Cu/glass interface because the mismatching
of the aforementioned material CTE, the slower ramp rate, and the decent dwell time
can help manage the thermal stress [14,15]. To reduce Cu protrusion-induced stress, a
conformal-type TGV has been demonstrated, and a fully-filled TGV with considerable
copper protrusion during thermal cycling was revealed [16]. The interfacial energy release
rate of the interface between Cu-filled TGV and different glass materials has been investi-
gated through the finite element analysis (FEA) simulation and analytical model [17]. For
different filling materials of TGV, the crack formation mechanism can differ considerably;
moreover, radial-type and circumferential-type cracks were found in electroplated Cu-filled
TGV and sliver-paste-filled TGV during the heating process in [18]. The structural layout
design factor of stress-to-size ratio was analyzed, and the analysis results showed that
the Cu via thickness considerably affected the stress behavior in the glass interposer and
should be carefully managed to reduce the stress and decrease the size of the package
in [19]. Similar structures on both sides of the glass panel were preferred in order to
minimize a process-induced warpage issue prior to assembly in [20]. The microfluidic
characteristics of TGV during the reflow process were investigated by experimental work
and demonstrated analytical model [21]. To study the critical mechanical characteristics of
TGV, a novel sample preparation procedure of free-standing TGV pillar was demonstrated,
and its mechanical properties were measured by the microcompression technique in [22].
The interactive influence of material and structural design of TGV architecture on thermal
stress and crack driving force were effectively estimated by the FEA simulation in [23].
Thermal cycling and high-temperature storage test were performed on the glass interposer
integrated with polymer-based dielectric material as passivation, and the tested results of
the electrical resistance of the vehicle remained at the original value after thermal cycling
in [24]. The fatigue life of Cu-filled via was demonstrated by the Coffin–Manson equation
integrated with Engelmaier’s model, and contributed to the quantitative estimation of the
mechanical reliability of the Cu via structure in [25]. Sometimes, the difference between
experimental and simulation results are caused by the microstructure variation or defects
contained in vehicle. Genetic algorithms and multi-response optimization are utilized in
studies to optimize and analyze the residual stresses with time-independent cyclic plasticity
in welding joints [26,27]. Multi-response optimization has also been used in hyper-elastic
materials characterization [28]. Due to the Cu protrusion phenomenon introduced in the
TGV interposer, an additional machine treatment might need to be performed. The relative
modeling setting concept of the roller was demonstrated and improved in [29]. The con-
tact behavior of the roller was comprehensively demonstrated by finite element method,
experimental analysis and analytical models in [30,31]. Electrical–thermal responses of
vias containing glass interposers, the temperature dissipation ability of Cu-filled via and
carbon nano tube(CNT)-filled via were analyzed, and the CNT-filled via showed 30 ◦C
lower temperature compared with the Cu-filled via in [32]. Different mechanical modeling
approaches were utilized to investigate the solder joint reliability of TGV-interposer-based
fan-out packaging in [33]. Warpage characterization of the glass interposer with chemically
shrunk epoxy molding compound (EMC) were estimated through experimental and simu-
lation work in [34]. Among the simulation work discussed was the mechanical response of
TGV interposer architecture. Most studies researched the warpage behavior of an entire
interposer, or estimated the stress induced by the annealing procedure on a TGV inter-
poser by analytical solution. However, those studies did not reveal the stress-generation
mechanism, and also overcame the complexity of the FEA mesh gridding issue of the
TGV interposer with a significant size mismatch between components. Accordingly, this
study demonstrated a process-oriented stress simulation approach integrated with the
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submodeling technique to analyze the mechanical reliability of the TGV interposer in the
thermocompression fabrication procedure. The major purpose of the simulation methodol-
ogy in the present study is to reveal how the roles in FEA modeling can obtain a stable and
reliable simulation result without excessive consumption of computing resources.

