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often convoluted with microstructural effects. The
Abstract X .
Threedi . | " int i . c stresses induced near the surface of Si next tcCtire
reedimensional system integration using YU eq TSvs have an adverse impact on the eledtrica
through-silicon-via (TSV) technology enables veatic ,qrtormance of devices in the immediate neighbodhafo

inte_rcqnnec_tion O_f stacked .dies. How&_ever, the largge Tsvs due to induced piezoresistivity, whichutessin
statistical distribution of plastic Cu extrusioms@known degradation of carrier mobility [5]. This necestita a

as Cu pumping, presents a serious reliability comce kee : : :
" . p-out zone (KOZ) in the Si, typically a few
Traditional finite element method (FEM) based therm yicrometers in width, in the immediate vicinity e&ch

mechanical _modeling that r_leglects mi(_:rostr_ucture h"’\'SV, where active devices cannot be placed. Various
been extensively attempted in order to identify t06t 5 005ches have been utilized to understand theenat
cause of the extrusion, which yet remains unknoims  oqe stresses. Three main techniques that beentaise
study utilizes recently developed phase field @f®FC) measyre the stress state in TSVs are wafer cusvatur
models, which resolve systems on atomic lengthescal,,othoq [6-8], micro-Raman spectroscopy [8,9] anthy-
and diffusive timescales, to capture the creationyitaction [10,11] based techniques. Although the
destruction, and interaction of defects in poly@ys1e  gynchrotron X-ray micro-diffraction is by far theost

Cu TSV, structures and there.by elucidate thg atamnisty o yerfyl technique for stress analysis, it is thestn
mechgnlsms of the Cu extrusion. The governing I(metexpensive and requires access to a synchrotroati@i
equation of the I.DFC |_”nodel IS f|r§t soIved.usmg FEM  source [11]. Furthermore, none of these aforemeatio
generate Cu grains with an atomic resolution in $$y techniques can directly measure stress in Si or Cu.
_refernng to experimental EB,SD Images. A shearmtmt Therefore, a complete picture of the stress digtidin in

is then added to the governing equation to sSimul&¥ 15y is still unavailable. However, this informatids

deformation under shear strain. The solidificawacess (yiicq| to elucidate the root cause for the metainping
at the atomistic scale is simulated to preparﬁhenomenon

polycrystalline TSV samples. Rotation and coaleseenf
grains with low mis-orientations are observed irhe
solidification. The application of shear strain the
polycrystalline TSVs reveals the movement of defexit
the atomistic scale. The defects diffuse throughingr
boundaries and aggregate at the edges of TSVsgewher
defects become immobile. The process of rotatioth a
coalescence of grains is found to be acceleratddriuthe
shear strain. The simulation results also sugipedtthe
geometry of the TSVs is an important factor cottitrgl
the behavior of defect diffusion and microstructuia
TSVs, and thus the mechanical behavior of TSVs.

The challenge of managing mechanical stress is not
w, and a number of simulators do exist and hdveg
track record of use in the electronics industry siaf the
proven simulators are based on finite element naktho
(FEM), or derivatives of that class of modelling
technique. The established FEM stress simulatax® h
rEypically been used for addressing the traditiociaip-
package interactions, and have therefore mostlyeftext
physical deformations, such as cracking, delamigator
fracturing [12]. In this class of analyses Si disl TSV
fillers are typically modelled as monolithic briclend
isotropic material models based on empirical equati
Introduction are used, even though it has been known since 234
Three-dimensional integration is an emergingrystalline materials deform plastically by thepsiof
technology that enables vertical interconnection dfislocations on discrete slip systems [13].
stacked dies, meeting the demands for smaller ,scale Finite element based modelling work has also reglort
higher density and shorter signal paths of miciedmic  the linkage between the microstructure of coppeaingr
devices [1]. As a key approach of three-dimensionabnd the stress in Cu TSVs. The results from a finea
interconnection schemes, electronic packaginging elastic mechanical model clearly demonstrate that t
Through-Silicon-Vias (TSVs) has attracted widesgreastress distribution is rather heterogeneous inider SV
interest [2]. However, the plastic Cu extrusion in TSVsfiller, considering the anisotropy of the elastmmpliance
also known as Cu pumping, presents a serious il@lfab tensor of copper. Depending on the texture, moqaol
concern. The effects of annealing [3] and thermyaliog  and distribution of the copper grains, stress comaéons
[4] on thermal stress have been studied, attempiing may occur at the grain boundaries (GBs) [14].
identify the root cause of the Cu extrusion. Elastoplastic models have also been conductedtlyi@t
Reliability complications in TSVs typically arise copper grain structures with the aim of explainihg
either from stress-related or electrical sources] are formation of Cu extrusion [15]. However, the drasks



