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Thermal stress-induced copper protrusion is frequently observed in through-silicon-vias 

(TSVs) based three-dimensional (3D) system integration. In this study, the detailed process 

of Cu protrusion is reproduced on the atomic scale using a two-mode phase-field-crystal 

(PFC) model, and the mechanisms of protrusion are identified. To simulate thermal loading, 

a “penalty term” is added to the governing equation of the PFC model. The application of 

loading on the TSVs induces copper grain deformation and grain boundary migration at the 

nanoscale. Furthermore, the simulation results suggest that the Cu protrusion is resulted from 

diffusional creep, involving both Nabarro-Herring creep and Coble creep. The obtained 

power index of diffusional creep 𝑝𝑝  is around 2.16, suggesting that lattice diffusion 

contributes more to protrusion than grain boundary diffusion does. The protrusion height in 

micron-scale TSVs predicted by extrapolating the relationship between the protrusion height 

and diameter of nanoscale TSVs agrees with the experimental data. 
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1. Introduction
There-dimensional (3D) system integration provides a solution to bridge the gap between 

the slowing of Moore’s law on scaling and the increasing package density requirements. An 

important idea in 3D system integration is to use through-silicon-via (TSV) technology, 

which enables multi-chip stacking in a vertical direction and is being widely used in 3D 

electronics devices.1-3) As for examples, the mass production of TSV-based DDR4 memory 

was started4) and the first GPU that utilized TSVs to mount high bandwidth memory (HBM) 

on silicon interposer was also reported.5) The TSV structure is fabricated by filling 

electroplated copper into an etched silicon via. However, the mismatch of the coefficient of 

thermal expansion of the filler material, i.e., copper, and the surrounding silicon induces 

thermal stress in the TSV structure during thermal processing.6) As a result, the Cu protrusion 

out of the TSV surface is observed. This causes the damage of back-end-of-line (BEOL) 

layers in 3D packaging and poses an urgent problem to be solved in the practical application 

of TSVs. 

Extensive work involving experiments and simulations has been conducted to identify 

the mechanisms of Cu protrusion, but the root cause remains unclear. Messemaeker et al. 

reported that the Cu protrusions exhibited a statistical distribution and smaller protrusions 

were found in TSVs annealed at higher temperatures and for longer times.7) Zhang et al. also 

found that Cu protrusions varied significantly from TSV to TSV and had random peaks on a 

300 mm diameter wafer.8) This statistical and random nature of the protrusion distribution 

reflects the effects from the microstructure of copper.9) In addition, there exist a few 

experimental techniques to investigate the stress state in the TSV structures, e.g., a 

synchrotron X-ray microdiffraction technique used by Liu et al.10) and a photo-elastic 

microscopy technique used by Herms et al.11) As for simulations, a finite element method 

(FEM)-based thermal-mechanical modeling was used to predict the protrusion height by Che 

et al.12) However, no further information on the effects of microstructure on Cu protrusion 

was provided in the aforementioned studies. Meanwhile, as 3D electronic devices and 

interconnects approach the nanoscale,13) the material microstructure becomes a significant 

reliability concern.9,14-15) On investigations into the microstructure of TSVs, Jiang et al. used 

an electron back-scattered diffraction (EBSD) technique and showed that larger grains 

presented in TSVs under thermal cycling with a higher peak temperature.14) Recently, a large 

ensemble of Cu protrusions were examined and a statistical model correlating the protrusion 

height and the number of grains near the TSV top end was established.15) Nevertheless, none 

of the above mentioned research revealed the evolution of microstructure in TSV during the 
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protrusion process, which is yet critical to elucidate the root cause for the Cu protrusion.

To address this critical issue, we attempted to reproduce the process of Cu protrusion 

on the atomic scale using a phase-field-crystal (PFC) model.16)  To simulate the process of 

protrusion, the PFC model is more efficient than the molecular dynamics (MD) method since 

MD is limited to phonon time scale while PFC can access diffusive time scale.17) In addition, 

the PFC model naturally incorporates the elastic and plastic behavior of crystals, e.g., the 

movement of defects such as dislocations and grain boundaries (GBs).17-19) This work aims 

to present further analysis and insight into the mechanisms of Cu protrusion in TSV 

structures at the nanoscale. The atomic scale microstructure evolution of polycrystalline 

copper and the resulting protrusion in TSV structures under thermal loading is revealed from 

the PFC model. Then, a diffusional creep model is used to explain the mechanisms of Cu 

protrusion in detail. 

