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A B S T R A C T   

Glass has been proposed as a promising material for interposer because of its outstanding material properties. 
The development of through-glass via (TGV) technology is the most challenging process in the fabrication of glass 
interposers. This study investigates thermomechanical responses of TGVs induced by thermal loading. Optical 
profilometry was used to measure the protrusion of copper vias during thermal cycling. The TGV was heated 
from room temperature (RT) 23 ◦C to 400 ◦C and then cooled to RT. The height of an irreversible copper pro
trusion was recorded at different temperatures. In-plane deformation of the glass caused by thermal mismatch is 
investigated. Two-dimensional digital image correlation (2D DIC) was applied to measure the in-plane defor
mation of the glass near the copper via during thermal cycling. The in-plane displacement of the glass near 
copper vias reached its maximum around 250 ◦C, then started decreasing because of the copper protrusion and 
the significant creep of copper material at elevated temperatures. The effect of temperature ramp rate (4 ◦C/min, 
15 ◦C/min, 30 ◦C/min, 50 ◦C/min) on the in-plane deformation of the glass was studied. The in-plane defor
mation of the glass can be reduced be applying slower ramp rate, because more significant creep occurs in the 
copper with slower ramp rate which alleviates the CTE mismatch-induced thermal stress at the copper-glass 
interface. Measurements were conducted to study the creep behavior of the copper via at different tempera
tures with one hour duration. Each of four TGV samples was heated to a peak temperature, 100 ◦C, 200 ◦C, 
300 ◦C, and 400 ◦C, respectively, and the temperatures were held for 1 h. The glass in-plane displacements were 
measured by a 2D DIC. Numerical simulations were performed to provide an insight into the thermomechanical 
behavior of the copper vias and the glass during thermal cycling. The equivalent creep strain of the copper and 
the maximum principal stress of the glass are presented based on the simulation results.   

1. Introduction 

As an effective method to realize connections between silicon dies in 
2.5D and 3D chip architectures, through-silicon-via (TSV) interconnect 
technology has been widely applied in many high-end products, such as 
memory, high-speed logic, and processing applications [1–3]. However, 
glass has been demonstrated as a next-generation interposer material 
because of its outstanding material properties, including an adjustable 
coefficient of thermal expansion (CTE), good surface quality, excellent 
electrical performance in high-frequency devices, and low thermal 
conductivity that can help avoid thermal coupling among chips in 2.5D 
and 3D IC integration [4–6]. Compared with a silicon interposer, a glass 
interposer can be manufactured with larger panel sizes, finer pitches, 

and thinner thicknesses, which makes glass a more cost-effective and 
manufacturable interposer material than silicon [7]. Moreover, a glass 
wafer can be fabricated from different materials to achieve desired 
chemical and physical properties for different applications [8]. 

The manufacture of glass interposers involves forming TGV, copper 
plating, chemical and mechanical polishing (CMP), dielectric forming, 
seed deposition, photolithographing, Cu/Au/Ni plating, seed etching, 
and cover layer forming [6]. Similar with TSVs, the thermal mismatch 
between copper and glass can cause various reliability issues, such as 
glass cracking, copper via protrusion, and copper via sliding and 
delamination [9–11]. Conventionally, an annealing process after the 
copper plating and CMP will stabilize the microstructure of electro
plated copper [12–14], reduce the residue stress in copper vias, and 
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eliminate the protrusion of copper vias induced by the plastic defor
mation and creep of copper at elevated temperatures [15–19]. The 
thermomechanical response to the annealing profile was extensively 
studied by the authors [5,15,20,21]. A thermal profile of 20 min at 
400 ◦C was reported to be the optimal post-plating annealing condition 
for TSV [20,22]. N. Ranganathan et al. [23] and Xi Liu et al. [24] 
numerically studied the thermomechanical stress of TSV under thermal 
loadings. They found that large stress gradients and plastic deformation 
occurred near the edge of copper vias, which can cause interfacial 
delamination and dielectric layer cracking. The interfacial reliability of 
TGV can be improved by strengthening the adhesion between the copper 
and glass through increased surface area and mechanical locking with 
the roughened surface [25,26]. Design parameters of the copper via 
including its diameter, aspect ratio, and pitch have significant effects on 
the thermomechanical reliability [27–29]. The stress induced by the 
thermal mismatch can be alleviated by reducing the via diameter and 
interposer thickness or increasing the pitch of the vias. However, the 
practical range of the TGV aspect ratio is limited by the process capa
bilities for copper plating and the deposition of the dielectric and seed 
layer. 