of this kind of model are clear. First, althoughe th the PFC models can be used to study the role efreadt
mechanical analysis is conducted directly on coppenagnetic or electric fields on the evolution of rato
microstructure, the microstructure is assumed toaie scale defect structures on diffusion time scaleBis T
unchanged during the mechanical loading procegsrovides an opportunity to study electromigratiefated
Second, the plastic deformation mechanisms atttiraia reliability issues of TSVs using the PFC models.

scale, e.g. the motion of dislocations, have not¢nbe In this study, the PFC model is utilized to simeltte
considered. However, the dislocation involved psses polycrystalline Cu in TSV at atomic scales undeeash
such as recovery, recrystallization and grain gholsdve strain. The rest of the paper is organized as vidtig.
been reported to occur in electrodeposited coppercan  First, the PFC model is briefly reviewed, and ttba
significantly influence its mechanical propertiespreparation of Cu TSV samples is introduced. Secthed
Recrystallization has also been suspected to atdoun atomistic behavior of polycrystaline Cu TSVs under
the copper-pumping phenomenon [7,16]. Considetireg t shear strain is presented. Finally, the geometigcebn
limitation of the current modeling techniques, morehe deformation behavior of Cu TSVs is discussed.
robust simulation methodologies that take into aoto Moddling A h
the polycrystalline nature of Cu TSVs and their ptex odelling Approac

deformation and stress relaxation mechanisms adeunk !n _the PFC ”.‘Ode'.- _th_e free energy function of a
[16] periodic system is minimized by an order parameter

corresponding to local-time-averaged atomic den3ihe

A physically based crystal plasticity finite elerhen . . Lo )
(CPFI§) ymeth(g/d is relev)f:mt inp ordery to address th%mensmnless free energy function is written & [2

polycrystalline nature of Cu TSVs and their complex _ 14 212 o
deformation and stress relaxation mechanisms. éaltr F _Idv E(r +@+09) )p+7 (1)
from a unidirectional compression on a copper singl .

crystal using the CPFE method has been reported [L¥n€rer =-0.25is a temperature-related parameter and
Although the mechanical boundary conditions and th§ the order parameter. The governing equationhef t
material are both different from the real Cu TS\WWFC modelis

structures, the result highlights the usefulnessthaf 0p -2 oF +{=D2[(r+(1+D2)2)p+,03]+5 )

CPFE method in capturing atomistically-informed ot dp

de_forma_\tlon and _deformat|on induced crystal_lograph|wheref is a Gaussian random noise term that has been

orientation evolution. The body centered cubic (BCC | din thi q hi dv f

tungsten single crystal subjected to uniaxial logdhas neglected in this study. This study ocuses on two
dimensional modelling and the stable solution of th

also been recently studied [18]. s i . . . .
y [18] overning dynamic equation is a triangular lattice.

More recently, a new class of phase field model h Sy . L
been developed, called the phase field crystal IPF%on&derlng the {111} plane in FCC Cu, the periodic
riangular statés set as

model, which describes the thermodynamics and ikmet 1
of phase transformations through an atomically weayry - y 1 y

order parameter field that is loosely connectedthie pY) p+A{cos(:1x)cos% )_2 CO%}) ®)
atomic density field [19,20]. PFC models naturally

capture most of the salient physics of nucleatioyherep =0.285, qzﬁ and A=0.4703<

polycrystalline  solidification, GBs [20,21], and 2

solidification in multicomponent and multiphase teyss The TSVs are initialized to contain only the liquid
[22,23]. In addition, PFC models also capture, tie t phase in the simulations. The solidification precescurs
context of a single order parameter, elasticity andhen randomly distributed crystal nuclei are puide
plasticity phenomena relevant to solid-state preegs the TSVs and TSVs composed of polycrystalline Cu
such as dislocation source creation, dislocatiabily structures, hereinafter referred to as TSV sampes,
[24,25], and creep [26]. To study the Cu extrusioformed after the solidification completes.

