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ABSTRACT A phase-field-crystal model is used to investigate the processing-structure-protrusion rela-
tionship of blind Cu through-silicon vias (TSVs) at the atomic scale. A higher temperature results in a
larger TSV protrusion. Deformation via dislocation motion dominates at temperatures lower than around
300◦C, while both diffusional and dislocation creep occur at temperatures greater than around 300◦C.
TSVs with smaller sidewall roughness Ra and wavelength λa exhibit larger protrusions. Moreover, different
protrusion profiles are observed for TSVs with different grain structures. Both protrusions and intrusions
are observed when a single grain is placed near the TSV top end, while the top surface protrudes near
both edges when it contains more grains. Under symmetric loading, coalescence of the grains occurs near
the top end, and a symmetric grain structure can accelerate this process. The strain distributions in TSVs
are calculated, and the eigenstrain projection along the vertical direction can be considered an index to
predict the TSV protrusion tendency.

INDEX TERMS Copper, interconnections, reliability modeling, through-silicon via, microstructure.

I. INTRODUCTION
Three-dimensional (3D) devices, e.g., stacked high band-
width memory (HBM) [1], are expected to be developed to
keep up with the increasing package density requirements.
In realizing 3D packaging, an important idea is to utilize
through-silicon via (TSV) technology [2]–[4]. However, the
mismatch of the thermal expansion coefficients between the
normal filler material Cu and the surrounding silicon fre-
quently leads to protrusion when the TSV structures are
subjected to thermal processing [5]. This protrusion causes
damage to the back-end-of-line (BEoL) layers and thus fail-
ure of 3D packaging, posing a serious reliability issue to be
solved.
When investigating Cu TSV protrusion, temperature is an

important processing parameter. Heryanto et al. reported that
the hardness, yield strength, and elastic modulus of Cu in
TSVs decreased when the samples were annealed at higher
temperatures [6]. X-ray microbeam diffraction was used by

Jiang et al. to measure the Cu deformation under different
thermal cycles from room temperature to 200◦C, 300◦C, and
400◦C [7]. In TSV fabrication, the surface of the drilled via
cannot be controlled to be perfectly flat, and therefore, side-
wall scalloping roughness exists [3]. Ehsan et al. emphasized
that the TSV sidewall roughness is a paramount factor that
governs the electrical performance, and can lead to a sig-
nificant amount of leakage current, therefore impacting the
capacitance, resistance and inductance [8]. Nakamura et al.
reported that a tensile stress as high as 340 MPa is gener-
ated at the groove points on a rough sidewall [9]. The stress
concentration at these locations may influence the protrusion
behavior. Furthermore, the microstructure of polycrystalline
Cu in TSVs also needs to be considered to clarify the origin
of Cu protrusion. For example, the electron backscattered
diffraction (EBSD) technique was used by Jiang et al. to
show that larger grains are present in TSVs after thermal
cycling with a higher peak temperature [10]. Recently, a
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statistical model correlating the protrusion height and the
number of grains near the TSV top end was established
by Messemaeker et al. [11]. Optimized electroplating and
postplating annealing processing of TSVs were reported to
possibly lead to a stabilized microstructure, which relieved
the via protrusion [12]. However, the behavior of TSV pro-
trusion is complex and a combined result of the processing
parameters, e.g., temperature, and the sidewall roughness,
microstructure and strain or stress state in TSVs. Synchrotron
X-ray microdiffraction was carried out by Liu et al. for in situ
measurement of microscale thermomechanical strain [13].
Okoro et al. measured stresses in TSVs of different sizes
using micro-Raman spectroscopy [14].
To assist the understanding of the protrusion, controllable

simulations considering atomic-scale structures can provide
more direct information. In recent works, we used a phase-
field-crystal (PFC) model to reproduce the process of Cu
protrusion [15]–[17]. PFC models can reveal microstructural
evolution in materials with atomic spatial scale and diffusive
time scale resolutions, such as polycrystalline solidifica-
tion, structural phase transformations, and heteroepitaxial
growth [18], [19]. Moreover, the elasticity and plasticity
phenomena of solid-state processes can be captured by PFC
models, such as dislocation motion, creation and annihilation
and creep [20], [21].
In this study, we use the PFC model to further investigate