In this paper, temperature-dependent in-situ measurements tech
niques were used to characterize Cu TGVs. Using white light interfer
ometry technique, Cu protrusion of TGVs were assessed. And a 2D digital 
image correlation (DIC) technique was used to characterize the in-plane 
deformation of the glass near the Cu TGVs, for different ramp rates, 
dwell times and maximum temperatures. Numerical simulation was 
performed to better understand the overall thermomechanical behavior 
of the TGV sample during the thermal cycling. 

2. Experiment setup and TGV sample preparation 

The glass substrate used in this work was high purity fused silica 
(Corning® HPFS® Fused Silica) glass (CTE 0.5 ppm/◦C). After holes 
were made in the glass substrate, titanium (Ti) adhesion layer was 
deposited, which was followed by copper (Cu) seed layer deposition. 
Thereafter, by electroplating, the TGVs were fully filled with Cu. The 
wafer was subsequently subjected to a chemical-mechanical polishing 
(CMP) step to remove the excess overlaying Cu overburden. The sche
matic of the structure used in this study is shown in Fig. 1. The via shape 
is cylindrical with diameter of 45 μm and they are distributed evenly in 
glass with a different pitch in X and Y direction. The size of the TGV 
samples is 15 × 8 × 0.28 mm (length × width × thickness). 

An optical profiler (Wyko) was used to measure the copper protru
sion height at different temperatures. A Linkam chamber is placed on the 
stage under the objective of the Wyko. This chamber has both low 
temperature (using liquid nitrogen) and high temperature (hotplate) 
capability and enables in-situ copper protrusion measurement. The in- 
plane deformation of the glass during thermal cycling was measured 
by the 2D DIC. As shown in Fig. 2, the 2D DIC system consists of a 5- 
million-pixel CCD camera with a 20× magnification lens, a linear 
stage, and a stepper motor that can adjust the vertical motion of the 
linear stage. The camera and the step motor were controlled by a pro
gram to realize automatic focusing. The Linkam chamber was used to 
provide the required thermal conditions for the measurement. 

In the 2D DIC measurement, the subset size is set as 2 × 2 μm so that 
in total about ten thousand data point are collected. In addition, the 
measured surface needs to have a unique feature so that the changes of 
sample images at different temperatures can be tracked by the DIC al
gorithm [30–32]. An electro-spraying was employed to generate a 
random, unique pattern on the top surface of the TGV sample. Silica 
nanoparticles (100 nm in diameter) were mixed in methanol to form a 
homogenous solution. High voltage was applied to the solution so that 
silica nanoparticles were charged and sprayed on the surface of the TGV 
sample to generate a random pattern (Fig. 3). 

3. Experimental results 

3.1. Copper via protrusion 

Copper via protrusion height at different temperatures was measured 
using an optical profiler. The field of view of (FOV) o the optical profiler 
was 320 × 240 μm, which covered 3 copper vias. The height of copper 

Fig. 1. The schematic of the TGV sample (left), and a patterned copper 
via (right). 

Fig. 2. The schematic of 2D DIC system.  

Fig. 3. Electro-spraying sample preparation technique.  
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vias was initially 0.2 μm lower than the top surface of the glass substrate 
at RT because of the overburden copper removal process. The profile of 
one thermal cycle increased from RT to 400 ◦C with a 50 ◦C/min ramp 
rate, then cooled to RT by liquid nitrogen (LN2) with the same ramp 
rate. The average copper protrusion height (Havg) of the 3 vias in the 
TGV sample was measured after the cycle. Here, Havg represents the 
difference between the average height of the vias' top surface and the top 
of the glass substrate that surrounded each via. As shown in Fig. 4, Havg 
of the 3 vias increased from − 0.2 μm to about 1.7 μm when the tem
perature ramped up to 400 ◦C. An average irreversible copper protrusion 
of 1.3 μm remained when the TGV sample was cooled to RT after 1 cycle. 
By the performance of this in-situ temperature-dependent measurement, 
the elastic component of Cu protrusion was determined to be 0.4 μm. 