2. Methods
In the PFC model, an order parameter 𝜌𝜌, which has the form of a plane wave with the same 

periodicity as the lattice, is introduced to represent the local time-averaged atomic density 

of a material system. Furthermore, using a two-point correlation function, a two-mode PFC 

model has been developed to simulate a square lattice in two dimensions.20) In the 2D case, 

the two-mode order parameter is written as:20)

𝜌𝜌 = �̅�𝜌 + 𝐴𝐴[cos(𝑞𝑞𝑞𝑞) + cos(𝑞𝑞𝑞𝑞)] + 𝐵𝐵 cos(𝑞𝑞𝑞𝑞) cos(𝑞𝑞𝑞𝑞)           (1),

where 𝐴𝐴 and 𝐵𝐵 are related to the amplitudes of two sets of density waves. 𝑞𝑞 is a parameter 

related to the lattice constant, hereinafter referred to as 𝑎𝑎, through the equation 𝑞𝑞 = 2𝜋𝜋/𝑎𝑎. 

In the 2D simulation, a square lattice corresponds to the {100} crystallographic plane of 

copper. Then, the free energy of the system is written as:20)

𝐹𝐹[𝜌𝜌] = ∫d𝑟𝑟 �𝜌𝜌
2

[𝑟𝑟 + (∇2 + 1)2(∇2 + 𝑄𝑄2)2]𝜌𝜌 + 𝜌𝜌4

4
�             (2),

where 𝑟𝑟 = 𝑐𝑐(𝑇𝑇 − 𝑇𝑇m)/𝑇𝑇m is the scaling temperature and 𝑄𝑄2 = 2 is a constant. Based on the 

first variation in the free energy of the system with respect to the order parameter, the 

evolution of the microstructure is obtained by solving the governing equation:20)

𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

= ∇2 𝛿𝛿𝛿𝛿
𝛿𝛿𝜌𝜌

                                 (3).

Due to the geometry symmetry of the TSV, a 2D PFC model is adopted in this study for 

computational efficiency. The model configuration of our TSV structure is shown in Fig. 1a. 

A trapezoid TSV is chosen because of the tapered nature of a drilled via,21) and the geometry 

effect was studied in our previous work.22) The edges of the TSV are denoted by solid gray 
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lines. The atomic-scale microstructure is developed by placing crystal nuclei inside the TSV 

and then inducing solidification. The microstructure is further equilibrated until it remains 

unchanged. Notably, the Cu filling is performed via an electroplating process rather than a 

solidification process. The grain structures generated and equilibrated through the PFC 

model are carefully controlled by referring to representative grain structures in the TSVs 

characterized via EBSD to investigate the mechanisms of Cu protrusion. To apply a 

mechanical loading, external layers of crystals are added to surround the TSV. The top layer 

is set as a grain with a 0°  orientation, providing a solid cover for the TSV. The grain 

orientations of other external layers are adjusted to accommodate the corresponding grains 

at both edges of the TSV. Then, a “penalty term” is added to the free energy with the form:19)

𝐹𝐹[𝜌𝜌]′ = 𝐹𝐹[𝜌𝜌] + ∫d𝑟𝑟 𝑀𝑀(𝑟𝑟)[𝜌𝜌(𝑟𝑟, 𝑡𝑡) − 𝜌𝜌(𝑟𝑟(�⃗�𝑣, 𝑡𝑡), 𝑡𝑡)]             (4),

where 𝑀𝑀(𝑟𝑟) is nonzero only in the external layers, except for the top cover layer. With the 