TSV protrusion by incorporating different processing param-
eters and grain structures and reveal their influence on the
resulting protrusion behavior. The rest of the paper is orga-
nized as follows. First, the PFC model and the method to
calculate the strain are briefly introduced. Second, the effects
of temperature and TSV sidewall roughness on protrusion are
discussed. Moreover, the protrusion behaviors of TSVs with
different grain structures are investigated in detail. Finally,
the strain distributions in the TSVs are extracted from the
atom displacements and the relevance of strain to protrusion
is studied.

II. METHOD
The principle of the PFC model for simulating the
microstructural evolution of a material is briefly reviewed
here. First, the lattice of a crystalline material is represented
as an order parameter ρ in the PFC model. The order param-
eter has the form of a plane wave with the same periodicity
as the lattice and represents the local time-averaged atomic
density of the material system. Using a two-point correlation
function, a two-mode PFC model was developed to simu-
late a square lattice in two dimensions, corresponding to
the {100} crystallographic plane of Cu [22]. The two-mode
order parameter ρ is written as follows [22]:

ρ = ρ̄ + A
[
cos(qx) + cos(qy)

] + B cos(qx) cos(qy) (1)

where A and B are related to the amplitudes of two sets of
density waves and q = 2π/a is related to the lattice constant
a. Moreover, the symbol a = 0.25 nm is defined hereinafter

FIGURE 1. (a) Model configuration of a TSV structure. The edges of a
trapezoidal TSV are outlined by solid gray lines. The parallel arrows
indicate the direction of the loading applied to the TSV, which form an
angle θ = 150◦ with the horizontal axis. (b) The black dashed curve
outlines the protrusion profile at time t = 30000 during the loading stage.
The defect atoms are highlighted by the yellow dots.

as the lattice constant of Cu. Then, the free energy of the
system is written as follows [22]:

F[ρ] =
∫

dr
{

ρ

2

[
T +

(
∇2 + 1

)2(∇2 + Q2
)2

]
ρ + ρ4

4

}

(2)

where T is the scaling temperature and Q2 = 2 is a con-
stant. The microstructural evolution is obtained by solving
the governing equation of the PFC model [22]:

∂ρ

∂t
= ∇2 δF

δρ
(3)

Fig. 1a shows the model configuration of our TSV struc-
ture. Here, a 2D PFC model is adopted for computational
efficiency. Note that the TSV is a blind via in this study. The
solid gray lines delineate the edges of the TSV, showing a
trapezoidal TSV. Solid external layers are added around the
TSV to facilitate the application of loading. The top layer
is set as a grain with a 0◦ orientation, providing a solid
cover for the TSV. In the PFC model, loading is applied
by introducing a “penalty term” to the free energy with the
following form [23]:

F[ρ]′ = F[ρ] +
∫

drM(r)[ρ(r, t) − ρ(r(v, r), t)] (4)

where M(r) is nonzero only in the external layers, except for
the top cover layer. Driven by the “penalty term”, the atoms
inside the external layers are forced to move with a prede-
termined velocity v in the direction defined by the arrows in
Fig. 1a, forming an angle θ with the horizontal axis. Note
that θ = 150◦ is used in this study. The other parameters used
in the PFC model are set as follows: (T, ρ̄,A,B, q, |v|) =
(0.073, 0.69, 0.19, 0.12, 1.0, 1.0×10−4). The model param-
eters fix the system temperature to be approximately 400◦C.
In experimental work, Cu TSVs are usually annealed at
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FIGURE 2. Example of the displacement map u(r) of a TSV structure,
constructed by connecting the initial position of an atom at t = 0 to its
corresponding position at t = 30000 during the loading stage.

FIGURE 3. Schematic of the calculation of the deformation gradient L. The
vector X12 connects the 1st and 2nd vertices of a triangular element at t0,
while x12 connects the same pair of atoms at the next time step t1.