2. Structural Layout Design and Fabrication Process of Glass Interposer Architecture

Among current mainstream electronic packaging architectures, the epoxy molding
compound is an important component, the chemical shrinkage characteristic of EMC is an
additional stress-generation resource, and its influence on glass interposer architecture is
not explored systemically. For this reason, this study is mainly focused on the mechanical
responses of the glass interposer vehicle capped with thermocompressed EMC material.
A diagram of the utilized TGV interposer is illustrated in Figure 1. The stress-generation
mechanism introduced from the thermocompression procedure is investigated by the FEA
submodeling technique, and the detailed analysis flow is described in the next section.
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Figure 1. Illustration of mounted chip on TGV interposer and cross-sectional view of Cu-filled
glass via.

As shown in Figure 2, the glass interposer vehicle has the following characteristics:
100 mm × 100 mm area, four mounted Si chips with 10 mm × 10 mm area, and a 15 mm
gap between each chip; the thicknesses of the Si chip, glass interposer, and EMC are 0.2,
0.5, and 0.5 mm, respectively. The TGV of the glass interposer was designed with a 28-µm
via diameter and a 1-mm via pitch. The fabrication process of the aforementioned vehicle
is illustrated in Figure 3. The glass interposer with filled TGV was first prepared, and
then the chip was mounted upward at room temperature (25 ◦C). Afterward, the glass
interposer vehicle was placed upon the vacuum platform to prevent slides during the
process. After checking the stability of the vehicle, the chamber was preheated up to
130 ◦C, and then a compression load of 5.5 kgf/cm2 (0.539 MPa) was applied to accomplish
the curing process of the selected EMC. Tg of the selected EMC was 172 ◦C, so that the
CTE of EMC could remain at the same approximate level as other components during
the thermocompression process, especially the brittle Si chip and glass interposer. Finally,
the applied compression load was removed, and the glass interposer vehicle was cooled
down to room temperature to finish the entire fabrication process. The specific behavior
of the selected EMC material, i.e., chemical shrinkage, was 0.1083% under fully cured
conditions. This means the mechanical responses generated from the thermocompression
process can be divided into two major parts: the CTE-mismatch induced thermal stress, and
the stress introduced by the shrinkage of the EMC itself. Foregoing mechanical loadings are
unfavorable for the reliability of glass interposers in accordance with the Si chip, and glass
might have the risk of cracking failure occurrence. Accordingly, the finite element analysis
methodology was utilized in this study to reveal the influence of the thermocompression
process on glass interposer vehicles.
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material components.

3. FEA Modeling of Global Glass Interposer Architecture and Local TGV Array
Region Model Based on the Submodeling Technique

Submodeling techniques are a widely adopted modeling approach in simulation work,
and their major contribution is to overcome modeling complexity and scaling mismatch
between components in single FEA models. In the present study, the simulation work was
performed by the commercial FEA software ANSYS 2019R1 version, and the utilized glass
interposer architecture comprised a 100 mm × 100 mm interposer and microscaled Cu-
filled TGV with 28-µm via diameter. For this reason, designing the decent mesh gridding
of the constructed FEA model and extracting the converged numerical results by general
simulation methodology were difficult. Accordingly, the submodeling technique was
adopted to deal with the abovementioned issue. As illustrated in Figure 4, a one-quarter
FEA model of an entire glass interposer vehicle was built in accordance with the symmetry
of structure design and named as global model. Therefore, the inner side plane can be
regarded as a symmetric plane (accordingly, the UX and UY displacement degree of freedom
of left-sided plane and lower-sided plane were separately fixed), and all the displacement
degrees of freedom on the bottom of the central axis were fixed to prevent the rigid body
motion during simulation. In the global glass interposer model, the glass interposer within
the TGV was modeled as a mixed equivalent material to economize the computing resource
and improve the numerical convergence ability. Afterward, the region concerned was
defined as the local model and constructed with detailed components; that is, the Si chip,
glass interposer, Cu trace, and capped EMC in this study. The displacement field generated
from the thermocompression process of the global glass interposer model was extracted
and subsequently interpolated into the local model as the boundary conditions, and the
thermocompression process-induced mechanical responses are introduced in the region
concerned. Accordingly, the mechanical responses of the stress/strain distribution of the
microscale TGV region can be effectively simulated with decent computing resources.
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Figure 4. Flow chart diagram of the present submodeling simulation approach with the global
interposer architecture model and local region model.