“penalty term” applied, the atoms inside the external layers are motivated to move with a 

predetermined velocity �⃗�𝑣 (|𝑣𝑣�⃗ | = 1.0 × 10−4) in a direction defined by the arrows, forming 

an angle 𝜃𝜃 = 150° with the horizontal line, as demonstrated in Fig. 1a. The “penalty term” 

mimics the application of a compressive strain to the TSV. Further description on the applied 

loading to the TSV is illustrated in Fig. 1. Note that the strain state considered here refers to 

results from experimental work and FEM simulations, where a compressive strain in the 

TSV has been observed.10,23-24) The applied strain can be decomposed into two components, 

a compressive strain and a shear strain, along the edge of the TSV. The loading is assumed 

to be uniformly distributed along the edge for simplicity. Other parameters used in the PFC 

model are set as (𝑟𝑟, �̅�𝜌,𝐴𝐴,𝐵𝐵, 𝑞𝑞) = (−1, 0.59,−0.31,−0.14, 1.0). The numerical parameters 

are determined by minimizing the free energy functional in Equation (2).19) More details 

about the parameters are referred to elsewhere.19-20) Note that the length and time scales in 

the original PFC model and this study are dimensionless. In addition, the atoms in or near 

the GBs and dislocations in the TSV are defined as defect atoms, as highlighted by the yellow 

dots in Fig. 1a.

3. Results and discussion
From the initial solidified and equilibrated microstructure shown in Fig. 1a, the black dashed 

curve in Fig. 1c plots the protrusion profile of the TSV at time t = 30000 during the loading 

stage. Here, the applied strain is around 10−3, which is of the same order of magnitude as 

the strain in TSV measured from a synchrotron X-ray microdiffraction.10) This protrusion 

profile is similar to experimental results in the literature,25-26) presenting a random surface 
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profile of the top end of the TSV. The randomness in the protrusion profile is not well 

reproduced using FEM models. In contrast, the profiles predicted with FEM models are 

generally one-mode sinusoids and symmetric to the vertical center axis of the TSV because 

the copper is treated as a bulk, isotropic material in FEM models. 27-29)

Fig. 2a-2b demonstrate the movement of a dislocation under applied strain. The 

dislocation climbs a distance of approximately 2𝑎𝑎 from t = 8000 to t = 9000 during the 

protrusion process. Then, the dislocation moves to the top end of the TSV, resulting in a 

bulge along the GB, as shown in Fig. 2c, in which the defect atoms are highlighted. In 

addition, grain deformation and GB migration are observed. For example, comparing Fig. 

1c to Fig. 1a, grains 1 and 2 elongate in the vertical direction. To achieve such a configuration, 

the GBs of the two grains must migrate. As shown in Figs. 2c-2d, the GB between grain 1 

and the top cover layer migrates upwards from t = 10000 to t = 20000. The same process is 

also observed for the GB between grain 2 and the top cover layer. Although the cover layer 

in a real case is somewhat different, i.e., usually a copper line with a TiN encapsulation 

barrier,30-32) the abovementioned atomic-scale processes would remain similar.

Four TSVs exhibiting different grain structures, labeled TSV1 to TSV4, are shown in 

Fig. 3. In general, the four TSVs contain three grain layers, denoted the top, middle and 

bottom layer. The top layer contains two grains in all structures, whereas the middle and 

bottom layers contain different numbers of grains. For example, TSV2 contains three grains 

in the middle layer and one grain in the bottom layer, and its initial microstructure is shown 

in Fig. 1a. The protrusion profiles of the TSVs after strain is applied for ∆𝑡𝑡 = 30000 are 

sketched by the black dashed curves in Fig. 3, and the maximum protrusion height data are 

plotted in the same graph. TSV1 is found to protrude the least, and protrusion increases with 

the number of grains present in the middle layer, as evidenced from TSV1 to TSV3. The 

different protrusion heights observed for the different TSVs can be explained by the 

inhibition of GB migration between the grains in the top and middle layers. More grains in 

the middle layer increase the opportunity for three grains to join, forming a triple junction, 

as highlighted by the dashed circle in TSV3. The mobility of the triple junction is sufficiently 

low,33) and once triple junctions are formed, the GBs between the grains in the top and middle 

layers cannot move as easily. Thus, deformation along the vertical direction of the two grains 

in the top layer is inhibited by the presence of triple junctions in the middle layer. With the 

accumulation of applied strain, more protrusion out of the top end of the TSV results. An 

experiment by Messemaeker et al.15) shows that the protrusion height is related to the number 

of grains about 2.1 µm below the TSV top surface. TSVs containing more grains below the 
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top surface exhibit higher Cu protrusion.15) In addition, TSV3 and TSV4 show almost the 

same protrusion, which suggests that the number of grains in the bottom layer of the TSV 

has little effect on protrusion. For the case discussed above, GB migration in the TSV 

controls grain deformation, especially for the grains in the top layer, which directly leads to 

the protrusion.