400−450◦C, resulting in Cu protrusion [6], [24], [25]. Note
that the length and time scales in the original PFC model
and this study are dimensionless. The length and time scales
in the dimensionless PFC model can certainly be related
to real dimension units. The lattice constant of Cu, i.e.,
a = 0.25 nm, can define the length scale. With respect to
the time scale, it has been reported by Provatas and Heryanto
that roughly 500 to 1000 time steps in the PFC model can
simulate one diffusion time (e.g., 0.20 ms at 650◦C) [26].
In addition, the atoms in or near the grain boundaries (GBs)
and dislocations in the TSV are defined as defect atoms and
are highlighted by the yellow dots in Fig. 1. More details
are given in our previous study [16].
In the PFC model, the atoms are identified as the maxima

of the order parameter ρ(r, t). The calculation of strain is
based on the displacement of the atoms, i.e., the displacement
u(r), which connects the positions of the same atom at two
different time steps [27]. As an example, u(r) from t = 0
to t = 30000 is plotted in Fig. 2. To demonstrate how to
calculate the strain, two schematic snapshots of a lattice at
times t0 and t1 are taken, as shown in Fig. 3. The vector
Xmn = Xn − Xm connects the m-th and n-th vertices of the
triangular element at t0, while xmn = xn − xm connects the
same pair of atoms at the next time step t1. The deformation
gradient F transforms such a triangular element from time t0
to t1, i.e., xmn = L ·Xmn. Therefore, the deformation gradient

FIGURE 4. Plot of the mean protrusion height versus temperature. The
grain structure and loading condition are defined in Fig. 1a.

F is related to the strain state by [27]:

L = ∂x
∂X

= I + ∂u(r)
∂X

(5)

where I is the unit matrix. Finally, the strain components
are obtained from L as follows: εxx = L(1, 1) − 1, εyy =
L(2, 2)−1, εxy = L(1, 2), and εyx = L(2, 1). The deformation
field over the entire system can be written as a sum over all
triangular elements [27]:

Lmacro =
∑

i LiVi∑
i Vi

(6)

where Vi is the area of the triangular element in 2D.

III. RESULTS AND DISCUSSION
A. TEMPERATURE
Fig. 4 plots the protrusion height versus different tem-
peratures. The protrusion height increases with increasing
temperature. Different rates of increase exist in different
temperature regimes, i.e., a lower rate for T < 200◦C and
a higher rate for T > 300◦C. Different deformation mech-
anisms dominate in different temperature regimes. In the
lower temperature range T < 200◦C, only the dislocation
motion causes the grains to deform under the applied load-
ing. With an increase in temperature to 300◦C and above,
diffusional creep dominates, initiated by the GB diffusion,
i.e., Coble creep, and successively activates lattice diffusion
at approximately 600◦C, i.e., Nabarro-Herring creep. Coble
creep dominates at relatively lower temperatures, and a tran-
sition to Nabarro-Herring creep occurs as the temperature
increases [28], [29]. Both the diffusional creep and disloca-
tion creep contribute to the protrusion and lead to a larger
protrusion under temperature T > 300◦C. In addition, the
atom diffusion and dislocation motion are faster at higher
temperatures.

B. SIDEWALL ROUGHNESS
To investigate the effect of the sidewall roughness, a sinu-
soidal function, i.e., y = A · sin( xN ), is used to describe the
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TABLE 1. Roughness parameters Ra and λa for models M1-M5 and protrusion statistics.

FIGURE 5. Illustration of the parameters Ri and λa characterizing the TSV
sidewall roughness. The average roughness height Ra is obtained through
the relationship Ra = 1

L
∫ L
0 |Ri (x)|dx.

FIGURE 6. Protrusions of four TSVs with different sidewall roughness
values: (a) M1, (b) M3, (c) M2 and (d) M5. The protrusion statistics are
summarized in Table 1.

sidewall surface in our model, as shown in Fig. 5. Here, the
roughness height is Ra = 2 · A and the average wavelength
is λa = 2π · N. Detailed model configurations and protru-
sion statistics are summarized in Table 1. Four models with
different sidewall roughness values are shown in Fig. 6.