Notably, the simulation results extracted by the submodeling technique should be
checked carefully in accordance with Saint Venant’s principle. To prevent the influence of
boundary condition on the stress/strain status of critical location, numerical convergence
analysis was performed. The size of the local model was controlled by the different
times of TGV pitch, and the critical first principal stress location and its magnitude were
checked for stability and convergence. In Figure 5, the FEA model with different pitch
and corresponding mesh gridding is presented, and the selected TGV pitch is defined as
2, 4, and 6. The boundary conditions of submodels were inserted into the displacement
field of each plane extracted from the global TGV interposer model, and to observe the
stress distribution away from the boundary conditions to prevent the stress concentration
phenomenon near the boundary. In accordance with the first principal stress contour of two
pitch local models, maximum stress was generated on the glass interposer. However, the
critical stress location could not be observed clearly, and whether this phenomenon resulted
from the adjacent boundary of the FEA model is unclear. To clarify this issue, the first
principal stress contour of the four- and six-pitch models is also illustrated in Figure 5; the
stress distribution and magnitude of the four- and six-pitch models was highly comparable,
and the trend of convergence was expected. Finally, the maximum first principal stress of
each model is summarized in Figure 6. About 14.61-, 2.76-, and 1.84-MPa first principal
stresses were separately observed on the two-, four-, and six-pitch local model, and the
corresponding element amount of the two-, four-, and six-pitch local models were counted
as 26,400, 105,600, and 237,600, respectively. On the basis of the abovementioned analysis,
the stability of the present submodeling approach was validated, and at least four TGV
pitch-wide regions of the local model were needed to obtain the reliable stress distribution
and magnitude.
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4. Results and Discussion
4.1. Thermocompression Process-Induced Stress Assessment of Glass with Various Chemical
Shrinkage Extents

As mentioned above, the mechanical responses introduced by thermocompression
are the CTE mismatch thermal stress integrated with the chemical shrinkage of EMC itself.
The CTE mismatch mechanism depends on the interactive effect of thermal mismatch
deformation between material components in the vehicle. By contrast, the shrinkage
behavior of EMC is relatively regulated by the composition of EMC, and the weight of
shrinkage-induced stress in the entire thermocompression process is affected. To explore
the influence of different shrinkage levels on the stress assessment of glass interposers,
a parametric study that considered different levels of chemical shrinkage extent was
performed. The chemical shrinkage of selected EMC under the fully cured condition
was 0.1083%, the foregoing shrinkage was defined as the standard condition, and several
variation levels (i.e., −50%, −30%, 30%, 50%, and 80%) were designed; the abovementioned
percentage means the change based on the standard shrinkage amount. The maximum first
principal stress of glass after fabrication at room temperature is summarized and illustrated
in Figure 7. Two positions on the inner corner and outer corner of the Si chip, named as
location A and B, were selected as the critical locations because the important CTE mismatch
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was generated between the Si chip and Cu trace (α = 3 ppm/K and α = 18 ppm/K) and
between the Cu trace and glass interposer (α = 18 ppm/K and α = 0.52 ppm/K), causing
potential risk of brittle fracture of the Si chip or glass interposer. Under different chemical
shrinkage levels, the first principal stress of glass on locations A and B remained stable
at 20 and 39 MPa, respectively. The first principal stress generated on location B was
significantly larger than that on location A; this phenomenon can be explained by the
distance from neutral point (DNP) effect. Accordingly, the harsher thermal deformation
and corresponding first principal stress occurred on location B as compared with the status
of location A. By contrast, the different levels of shrinkage did not affect the degree of
first principal stress of the glass, probably because the glass interposer underneath the Cu
trace and Si chip did not directly contact the capped EMC. Consequently, the additional
loading introduced from the shrinkage of EMC did not influence the stress status of the
glass interposer.
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To further investigate the mechanical reliability of the glass interposer during the fabri-
cation process, the stress status of locations A and B under applied pressure of 5.5 kgf/cm2