The profile of Havg can be divided into 3 stages, A, B, and C based on 
its slope (Fig. 5). Stage A is from RT to about 250 ◦C. In this stage, the 
copper remained within the hole. Because of the constraint of the sur
rounding glass substrate and the adhesion force at the copper-glass 
interface, Havg increased relatively slowly. When the temperature 
reached 250 ◦C, Havg was about 0 μm, which meant copper started to 
protrude from the glass substrate (stage B). In stage B, which lasts until 
400 ◦C, Havg increased significantly faster compared with stage A, which 
was caused by the plastic deformation and creep of the copper at 
elevated temperature once the copper vias extended past the glass. 
Additionally, the upper portion of the copper was free from the 

interfacial adhesion force and the constraint of the glass substrate, 
which accelerated the growth of the copper protrusion height. In stage 
C, the TGV sample was cooled from 400 ◦C to RT. The irreversible 
copper protrusion was about 1.3 μm after one thermal cycle because of 
the plastic deformation and the creep of the copper. Similarly, the 
copper protrusion of another four samples with different ramp rates 
(50C/min, 30C/min, 15C/min, and 4C/min) were measured to study the 
effect of the ramp rate on the copper protrusion (Fig. 6). The results 
show that the copper protrusion height increases significantly with a 
slower ramp rate, because more significant creep and plastic deforma
tion occur in the copper during the thermal cycling with slower ramp 
rate. A subsequent polishing can remove the copper protrusion to avoid 
a reliability issue at the back-end-of-line (BEOL) structure. 

Moreover, the copper protrusion was measured at low temperatures. 
A TGV sample was cooled from RT to − 40 ◦C with a ramp rate 50 ◦C/min 
and reheated to RT. The copper behaved elastically, and no irreversible 
protrusion was observed, therefore, Havg changed linearly with the 
temperature (Fig. 7). 

3.2. In-plane deformation of glass 

Large thermomechanical stresses develop at the copper-glass inter
face because of the significant CTE mismatch between the copper and 

Fig. 4. The copper protrusion height measured by optical profiler.  

Fig. 5. Protrusion height of copper via at different temperatures.  

Fig. 6. The copper protrusion results from the experiment and simulation 
during thermal cycling. 

Fig. 7. Protrusion height of copper via at low temperatures.  
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glass, which can lead to various reliability issues at elevated tempera
tures. In this work, the 2D DIC technique was employed to analyze the 
in-plane deformation of the glass during thermal cycling. Based on the 
results, an in-depth understanding of the interaction between a copper 
via and the surrounding glass at elevated temperatures can be attained. 
The measurement FOV was set to 220 × 200 μm. Three vias can be 
inspected in the FOV so that the orientation (pitch x and pitch y) of the 
TGV sample can be identified. The measurement temperature profile 
was set from RT to 400 ◦C and then cooled to RT. Four different tem
perature ramp rates (4 ◦C/min, 15 ◦C/min, 30 ◦C/min, 50 ◦C/min) were 
tested to address the ramp rate effect on the results. A full field of in- 
plane displacements of the glass at different temperatures was 
captured by the 2D DIC system. As an example, Fig. 8 shows the 
displacement results of the glass near the copper via in x (Fig. 8a) and y 
(Fig. 8b) direction at 250 ◦C during heating with a ramp rate of 50 ◦C/ 
min. A local Cartesian coordinate system was defined in the displace
ment field with the origin located in the center of the copper via. The x 
axis is in the direction of pitch x, and the y axis is in the direction of pitch 
y. Fig. 8(a) shows the x component (Dx) of the glass in-plane displace
ment with a maximum value about 71 nm. Because of the effect of the 
neighboring via in pitch-x direction, the resultant thermal stresses 
canceled out, leading to the 0 displacement of the glass at the middle 
area between two nearby copper vias. Similarly, the glass in-plane 
displacement in the y direction (Dy) had the largest value of 115 nm 
near the edge of the copper via (Fig. 8b). However, the effect of the 
neighboring vias in the y direction was negligible because pitch y was 
too large, thus, Dy was larger than Dx. 