Comparing M1 in Fig. 6a with M3 in Fig. 6b, a higher
Ra will lead to a lower mean protrusion height because a
higher Ra means larger grooves in the sidewall. The larger
the grooves are, the more atoms and defects are impeded in
their upward movement. As a result, a lower mean protru-
sion height can be expected. Considering M2 and M5, the
mean protrusion height is larger with a smaller λa. A smaller
λa indicates that more grooves exist in the sidewall. Despite
more grooves impeding more atoms from moving, the effect
of λa has been reported to be smaller than that of Ra: the
roughness wavelength is only of secondary importance com-
pared to the average roughness height [30]. On the other
hand, dislocations are emitted from the groove points of the
sidewall because of the stress concentration at these loca-
tions under the applied loading. More groove points mean
that more dislocations may be emitted. When reaching the
top surface, these emitted dislocations positively contribute
to protrusion. In addition, the difference in the maximum
protrusion heights between M2 and M5 is larger than that in
the mean protrusion heights because more dislocations are
emitted from the groove points of the sidewall in M5, thus
contributing to the maximum protrusion height.

C. GRAIN STRUCTURE
Fig. 1 shows the protrusion of a TSV with two grains near
the top end, and the protrusion profile is sketched by the
black dashed curve, exhibiting two peaks directly produced
by grains A and B. The simulation results suggest that the
grains near the top end of the TSV, i.e., the grains adjacent
to the top surface, directly contribute to both the protrusion
profile and height. As shown in Fig. 7, the black curve in
Fig. 7b highlighting the TSV with one grain near the top end
exhibits both protrusion and intrusion behavior. For the TSV
with four grains near the top end shown in Fig. 7c, Fig. 7d
shows that the top surface protrudes near both edges, which
is directly produced by grains A and D, and remains almost
flat in the middle. Grains B and C produce little protrusion.
Protrusion near both edges can also be found in the TSV
with three grains near the top end, as shown in Fig. 8. The
difference in the three-grain case lies in grain B in the mid-
dle, which forms a high angle GB with both grains A and C,
shrinks with time and finally coalesces with the neighboring
grains. For the four-grain case in Fig. 7d, although grains
B and C also become smaller, the coalescence of grains
proceeds much slower because the asymmetry of the grain
structure impedes the motion of the triple junctions. Note
the symmetry of the grain structure in Fig. 8. Due to the
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FIGURE 7. Protrusion profiles of two TSVs with different grain structures
under the loading direction θ = 150◦. (a) t = 0 and (b) t = 30000, with a
single grain placed near the top end; (c) t = 0 and (d) t = 30000, with four
grains placed near the top end.

symmetries in the TSV geometry, grain structure and load-
ing condition, the deformations in the left and right halves
of the TSV occur uniformly and accommodate each other.
Hence, the motion of the triple junctions can occur smoothly
without impediment.
Fig. 9 shows the relationship between the grain misorien-

tation and the protrusion for the case illustrated in Fig. 1,
i.e., the TSV with two grains near the top end. The ori-
entations of grains A and B are systemically studied: the
orientation of one grain is varied from 5◦ to 85◦, while
that of the other grain remains the same. The results show
that the protrusion height increases and then decreases with
increasing misorientation. The maximum protrusion height
occurs at a misorientation of approximately 60◦. The GB
formed with this special misorientation is referred to as a
twin boundary, which has the lowest mobility and exhibits
the highest stability among all the kinds of GBs. A lower
mobility means that GB migration and accommodation of
the loading applied to the TSV are more difficult. Lacking
compliance, the grains are directly pushed out of the TSV
surface, thereby resulting in substantial protrusion.

D. STRAIN IN TSVS
Fig. 10 shows the distribution of strain components, i.e., εxx,
εyy, γxy, and γyx, at t = 5000 for the structure as illustrated

FIGURE 8. Evolution of the protrusion profile of a TSV with three grains
placed near the top end: (a) t = 0, (b) t = 10000, (c) t = 20000 and
(d) t = 30000.