(0.539 MPa) and 130 ◦C curing temperature loading are illustrated in Figure 8. Similarly to
the trend presented in Figure 7, the introduced first principal stresses on location A and B
were stable, and those stress magnitudes were 81 and 121 MPa, respectively. The different
shrinkage deformation levels still had no considerable influence on induced stress. On
the basis of the aforementioned analysis results, the integrated effect of applied pressure
and raised temperature significantly enhanced the stress magnitude of the glass interposer.
Given that the applied pressure mainly acted on capped EMC, its influence hardly affected
the glass interposer through the Si chip and Cu trace. For this reason, the suddenly en-
larged first principal stress of the glass was considered to be generated by the 130 ◦C curing
temperature loading. Comparing the stress results of present study and Okoro’s data [12],
it is evident that the thermocompression process-induced stress can reach up to 121 MPa
under 130 ◦C curing temperature. In Okoro’s work, the TGV annealing procedure-induced
stress on the glass interposer was 400 MPa under general 420 ◦C annealing temperature,
and foregoing stress further enhanced the stress to 640 MPa with 650 ◦C annealing. It
seems that the annealing procedure is also an important stress-generation mechanism
of TGV interposer architecture and might cause the failure of the glass interposer. The
comprehensive study on stress investigation of the glass interposer under annealing and
thermocompression combined loading might should be explored in the future.
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4.2. Thermocompression Process-Induced Stress Assessment of Si Chip with Various Chemical
Shrinkage Extents

Another reliability issue is the potential risk of Si chip brittle fracture, especially the
applied pressure in the thermocompression process and chemical shrinkage, which is
easily imposed to the Si chip. The extracted first principal stresses on the inner and outer
corners of the Si chip and corresponding stress distribution are illustrated in Figure 9. The
simulated stress on location A was approximately linearly proportional to the increment of
the EMC shrinkage level. However, the stress generated at location B was concentrated
at the inside corner and was not purely dominated by DNP and the effect of shrinkage
deformation. This characteristic is considered the consequence of the CTE mismatch stress
discharged by the EMC shrinkage-induced stress at standard level. As the shrinkage level
of EMC increased, the introduced first principal stress was subsequently enhanced, and the
stress status of the observed location was dominated by the shrinkage deformation of EMC.
Moreover, the influence of CTE mismatch deformation became the major stress-generation
mechanism when the EMC shrinkage was suppressed below the standard shrinkage level
of 0.1083%.
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As shown in Figure 10, the first principal stress magnitude generated by the ther-
mocompression process at 130 ◦C on locations A and B were linearly proportional to the
chemical shrinkage level; this phenomenon is attributed to the shrinkage of EMC being
directly applied on the Si chip and compressing the chip. Moreover, the EMC was found to
have thermal stress-free status at 130 ◦C, indicating that the mechanical responses of EMC
were dominated by chemical shrinkage. Notably, the critical stress location was observed
on the inner corner of the Si chip (location A). This mechanism can be explained by the
competition between CTE mismatch-induced stress and shrinkage-induced stress. For
the stress status at the inner corner of the Si chip, the CTE mismatch stress was limited
because the distance between location A and the neutral point of the entire glass interposer
architecture was narrow, so that the corresponding DNP effect was not obvious. By contrast,
the CTE mismatch stress on the outer corner of the Si chip (location B) had the same stress
level as that of the shrinkage-induced stress. Accordingly, the stress status of location B
remained as a lower stress condition, and the critical stress location was revealed as the
inner corner of the Si chip.
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5. Conclusions