White section lines Lx and Ly were defined in the glass displacement 
contour (Fig. 8). Lx and Ly are each 70 μm long, as measured from the 
origin. Dx on section line Lx at different temperatures during heating and 
cooling was plotted in Fig. 9 for quantitative analysis. At each temper
ature, Dx on the section line Lx decreases as the distance from the edge of 

the copper via increases, and Dx reduces to 0 when it is 55 μm away from 
the center of the copper via, which is exactly the middle area between 
two copper vias. In the same manner, Dy on section line Ly at different 
temperatures during heating and cooling was plotted in Fig. 10. Because 
the effect of neighboring copper vias in the y direction was negligible, Dy 
does not decrease as fast as Dx at each temperature, and Dy had a rela
tively larger magnitude than Dx. 

A 4 × 4 μm square area, referred as “area A”, was defined on the in- 
plane displacement contour near the edge of copper via in the x direction 
(Fig. 11). Area A was the most critical region under the largest 
compression and tensile force during heating and cooling. A TGV sam
ples were heated from RT to 400 ◦C and then cooled to RT with the same 
ramp rate. Four ramp rates (4 ◦C/min, 15 ◦C/min, 30 ◦C/min, 50 ◦C/ 
min) were applied to investigate the strain rate dependent copper 
behavior. An average Dx of area A in the 4 TGV samples was plotted over 
temperatures (Fig. 12). The displacement results show that Dx increased 
as the TGV sample was heated from RT to 250 ◦C, which indicated that 
the glass was pushed toward the positive x axis direction because of the 
expansion of the copper. However, when the temperature passed 250 ◦C, 
Dx started to decrease. That was attributed to the protrusion of the 
copper, which reduced the volume of the copper in the glass. Moreover, 
the plastic deformation and creep of the copper at elevated temperatures 
caused a reduction of the thermal stress at the copper-glass interface, 
which contributed to the decrease of the Dx. The temperature ramp rate 

Fig. 8. (a) Dx of glass displacement at 250 ◦C; (b) Dy of glass displacement 
at 250 ◦C. 

Fig. 9. (a) Dx gradient on section line Lx during heating; (b) Dx gradient on 
section line Lx during cooling. 
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shows a great impact on the in-plane displacement of the glass. Utilizing 
a slower ramp rate is an effective way to alleviate the in-plane defor
mation of the glass, because the slower ramp rate provides longer 
duration at high temperature so that the copper can creep more. 

The peak glass displacements of ramp rate 50 ◦C/min, 30 ◦C/min, 
15 ◦C/min and 4 ◦C/min were about 75 nm, 67 nm, 65 nm, and 42 nm, 
respectively. As the TGV samples were cooled from 400 ◦C to RT, Dx 
decreased gradually. And the sample with ramp rate 4 ◦C/min had the 

largest displacement in the negative x axis direction because of the 
pulling force from copper during cooling. Slower ramp rate resulted in 
longer exposure to elevated temperatures, which would cause larger 
volume of copper to protrude from the glass because of the creep of 
copper. Therefore, the glass near the edge of the copper vias was pulled 
more in the negative x axis direction. 

The presented findings in Fig. 12 agrees with recent publication 
[9–11] that showed that during heating that the formation of radial 
crack was dependent on the applied heating rate, as higher heating rates 
led to increased crack probability. They found that when slower heating 
rates of ≤6.5 ◦C/min was used, no cracks were formed around the Cu 
TGV. This indicates the activation of sufficient stress relaxation in the 
copper, leading to reduced substrate stress, preventing the formation of 
radial cracks. 

3.3. Copper via stress relaxation 

The temperature and the temperature duration are important factors 
in the annealing process. Proper annealing temperature with reasonable 
duration can improve the material properties of the copper via and 
assure manufacturing efficiency. The stress relaxation tests of the copper 
via were conducted to investigate the temperature and duration- 
dependent copper thermomechanical behavior and glass in-plane 
displacement. Four TGV samples were tested individually at peak tem
perature of 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C. The temperatures ramped up 
at a rate of 15 ◦C/min until the hotplate reached the peak and held there 
for 60 min. Each sample was cooled at the same ramp rate until reaching 
RT. Fig. 13 illustrates the times and temperatures used in the tests. 