FIGURE 9. Plot of the mean protrusion height versus misorientation. The
grain structure and loading condition are defined in Fig. 1a.

in Fig. 1, where two grains are located near the top end. The
defect atoms inside the TSV are indicated by black dots. The
strain along the GBs is found to be more pronounced than
that in the grain interior: the average strains along the GBs
are ε̄xx ≈ −0.25 and ε̄yy ≈ −0.25, while ε̄xx ≈ 0.025 and
ε̄yy ≈ 0.034 in the grain interior, as shown in Figs. 10a-b.
The magnitude of the strain along the GBs is approximately
10 times that in the grain interior. When loading is applied
to the TSV, the thickness of the GBs decreases because
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FIGURE 10. Strain distributions of a TSV at t = 5000 for the structure as illustrated in Fig. 1, where two grains are located near the top end: (a) εxx ,
(b) εyy , (c) γxy and (d) γyx , with the average strain along the y-direction plotted on the left side.

the atoms in the GBs move and become more compact. In
addition, the atoms in the GBs move more freely than those
in the grain interior, thus leading to a larger deformation
along the GBs. Therefore, more pronounced compressive
strains are found along the GBs. As shown in Figs. 10c-d,
the average shear strains along the GBs and in the grain
interior are more or less at similar levels, with γ̄xy ≈ 0.007
and γ̄yx ≈ −0.003 in the grain interior and γ̄xy ≈ 0.01 and
γ̄yx ≈ −0.001 along the GBs. The average strain inside the
TSV along the y-direction are plotted on the left side of the
strain distribution maps in Fig. 10. Note that a point on the
curve is the averaged strain over a cross-section of the TSV,
i.e., a line in the 2D case, along the x-direction. The average
strain curves of εxx and εyy exhibit similar distributions. For
the shear strains γxy and γyx, the two curves almost negate
each other.
To further understand the relationship between the strain

and protrusion, the principle strains or the eigenstrains in the
TSV are calculated. Then, the projection of the eigenstrains
onto the y-direction is considered an index to characterize
the protrusion tendency. As an example, the eigenstrain pro-
jection of the TSV illustrated in Figs. 7a-7b, i.e., the TSV
with one grain near the top end, is calculated and plotted
in Fig. 11. Two regions, R1 and R2, are marked, and more
positive values dominate in region R1, while more negative

FIGURE 11. Projection of eigenstrains in the TSV shown in Fig. 7a, i.e., the
TSV with one grain near the top end, onto the y-direction at t = 29000.

values dominate in region R2. The projection of the eigen-
strains predicts the TSV protrusion behavior: protrusion on
the left side and intrusion on the right side of the top sur-
face, which agrees with the final protrusion profile shown
in Fig. 7b.

IV. CONCLUSION
In this study, the PFC model is used to investigate the effects
of temperature, sidewall roughness and grain structure on
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the Cu TSV protrusion at the atomic scale. The following
conclusions can be drawn:

• A larger protrusion results when the TSV is sub-
jected to a higher temperature. A transition temperature
exists at approximately 300◦C, at which the deforma-
tion mechanism switches from dislocation motion to
both diffusional and dislocation creep.

• TSVs with smaller sidewall roughness Ra and wave-
length λa exhibit a larger protrusion height, in which
the role of λa is secondary to that of Ra.

• Both protrusion and intrusion can occur in TSVs with
the nearest region of the top end fully occupied by a
single grain, while the top surface protrudes near both
edges when it contains more grains. In TSVs with a
symmetric grain structure subjected to symmetric load-
ing, the triple-junction motion and related GB migration
can proceed smoothly, thus alleviating protrusion.

• Eigenstrain projection onto the vertical direction can
predict the TSV protrusion tendency: regions with pos-
itive values contribute to protrusion, while those with
negative values contribute to intrusion.

REFERENCES
[1] C.-C. Lee et al., “An overview of the development of a GPU with

integrated HBM on silicon interposer,” in Proc. IEEE 66th Electron.
Compon. Technol. Conf. (ECTC), Las Vegas, NV, USA, May 2016,
pp. 1439–1444.

[2] M. M. Shulaker et al., “Three-dimensional integration of nanotech-
nologies for computing and data storage on a single chip,” Nature,
vol. 547, pp. 74–78, Jul. 2017.