In this study, the mechanical responses of the thermocompression process generated
on glass interposer architecture were analyzed using an FEA submodeling technique.
Structural components of the Si chip and glass interposer and microscaled TGV were
effectively integrated, and the stress responses of critical locations that had potential brittle
failure risk were investigated. The numerical simulation accuracy and convergence stability
of the present submodeling approach were validated by a parametric study with various
local model regions. The analysis results revealed that at least four TGV pitch-wide regions
of the local model were needed to obtain the converged and reliable simulation results. The
present simulation methodology integrated with the process-oriented FEA simulation and
submodeling technique, effectively conquered the complexity of the mesh gridding design
of the TGV interposer architecture with significant size difference among components,
and also obtained stable and reliable FEA results. After the validation of the present
submodeling simulation approach, a parametric study, which considered the different
levels of chemical shrinkage introduced from EMC material after the thermocompression
process, was conducted. The stress distribution around the Si chip was observed because
of the notable CTE mismatching between the Si chip and EMC, the Si chip and Cu trace,
and the Cu trace and glass interposer. The maximum first principal stresses generated
on the Si chip before and after thermocompression procedure were 39 MPa and 24 MPa,
respectively. As a comparison, the first principal stresses on the TGV interposer separately
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induced before and after thermocompression were 120 MPa and 40 MPa. Based on the
aforementioned simulated stresses and strength of Si and the glass itself, the major failure
mode was considered as the brittle fracture of the glass interposer. The simulated results
showed that the first principal stress generated on the glass interposer was dominated
by the CTE mismatch mechanism rather than the shrinkage deformation of EMC. By
contrast, the first principal stress observed on the Si chip was proportional to the amount of
chemical shrinkage. Accordingly, the influence of two stress-generation mechanisms in the
thermocompression process, the CTE mismatch and the curing process-induced shrinkage,
were separately estimated via the demonstrated submodeling simulation approach.

Author Contributions: Conceptualization, S.-H.W., Y.-Y.L. and C.-C.L.; methodology, Y.-Y.L. and
P.-C.H.; investigation, Y.-Y.L. and P.-C.H.; writing—original draft preparation, S.-H.W. and P.-C.H.;
writing—review and editing, W.H. and C.-C.L.; supervision, C.-C.L. All authors have read and agreed
to the published version of the manuscript.

Funding: The Ministry of Science and Technology (MOST), Taiwan, R.O.C., provided financial
support for this research under contract numbers MOST 111-2221-E-007-075-MY3, and National
Tsing Hua University provided funding support for our Competitive Research Team (Project No.
111Q2710E1) through the Ministry of Education’s Higher Education Sprout Project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Töpper, M.; Ndip, I.; Erxleben, R.; Brusberg, L.; Nissen, N.; Schröder, H.; Yamamoto, H.; Todt, G.; Reichl, H. 3-D Thin Film

Interposer Based on TGV (Through Glass Vias): An Alternative to Si-Interposer. In Proceedings of the 2010 Proceedings 60th
Electronic Components and Technology Conference (ECTC), Las Vegas, NV, USA, 1–4 June 2010; pp. 66–73.

2. Sukumaran, V.; Bandyopadhyay, T.; Sundaram, V.; Tummala, R. Low-Cost Thin Glass Interposers as a Superior Alternative
to Silicon and Organic Interposers for Packaging of 3-D ICs. IEEE Trans. Compon. Packag. Manuf. Technol. 2012, 2, 1426–1433.
[CrossRef]

3. Wang, B.K.; Chen, Y.A.; Shorey, A.; Piech, G. Thin Glass Substrates Development and Integration for Through Glass Vias (TGV)
With Copper (Cu) Interconnects. In Proceedings of the 2012 7th International Microsystems, Packaging, Assembly and Circuits
Technology Conference (IMPACT), Taipei, Taiwan, 24–26 October 2012; pp. 247–250.