The trajectories of the atoms inside the TSV were analyzed to further investigate the 

microstructural evolution. In particular, the atom movements that led to the protrusion in Fig. 

4a were recorded and are shown in Fig. 4b. A trajectory connects the initial location of an 

atom at t = 0 to its corresponding location at t = 30000. Clearly, the atoms collectively diffuse 

upwards. Therefore, most of the grains in the TSV also move upwards, and protrusion 

directly results.

The deformation of the grains in the TSVs can be described by the power law of 

diffusional creep.34-35) A diffusional creep model has been adopted by Messemaeker et al. to 

predict the effect of TSV diameters on the Cu protrusion and the model has been validated 

by experimental measurement.7) The deformation of material under diffusional creep always 

results from the diffusion of atoms or vacancies and is described by the following equation:35)

𝜀𝜀̇ ∝ 𝐶𝐶(1
𝑑𝑑

)𝑝𝑝                                (5),

where 𝜀𝜀̇ is the strain rate, 𝐶𝐶 is a constant related to the stress and 𝑑𝑑 is the average diameter 

of the grains. 𝑝𝑝 is a power index associated with the diffusional creep mechanism, e.g., 𝑝𝑝 =

2 for Nabarro-Herring creep and 𝑝𝑝 = 3 for Coble creep.

To investigate the relationship between the strain rate and grain size, the average grain 

size in the TSV was changed systematically from approximately 20𝑎𝑎  to 40𝑎𝑎 . Then, the 

strain of the grains in the top layer and the strain rate were calculated. As shown in Fig. 5, 

the relationship between ln 𝜀𝜀̇  and ln(𝑑𝑑−1)  is approximately linear. Then, loadings along 

different directions, i.e., 𝜃𝜃 = 180° , 150°  and 120° , were applied to the TSV. The 

corresponding fitted slopes of the relationship between ln 𝜀𝜀̇ and ln(𝑑𝑑−1), i.e., the power 

indices 𝑝𝑝, are 2.35, 1.78 and 2.37, respectively. The obtained power index suggests that the 

creep mechanism leading to protrusion may involve Nabarro-Herring creep and Coble creep. 

The contribution from lattice diffusion here is larger than GB diffusion. To further confirm 

the mechanism, the relationship between the scaling temperature 𝑟𝑟 and the real temperature 

must be determined. This is achieved by systematically varying 𝑟𝑟  and recording the 

corresponding glide velocity of dislocations in the PFC models. Then, the relationship 

between the velocity of dislocations and temperature 𝑣𝑣 = 𝑣𝑣0𝑒𝑒−∆𝐺𝐺/𝑘𝑘𝐁𝐁𝑇𝑇 is used.36) Following 

this relationship, the system temperature is determined to be approximately 990 K and higher 
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than the post-plating annealing temperature of the TSV. Despite this difference in 

temperature, the deformation mechanism remains the same. It has been reported that 

diffusional creep is the dominant mechanism in the temperature range between 600 K and 

1100 K according to molecular dynamics simulations.37-38) Coble creep dominates at lower 

temperatures and there exists a transition to Nabarro-Herring creep as temperature 

increases.39-41) Moreover, the deformation mechanism of nanograined copper at 960 K has 

also been verified as diffusional creep with 𝑝𝑝 = 2.21 ± 0.44.42) The effect of temperature 

on the mechanism of Cu protrusion will be further investigated in a future study.