[3] W.-W. Shen and K.-N. Chen, “Three-dimensional integrated circuit
(3D IC) key technology: Through-silicon via (TSV),” Nanoscale
Res. Lett., vol. 12, no. 1, p. 56, Jan. 2017. [Online]. Available:
https://doi.org/10.1186/s11671-017-1831-4

[4] J. P. Gambino, S. A. Adderly, and J. U. Knickerbocker,
“An overview of through-silicon-via technology and manufac-
turing challenges,” Microelectron. Eng., vol. 135, pp. 73–106,
Mar. 2015. [Online]. Available: http://www.sciencedirect.com/science/
article/pii/S0167931714004511

[5] D. Vogel et al., “Stress analyses of high spatial resolution
on TSV and BEoL structures,” Microelectron. Rel., vol. 54,
nos. 9–10, pp. 1963–1968, Sep./Oct. 2014. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0026271414002947

[6] A. Heryanto et al., “Effect of copper TSV annealing on
via protrusion for TSV wafer fabrication,” J. Electron. Mater.,
vol. 41, no. 9, pp. 2533–2542, Sep. 2012. [Online]. Available:
https://doi.org/10.1007/s11664–012-2117–3

[7] T. Jiang et al., “Study of stresses and plasticity in through-silicon
via structures for 3D interconnects by X-ray micro-beam diffraction,”
IEEE Trans. Device Mater. Rel., vol. 14, no. 2, pp. 698–703, Jun. 2014.

[8] M. A. Ehsan, Z. Zhou, L. Liu, and Y. Yi, “An analytical through
silicon via (TSV) surface roughness model applied to a millimeter
wave 3-D IC,” IEEE Trans. Electromagn. Compat., vol. 57, no. 4,
pp. 815–826, Aug. 2015.

[9] T. Nakamura, H. Kitada, Y. Mizushima, N. Maeda, K. Fujimoto, and
T. Ohba, “Comparative study of side-wall roughness effects on leakage
currents in through-silicon via interconnects,” in Proc. IEEE Int. 3D
Syst. Integr. Conf. (3DIC), Jan. 2012, pp. 1–4.

[10] T. Jiang, J. Im, R. Huang, and P. S. Ho, “Through-silicon via stress
characteristics and reliability impact on 3D integrated circuits,” MRS
Bull., vol. 40, no. 3, pp. 248–256, Mar. 2015.

[11] J. D. Messemaeker et al., “Statistical distribution of through-silicon
via Cu pumping,” IEEE Trans. Device Mater. Rel., vol. 17, no. 3,
pp. 549–559, Sep. 2017.

[12] T. Jiang, L. Spinella, J.-H. Im, R. Huang, and P. S. Ho, “Processing
effect on via extrusion for TSVs in three-dimensional interconnects:
A comparative study,” IEEE Trans. Device Mater. Rel., vol. 16, no. 4,
pp. 465–469, Dec. 2016.

[13] X. Liu et al., “In-situ microscale through-silicon via strain mea-
surements by synchrotron X-ray microdiffraction exploring the
physics behind data interpretation,” Appl. Phys. Lett., vol. 105,
no. 11, Sep. 2014, Art. no. 112109. [Online]. Available:
http://aip.scitation.org/doi/abs/10.1063/1.4896141

[14] C. Okoro et al., “Extraction of the appropriate material property
for realistic modeling of through-silicon-vias using μ-Raman spec-
troscopy,” in Proc. Int. Interconnect Technol. Conf., Burlingame, CA,
USA, Jun. 2008, pp. 16–18.

[15] J. Liu, Z. Huang, P. P. Conway, F. Altmann, M. Petzold, and
F. Naumann, “On reproducing the copper extrusion of through-silicon-
vias from the atomic scale,” in Proc. 18th Int. Conf. Electron. Packag.
Technol. (ICEPT), Harbin, China, Aug. 2017, pp. 789–796.