4. El Amrani, A.; Benali, A. A Study of Through Package Vias in A Glass Interposer for Multifunctional and Miniaturized Systems.
Microelectron. Reliab. 2014, 54, 1972–1976. [CrossRef]

5. Ogutu, P.; Fey, E.; Borgesen, P.; Dimitrov, N. Hybrid Method for Metallization of Glass Interposers. J. Electrochem. Soc. 2013, 160,
3228–3236. [CrossRef]

6. Zheng, L.; Zhang, Y.; Huang, G.; Bakir, M.S. Novel Electrical and Fluidic Microbumps for Silicon Interposer and 3-D ICs. IEEE
Trans. Compon. Packag. Manuf. Technol. 2014, 4, 777–785. [CrossRef]

7. Li, W.; Xiao, D.; Wu, X.; Hou, Z.; Chen, Z.; Wang, X.; Zhou, J. A New Fabrication Process of TGV Substrate with Silicon Vertical
Feedthroughs Using Double Sided Glass in Silicon Reflow Process. J. Mater. Sci. Mater. Electron. 2017, 28, 3917–3923. [CrossRef]

8. Usman, A.; Shah, E.; Satishprasad, N.B.; Chen, J.; Bohlemann, S.A.; Shami, S.H.; Eftekhar, A.A.; Adibi, A. Interposer Technologies
for High-Performance Applications. IEEE Trans. Compon. Pack. Manuf. Technol. 2017, 7, 819–828. [CrossRef]

9. Hu, D.C.; Hung, Y.P.; Chen, Y.H.; Tain, R.M.; Lo, W.C. Embedded Glass Interposer for Heterogeneous Multi-Chip Integration. In
Proceedings of the 2015 IEEE 65th Electronic Components and Technology Conference (ECTC), San Diego, CA, USA, 26–29 May
2015; pp. 314–317.

10. Tummala, R.; Nedumthakady, N.; Ravichandran, S.; DeProspo, B.; Sundaram, V. Heterogeneous and Homogeneous Package
Integration Technologies at Device and System Levels. In Proceedings of the 2018 Pan Pacific Microelectronics Symposium
(Pan Pacific), Big Island, HI, USA, 5–8 February 2018; pp. 1–5.

11. Okoro, C.; Maurey, P.; Pollard, S. Time and Temperature Dependence of Copper Protrusion in Metallized Through-Glass Vias
(TGVs) Fabricated in Fused Silica Substrate. IEEE Trans. Device Mater. Reliab. 2021, 21, 129–136. [CrossRef]

12. Okoro, C.; Jayaraman, S.; Pollard, S. Understanding and Eliminating Thermo-Mechanically Induced Radial Cracks in Fully
Metallized Through-Glass Via (TGV) Substrates. Microelectron. Eng. 2021, 120, 114092. [CrossRef]

13. Okoro, C.; Park, A.Y.; Allowatt, T.; Pollard, S. Elimination of Thermo-Mechanically Driven Circumferential Crack Formation in
Copper Through-Glass via Substrate. IEEE Trans. Device Mater. Reliab. 2021, 21, 354–360. [CrossRef]

http://doi.org/10.1109/TCPMT.2012.2204392
http://doi.org/10.1016/j.microrel.2014.07.108
http://doi.org/10.1149/2.038312jes
http://doi.org/10.1109/TCPMT.2014.2309680
http://doi.org/10.1007/s10854-016-6005-0
http://doi.org/10.1109/TCPMT.2017.2674686
http://doi.org/10.1109/TDMR.2021.3059227
http://doi.org/10.1016/j.microrel.2021.114092
http://doi.org/10.1109/TDMR.2021.3096931


Materials 2022, 15, 7357 11 of 11

14. Pan, K.; Xu, J.; Lai, Y.; Park, S.; Okoro, C.; Joshi, D.; Pollard, S. In-Situ Temperature-Dependent Characterization of Copper
through Glass Via (TGV). Microelectron. Eng. 2022, 129, 114487. [CrossRef]

15. Pan, K.; Xu, J.; Park, S.; Okoro, C.; Joshi, D.; Pollard, S. Investigation of Copper and Glass Interaction in Through Glass Via (TGV)
During Thermal Cycling. In Proceedings of the 2021 IEEE 71st Electronic Components and Technology Conference (ECTC), San
Diego, CA, USA, 1 June–4 July 2021; pp. 1660–1666.