In addition, the deformation of the grains, i.e., diffusional creep, can be considered as 

the diffusion of the order parameter 𝜌𝜌. In the PFC model, the free energy functional can be 

rewritten as 𝐹𝐹[𝜌𝜌] = 𝐹𝐹𝑖𝑖𝑑𝑑[𝜌𝜌] + 𝐹𝐹𝑒𝑒𝑒𝑒[𝜌𝜌] , where 𝐹𝐹𝑖𝑖𝑑𝑑[𝜌𝜌] = ∫𝑑𝑑𝑟𝑟 �𝜌𝜌
2

2
𝑟𝑟 + 𝜌𝜌4

4
�  and 𝐹𝐹𝑒𝑒𝑒𝑒[𝜌𝜌] =

∫𝑑𝑑𝑟𝑟 �𝜌𝜌2 (∇2 + 1)2(∇2 + 𝑄𝑄2)2𝜌𝜌� . The governing equation of the PFC model is therefore 

transformed to
𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

= ∇2 𝛿𝛿𝛿𝛿
𝛿𝛿𝜌𝜌

= ∇2 𝛿𝛿(𝛿𝛿𝑖𝑖𝑖𝑖[𝜌𝜌]+𝛿𝛿𝑒𝑒𝑒𝑒[𝜌𝜌])
𝛿𝛿𝜌𝜌

= ∇2{𝑟𝑟𝜌𝜌 + 𝜌𝜌3 + (∇2 + 1)2(∇2 + 𝑄𝑄2)2𝜌𝜌}     (6).

It is noted that the first two terms on the right hand side of Equation (6) derives from 𝐹𝐹𝑖𝑖𝑑𝑑[𝜌𝜌], 

while the rest of the terms there derives from 𝐹𝐹𝑒𝑒𝑒𝑒[𝜌𝜌]. From the numerical point of view, the 

term 𝐹𝐹𝑖𝑖𝑑𝑑[𝜌𝜌] in Equation (2) may contribute to the diffusional creep. Because the diffusion 

term in a partial differential equation contains only a second derivative of the field.

Due to the computationally-intensive nature of PFC models, we focus on nanoscale TSV 

structures in this study. Although the scale of the investigated TSV structures is limited, the 

atomic-scale mechanisms resulting in protrusion remain the same for micron-scale structures. 

In fact, the extrapolated relationship between the average protrusion height and the TSV size, 

as shown in Fig. 6, predicts the protrusion to be 400 nm for a TSV with a diameter of 

approximately 5 µm. This is comparable to the experimental results that are obtained when 

TSVs are subjected to a high-temperature (400℃) annealing.8,12,14,26)

4. Conclusions
This study used a two-mode PFC model to reproduce the detailed process of Cu protrusion 

in TSV structures at the nanoscale. It has been found that GB migration contributes to and 

controls the protrusion. The collectively upward diffusion of atoms is also observed under 

the applied loading. Moreover, the mechanism of Cu protrusion can be explained by the 

power law of diffusional creep. The obtained power index suggests that lattice diffusion has 

more contribution to protrusion than GB diffusion does. In addition, the protrusion height in 
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micron-scale TSVs predicted by extrapolating the relationship between the protrusion height 

and diameter of nanoscale TSVs agrees with the experimental data.

Throughout this study, understanding of the mechanism of Cu protrusion, at the atomic 

scale in particular, has been deepened. Methods to alleviate the Cu protrusion can be deduced 

from our simulation results, for examples, adding additives in the electrodeposited copper to 

inhibit the GB migrations or increasing the grain size in the TSVs. The authors believe that 

the effort to understand the Cu protrusion mechanisms at the atomic scale will shed a new 

light on the design of reliability of TSV-based 3D electronics devices.
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Figure Captions

Fig. 1. (Color online) (a) The model configuration of a TSV structure. The edges of a 

trapezoid TSV at t = 0 are outlined by solid gray lines. The parallel arrows indicate the 

direction of the strain applied to the TSV, which form an angle 𝜃𝜃 with the horizontal line. 