[16] J. Liu, Z. Huang, Y. Zhang, and P. P. Conway, “Mechanisms of copper
protrusion in through-silicon-via structures at the nanoscale,” Jpn. J.
Appl. Phys., vol. 58, no. 1, Nov. 2018, Art. no. 016502. [Online].
Available: https://doi.org/10.7567%2F1347-4065%2Faae898

[17] J. Liu, Z. Huang, and P. P. Conway, “Linkages between grain structure
and protrusion of TSV in 3D packaging,” in Proc. Electron Devices
Technol. Manuf. Conf. (EDTM), Mar. 2019, pp. 303–305.

[18] K. R. Elder, M. Katakowski, M. Haataja, and M. Grant,
“Modeling elasticity in crystal growth,” Phys. Rev. Lett., vol. 88,
no. 24, Jun. 2002, Art. no. 245701. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevLett.88.245701

[19] K. R. Elder and M. Grant, “Modeling elastic and plastic defor-
mations in nonequilibrium processing using phase field crys-
tals,” Phys. Rev. E, Stat. Phys. Plasmas Fluids Relat. Interdiscip.
Top., vol. 70, Nov. 2004, Art. no. 051605. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevE.70.051605

[20] J. Berry, M. Grant, and K. R. Elder, “Diffusive atom-
istic dynamics of edge dislocations in two dimensions,” Phys.
Rev. E, Stat. Phys. Plasmas Fluids Relat. Interdiscip. Top.,
vol. 73, Mar. 2006, Art. no. 031609. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevE.73.031609

[21] J. Berry, J. Rottler, C. W. Sinclair, and N. Provatas, “Atomistic
study of diffusion-mediated plasticity and creep using phase
field crystal methods,” Phys. Rev. B, Condens. Matter,
vol. 92, Oct. 2015, Art. no. 134103. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevB.92.134103

[22] K. A. Wu, A. Adland, and A. Karma, “Phase-field-crystal model
for FCC ordering,” Phys. Rev. E, Stat. Phys. Plasmas Fluids Relat.
Interdiscip. Top., vol. 81, Jun. 2010, Art. no. 061601. [Online].
Available: https://link.aps.org/doi/10.1103/PhysRevE.81.061601

[23] P. Stefanovic, M. Haataja, and N. Provatas, “Phase field crys-
tal study of deformation and plasticity in nanocrystalline materi-
als,” Phys. Rev. E, Stat. Phys. Plasmas Fluids Relat. Interdiscip.
Top., vol. 80, Oct. 2009, Art. no. 046107. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevE.80.046107

[24] T. Jiang et al., “Plasticity mechanism for copper extrusion in through-
silicon vias for three-dimensional interconnects,” Appl. Phys. Lett.,
vol. 103, no. 21, Nov. 2013, Art. no. 211906. doi: 10.1063/1.4833020.

[25] J. D. Messemaeker et al., “Correlation between CU microstructure and
TSV CU pumping,” in Proc. IEEE 64th Electron. Compon. Technol.
Conf. (ECTC), Orlando, FL, USA, May 2014, pp. 613–619.

[26] N. Provatas and K. Elder, Phase-Field Methods in Materials Science
and Engineering, Wiley, Weinheim, Germany, 2011.

[27] A. Stukowski and A. Arsenlis, “On the elastic–plastic decomposition
of crystal deformation at the atomic scale,” Model. Simulat. Mater. Sci.
Eng., vol. 20, no. 3, Mar. 2012, Art. no. 035012. [Online]. Available:
https://doi.org/10.1088%2F0965–0393%2F20%2F3%2F035012

[28] A. H. Chokshi, “An analysis of creep deformation in nanocrystalline
materials,” Scripta Materialia, vol. 34, no. 12, pp. 1905–1910, 1996.

[29] M. Kawasaki and T. G. Langdon, “The many facets of deformation
mechanism mapping and the application to nanostructured materials,”
J. Mater. Res., vol. 28, no. 13, pp. 1827–1834, 2013.

[30] L. Chan, M. MacDonald, D. Chung, N. Hutchins, and A. Ooi, “A
systematic investigation of roughness height and wavelength in tur-
bulent pipe flow in the transitionally rough regime,” J. Fluid Mech.,
vol. 771, p. 743–777, Apr. 2015.

1276 VOLUME 7, 2019

http://dx.doi.org/10.1063/1.4833020


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