16. Pan, K.; Okoro, C.; Lai, Y.; Joshi, D.; Park, S.; Pollard, S. A Comparative Study of The Thermomechanical Reliability of Fully-Filled
and Conformal Through-Glass Via. In Proceedings of the 2022 IEEE 72nd Electronic Components and Technology Conference
(ECTC), San Diego, CA, USA, 31 May–3 June 2022; pp. 1211–1217.

17. Ahmed, O.; Jalilvand, G.; Pollard, S.; Okoro, C.; Jiang, T. The Interfacial Reliability of Through-Glass Vias for 2.5D Integrated
Circuits. Microelectron. Int. 2020, 37, 181–188. [CrossRef]

18. Okoro, C.; Jayaraman, S.; Pollard, S. Monitoring of the Effect of Thermal Shock on Crack Growth in Copper Through-Glass Via
Substrates. In Proceedings of the 2021 IEEE 71st Electronic Components and Technology Conference (ECTC), San Diego, CA,
USA, 1 June–4 July 2021; pp. 304–309.

19. Benali, A.; Faqir, M.; Bouya, M.; Benabdellah, A.; Ghogho, M. Analytical and Finite Element Modeling of Through Glass Via
Thermal Stress. Microelectron. Eng. 2016, 151, 12–18. [CrossRef]

20. McCann, S.; Smet, V.; Sundaram, V.; Tummala, R.R.; Sitaraman, S.K. Experimental and Theoretical Assessment of Thin Glass
Substrate for Low Warpage. IEEE Trans. Compon. Pack. Manuf. Technol. 2017, 7, 178–185. [CrossRef]

21. Kuang, Y.; Xiao, D.; Zhou, J.; Li, W.; Hou, Z.; Chu, H.; Wu, X. Theoretical Model of Glass Reflow Process for Through Glass Via
(TGV) Wafer Fabrication. J. Micromech. Microeng. 2018, 28, 095004. [CrossRef]

22. Ahmed, O.; Jalilvand, G.; Okoro, C.; Pollard, S.; Jiang, T. Micro-Compression of Freestanding Electroplated Copper Through-Glass
Vias. IEEE Trans. Device Mater. Reliab. 2020, 20, 199–203. [CrossRef]

23. Ahmed, O.; Okoro, C.; Pollard, S.; Jiang, T. The Effect of Materials and Design on The Reliability of Through-Glass Vias for 2.5 D
Integrated Circuits: A Numerical Study. J. Multidiscip. Modeling Mater. Struct. 2020, 17, 451–464. [CrossRef]

24. Lee, C.K.; Wang, J.C.; Zhan, C.J.; Shen, W.W.; Fu, H.C.; Lee, Y.C.; Fan, C.W.; Chen, K.C.; Chang, H.H.; Lu, Y.J. Reliability Evaluation
of Glass Interposer Module. In Proceedings of the 2016 11th International Microsystems, Packaging, Assembly and Circuits
Technology Conference (IMPACT), Taipei, Taiwan, 26–28 October 2016; pp. 337–340.