The defect atoms in the TSV are highlighted by the yellow dots. Note that the surface of 

TSV is not absolutely flat in (a) at the beginning of simulation, which is the result from a 

structure equilibration process between the TSV and the surrounding layers. To illustrate the 

applied loading, (b) and (c) show the snapshots of the TSV at t = 15000 and t = 30000 during 

the loading stage, respectively. The atoms in the external layers surrounding the left and right 

edges are highlighted by red dots. The red atoms are motivated to move by the “penalty 

term”, thus giving the effect of a compressive strain to the TSV. Note that the black dashed 

curve in (b) and (c) outlines the protrusion profile.

Fig. 2. (Color online) The process of Cu protrusion in a TSV under applied strain. The inserts 

on the right magnify the region highlighted by the white dashed box in the TSV structure on 

the left. The dislocation is denoted by the symbol ⊥. The dimensionless time is (a) t = 8000, 

(b) t = 9000, (c) t = 10000 and (d) t = 20000.

Fig. 3. (Color online) The protrusion profiles of four TSVs, labeled TSV1 to TSV4, are 

denoted by black dashed lines. In the first three TSVs, two, three and four grains are placed 

in the middle layer, whereas one grain is placed in the bottom layer. In TSV4, four grains are 

placed in the middle layer, and two grains are placed in the bottom layer. The maximum 

protrusion heights of the four TSVs are plotted in the same figure.

Fig. 4. (Color online) (a) The protrusion profile is denoted by the black dashed curve. (b) 

The arrows show the trajectories of the atoms that lead to the protrusion in (a). A trajectory 

connects the initial location of an atom at t = 0 to its corresponding location at t = 30000 

during the loading stage.

Fig. 5. (Color online) The relationship between ln 𝜀𝜀̇ and ln(𝑑𝑑−1). Three types of loadings 

with different 𝜃𝜃 were applied to the TSV, i.e., 180° (squares), 150° (circles) and 120° 

(triangles).

Fig. 6. (Color online) The relationship between the protrusion height and the TSV diameter.
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Fig. 1. (Color online) (a) The model configuration of a TSV structure. The edges of a 

trapezoid TSV at t = 0 are outlined by solid gray lines. The parallel arrows indicate the 

direction of the strain applied to the TSV, which form an angle 𝜃𝜃 with the horizontal line. 

The defect atoms in the TSV are highlighted by the yellow dots. Note that the surface of 

TSV is not absolutely flat in (a) at the beginning of simulation, which is the result from a 

structure equilibration process between the TSV and the surrounding layers. To illustrate the 

applied loading, (b) and (c) show the snapshots of the TSV at t = 15000 and t = 30000 during 

the loading stage, respectively. The atoms in the external layers surrounding the left and right 

edges are highlighted by red dots. The red atoms are motivated to move by the “penalty 

term”, thus giving the effect of a compressive strain to the TSV. Note that the black dashed 

curve in (b) and (c) outlines the protrusion profile.
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Fig. 2. (Color online) The process of Cu protrusion in a TSV under applied strain. The inserts 

on the right magnify the region highlighted by the white dashed box in the TSV structure on 

the left. The dislocation is denoted by the symbol ⊥. The dimensionless time is (a) t = 8000, 

(b) t = 9000, (c) t = 10000 and (d) t = 20000.
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Fig. 3. (Color online) The protrusion profiles of four TSVs, labeled TSV1 to TSV4, are 

denoted by black dashed lines. In the first three TSVs, two, three and four grains are placed 

in the middle layer, whereas one grain is placed in the bottom layer. In TSV4, four grains are 

placed in the middle layer, and two grains are placed in the bottom layer. The maximum 

protrusion heights of the four TSVs are plotted in the same figure.
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Fig. 4. (Color online) (a) The protrusion profile is denoted by the black dashed curve. (b) 

The arrows show the trajectories of the atoms that lead to the protrusion in (a). A trajectory 

connects the initial location of an atom at t = 0 to its corresponding location at t = 30000 

during the loading stage.
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Fig. 5. (Color online) The relationship between ln 𝜀𝜀̇ and ln(𝑑𝑑−1). Three types of loadings 

with different 𝜃𝜃 were applied to the TSV, i.e., 180° (squares), 150° (circles) and 120° 

(triangles).
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Fig. 6. (Color online) The relationship between the protrusion height and the TSV diameter.