The Dx of area A in the four samples were measured and plotted in 

Fig. 10. (a) Dy gradient on section line Ly during heating; (b) Dy gradient on 
section line Ly during cooling. 

Fig. 11. A 4 × 4 μm area A defined on the displacement contour near the edge 
of the copper via. 

Fig. 12. Average Dx of the area A near the edge of copper via.  

Fig. 13. Temperature profile for copper via stress relaxation test.  
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Fig. 14. The data point of Dx was measured every 50 ◦C from RT to the 
target temperature. After the peak temperature was reached, Dx was 
measured every 10 min until 60 min passed. Fig. 14 shows the profile of 
Dx during the tests with different peak temperatures. During the dura
tion at the peak temperature, Dx decreased gradually because of creep of 
the copper. The reduction of the Dx during the 60 min at 100 ◦C, 200 ◦C, 
300 ◦C, and 400 ◦C was about 2 nm, 6 nm, 13 nm, and 22 nm, respec
tively (Fig. 15). The normalized Dx in the duration is plotted in Fig. 16. 
The results show that the copper via has more significant creep at higher 
temperatures. Therefore, a relatively higher temperature is preferred in 
the TGV annealing process to improve the material properties of the 
copper. This study can be used as a good reference in TGV 

manufacturing to justify an appropriate annealing temperature profile. 

4. Numerical simulation and discussion 

Numerical simulation was performed to have a more comprehensive 
understanding of the interaction between the copper via and the glass 
during thermal cycling. The model was created in Ansys Workbench. 
Nonlinear mechanical mesh type is selected to reflect the nonlinear 
properties of the copper at high temperatures. In this model, the TGV 
sample is heated from RT to 400 ◦C with different ramp rates. Several 
assumptions are made to simplify the model. 

Fig. 14. Dx of area A in TGV samples during stress relaxation test, four different TGV samples were tested at 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, respectively.  
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1. The effect of adjacent copper vias in x direction is considered, 
thereby the two side faces do not have displacement in x direction (x 
= 0, Fig. 17). While the effect of adjacent copper vias in y direction is 
ignored, because the pitch y of the copper vias is much larger than 
pitch x.  

2. The measured TGV samples are symmetrical and the interested 
copper via is exactly at the middle of the TGV sample, so the model of 
the TGV can be simplified to be a single via model. It is a half model, 
because the TGV samples are symmetric about the middle plane in 
the thickness direction, thereby the bottom face does not have 
displacement in z direction (z = 0, Fig. 16).  

3. The copper via and the glass share a perfectly bonded interface, and 
the copper is uniformly distributed in the via without any voids. 

The material properties of copper and glass in this model are listed in 
Table 1. The copper was considered as a nonlinear material and the 
creep model (Eq. (1)) [33] was adopted in this simulation. The initial 
material constants C1, C2, and C4 are referred from De Messemaeker 
et al. study [22]. However, to achieve better correlation between the 
experiment and simulation results, the time hardening creep model was 
applied which includes the time effect (C3). And the material constants 
were adopted from Messemaeker's work and then optimized. The 

material constant optimization process was done based on the experi
mental and simulation results of the copper protrusion height. There are 
in total 32 data points in the copper protrusion measurement during 
temperature cycling. The offsets between the experiment and simulation 
results of the 32 data points were summed up to assess the correlation. 
Based on the simulation results with different combinations of C1, C2, C3, 
and C4, the material constants C1, C2, C3, and C4 were determined to be 
40, 1.8, 0.3, and 13,500, respectively. 

Ɛ̇cr = c1σC2tc3e− c4/T (1)  

where Ɛ̇cr is the creep strain rate (1/s), σ is stress (MPa), t is time (sec), 
and T is the temperature (K). 