25. Demir, K.; Armutlulu, A.; Sundaram, V.; Raj, P.M.; Tummala, R.R. Reliability of Copper Through-Package Vias in Bare Glass
Interposers. IEEE Trans. Compon. Pack. Manuf. Technol. 2017, 7, 829–837. [CrossRef]

26. Lorza, R.L.; García, R.E.; Martinez, R.F.; Calvo, M.Á.M. Using Genetic Algorithms with Multi-Objective Optimization to Adjust
Finite Element Models of Welded Joints. Metals 2018, 8, 230. [CrossRef]

27. Lostado, R.; Corral, M.; Martínez, M.Á.; Villanueva Roldán, P.M. Residual Stresses with Time-Independent Cyclic Plasticity in
Finite Element Analysis of Welded Joints. Metals 2017, 7, 136. [CrossRef]

28. Íñiguez-Macedo, S.; Lostado-Lorza, R.; Escribano-García, R.; Martínez-Calvo, M. Ángeles Finite Element Model Updating
Combined with Multi-Response Optimization for Hyper-Elastic Materials Characterization. Materials 2019, 12, 1019. [CrossRef]
[PubMed]

29. Martinez, R.F.; Lorza, R.L.; Delgado, A.A.; Pullaguari, N.O. Optimizing Presetting Attributes by Softcomputing Techniques to
Improve Tapered Roller Bearings Working Conditions. Adv. Eng. Softw. 2018, 123, 13–24. [CrossRef]

30. Lostado, R.; Martinez, R.F.; Mac Donald, B.J. Determination of The Contact Stresses in Double-Row Tapered Roller Bearings Using
The Finite Element Method, Experimental Analysis and Analytical Models. J. Mech. Sci. Technol. 2018, 29, 4645–4656. [CrossRef]

31. Illera, M.; Lostado, R.; Martinez, R.F.; Mac Donald, B.J. Characterization of Electrolytic Tinplate Materials Via Combined Finite
Element and Regression Models. J. Strain Anal. Eng. Des. 2014, 49, 467–480. [CrossRef]

32. Qian, L.; Xia, Y.; Shi, G.; Wang, J.; Ye, Y.; Du, S. Electrical–Thermal Characterization of Through Packaging Vias in Glass Interposer.
IEEE Trans. Nanotechnol. 2017, 16, 901–908. [CrossRef]

33. Wang, P.H.; Huang, Y.W.; Chiang, K.N. Reliability Evaluation of Fan-Out Type 3D Packaging-On-Packaging. Micromachines 2021,
12, 295. [CrossRef]

34. Shih, M.; Chen, K.; Lee, T.; Tarng, D.; Hung, C.P. FE Simulation Model for Warpage Evaluation of Glass Interposer Substrate
Packages. IEEE Trans. Compon. Pack. Manuf. Technol. 2021, 11, 690–696. [CrossRef]

http://doi.org/10.1016/j.microrel.2022.114487
http://doi.org/10.1108/MI-04-2020-0020
http://doi.org/10.1016/j.mee.2015.11.012
http://doi.org/10.1109/TCPMT.2016.2641164
http://doi.org/10.1088/1361-6439/aac405
http://doi.org/10.1109/TDMR.2020.2973940
http://doi.org/10.1108/MMMS-05-2020-0125
http://doi.org/10.1109/TCPMT.2017.2691407
http://doi.org/10.3390/met8040230
http://doi.org/10.3390/met7040136
http://doi.org/10.3390/ma12071019
http://www.ncbi.nlm.nih.gov/pubmed/30934792
http://doi.org/10.1016/j.advengsoft.2018.05.005
http://doi.org/10.1007/s12206-015-1010-4
http://doi.org/10.1177/0309324714524398
http://doi.org/10.1109/TNANO.2017.2722686
http://doi.org/10.3390/mi12030295
http://doi.org/10.1109/TCPMT.2021.3065647

	Introduction 
	Structural Layout Design and Fabrication Process of Glass Interposer Architecture 
	FEA Modeling of Global Glass Interposer Architecture and Local TGV Array Region Model Based on the Submodeling Technique 
	Results and Discussion 
	Thermocompression Process-Induced Stress Assessment of Glass with Various Chemical Shrinkage Extents 
	Thermocompression Process-Induced Stress Assessment of Si Chip with Various Chemical Shrinkage Extents 

	Conclusions 
	References