Based on the numerical model, the copper protrusion results during 
thermal cycling with different ramp rates are simulated (Fig. 18). The 
results that the copper protrusion height increases considerably as the 
ramp rate decreases, which agrees with the results from the in-plane 
deformation measurement of the glass. Because of the more significant 
creep and plastic deformation of the copper during the thermal cycling 
with slower ramp rate, the copper tends to have higher protrusion, 
meanwhile, the in-plane deformation of the glass decreases as a result of 
the copper volume reduction in the glass. To validate the results from the 
numerical model, the copper protrusion results from the fastest ramp 

Fig. 17. The finite element model of TGV with one copper via.  

Table 1 
The material properties in the model.   

CTE (ppm/◦C) Young's modulus (GPa) Poisson's ratio Ref. 

Copper  17  127  0.34 [12] 
Glass  0.5  70  0.16 [12]  

Fig. 18. The copper protrusion results with different ramp rate based on 
the simulation. 

Fig. 19. The copper protrusion results.  
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Fig. 20. The in-plane displacement of the glass at different ramp rates during 
heating from the numerical model. 
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rate (50 ◦C/min) and the slowest ramp rate (4 ◦C/min) are selected and 
plotted in Fig. 19, which show good agreement. 

Based on the numerical model, the maximum in-plane displacements 
(Dx) of the glass with different ramp rates are presented in Fig. 20. The 
results show that Dx reaches its maximum at around 250 ◦C, and the 
maximum Dx can be reduced with a slower temperature ramp rate. 
Because of more significant plastic deformation and creep of the copper 
during slower ramp rates, the thermal stress near the copper-glass 
interface was reduced. Fig. 21 shows the max. principal stress of the 
glass top surface with different ramp rates. The glass near the edge of the 
copper-glass interface in the pitch x direction are the most critical region 
under the largest stress. In Fig. 22, the max. principal stresses of the glass 
top surface reaches its maximum at around 250 ◦C then it starts to 
decrease, which correlates with the in-plane displacement results 
(Fig. 20). As for the entire glass substrate, the max. principal stress has 
the largest value at the middle of the copper-glass interface (Fig. 23). 
The max. principal stress of the entire glass and the glass top surface 
exhibit a similar trend, but the transition temperatures when the max. 
principal stresses start to decrease are different for the glass top surface 
(250 ◦C – 300 ◦C) and the entire glass (325 ◦C – 375 ◦C). It is because that 
the max. principal stress of the glass top surface is affected by the pro
trusion of the copper which causes copper volume reduction within the 

Fig. 21. The max. principal stress on the top surface of the glass at 250 ◦C during thermal cycling.  
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Fig. 22. The max. principal stress of the glass top surface during heating from 
the numerical model. 

Fig. 23. The cross-section view of the max. principal stress on the entire glass during thermal cycling.  

K. Pan et al.                                                                                                                                                                                                                                     



Microelectronics Reliability 129 (2022) 114487

9

glass, thus, the max. principal stress decreases. However, the max. 
principal stress of the entire glass occurs at the center of the copper-glass 
interface where the copper protrusion has a negligible effect. Therefore, 
the max. principal stress of the entire glass has a larger value and a high 
transition temperature (Fig. 24). 

5. Conclusion 

In this study, the copper protrusion of TGV sample in the thermal 
cycling was investigated. Irreversible copper protrusion was observed 
after thermal cycling, which was caused by the plastic deformation and 
creep of copper at elevated temperatures. While the copper via behaved 
elastically at low temperature range from RT to − 40 ◦C. In-plane 
displacement of glass in TGV sample during thermal cycling was 
measured using 2D DIC system. The displacement of the glass increased 
with the temperature from RT to 250 ◦C, then it started to decrease 
because of the copper protrusion and creep at elevated temperatures. It 
was found that the neighboring copper via with smaller pitch had great 
impact on the displacement results. Glass near the edge of copper via 
had the largest in-plane displacement because of the thermal stress at 
the copper-glass interface. The copper tended to be annealed sufficiently 
at elevated temperature with slower ramp rate and reasonable long 
duration, which could help reducing the thermal stress at the copper- 
glass interface and minimizing the in-plane deformation of the glass. 
Based on the simulation results, the glass at the middle of the copper- 
glass interface and near the edge of the copper via is the most critical 
region. 
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