phenomenon, mechanical loads have to be applied on To study the mechanical behaviour of the Cu TSVs
such samples with desired grain structures. Simed®FC under shear strain, the TSV samples are placedritact
method does not model a solid-vacuum interfacetitia  with a pool of liquid on both the top and bottondes.
boundary conditions in the PFC model using a pgnaliThe free energy function is modified by adding assing
term are introduced. In deformation simulationsterm to simulate the application of a shear stj28}
dislocation creation and annihilation are emergent 2
characteristics of the PFC model. Therefore, apglyhe Foear = _[dxdy[G(y—d) (PO y,1) = po(x -, y))

PFC model to the TSV filler allows the investigatiof _ _ 2

the dislocation dynamics responsible for the metal Gy Ly+d)(p(x,y,t) po(x+vt,y)) I @)
extrusion or intrusion problem. The recorded diat®dn _ 2 2y 2

dynamics can also bepused to formulate dislocdiased Gly) =expty” o) N 2o

constitutive laws for the CPFE method. In additionwhere p, corresponds to the analytical solution of the
progress has been made to couple the atomic-s€dle Pgoverning equation for a perfect single crystal &(d)

density field to order parameters that describy 5 normalized Gaussian function controlling tsifion
ferromagnetic and ferroelectric ordering [27]. Ascls, ;. they-direction where the shear strain is applied.



MATLAB and COMSOL

both

As shown in Fig. 1, TSVs of three geometries, ae
rectangle, a trapezoid and an hourglass, are cenesid
of

Noted that the units for both the space and time ar
dimensionless in this study. The models are impleete
in an integrated modelling platform combining the

advantages
Multiphysics.
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Fig. 1 Geometries of the TSVs: (a) A rectangle, &)
trapezoid, and (c) an hourglass. Note that thesuniboth

thex andy-directions are dimensionless.
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Preparation of Polycrystalline TSV Samples
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Fig. 2 shows the snapshots of grain structure @& th
rectangular TSV during solidification at= 50 and 300.
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The randomly located and oriented crystal nucleifast

placed

in the TSV by referring to experimentally

characterized grain structures in Cu TSVs using the

EBSD technique [3]. Note that the initial configtioas
of the nuclei in TSVs of other geometries are kiat

same as in the rectangle one, although some afublei
may be removed to adapt to the specific geometry.

Reorientation of the grains during solidificatioa i
observed as shown in the insert of Fig. 2. Thentai@ons

of grains 1 and 2 are illustrated by the dash avlitl s
lines, respectively. It has been found that therdstion
mismatch between the two grains decreases with fime

from 8.1° att = 50 to 5.2 att

showing a tendency

= 300,

(b)

Fig. 2 Atomistic arrangements in the rectangle Te&&\a)

a low-angle GB is

eventually formed between grains 1 and 2. Diffefesin

towards grain coalescence. Thus
the situation of grains 1 and 2

300. The dash and solid lines show the

orientation of grains 1 and 2, respectively.

during the same period. The variations of the mis-

t =50, and (b}

the misorientabetween

’

solidification in the TSVs with different geometieA
threshold value of the order paramejeris carefully

theirchosen to identify the liquid phase. The resulfFig. 3

orientation between other adjoining grains are also Fig. 3 plots liquid fraction versus time during

grains 3 and 4 slightly increases from F5t¢ 16.T

adjoining grains initiallythwia

In general

measured.

while thos¢hwa

only slightly change

small mis-orientation tend to merge

larger

mis-orientation

suggests that the effect of the TSV geometry on the
solidification rate is not evident. The solidificat rate

decreases with

orientations.

the

the beginning of

At

time.

solidification, the grains are surrounded by adaaghount
of undercooled liquid, thereby receiving a suffitie
liquid supply. As the solidification proceeds, tbeystal

grains grow and contact with either other grainstha
edge of the TSV. As a result, the amount of rennaini

undercooled

lower

leading to a

liquid decreases,



solidification rate. Noted that the solidificatiorate
reduces to zero at arounhe 300, indicating the end of the
solidification process with the formation of a
polycrystalline Cu TSV. Thereforé¢,= 300 is chosen as
the start time to apply the shear strain.
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Fig. 3 Plots of liquid fraction versus time in TSWsth

different geometries.
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Application of Shear Strain

Fig. 4 illustrates the atomistic arrangements ia th
rectangular TSV under the shear strain. With theash
strain applied, grain rotation and grain coaleseeare
both observed. For example, the grain marked byl#sh
line in Fig. 4b rotates 1°6o a new orientation indicated
by the solid line in Fig. 4c fromh = 2000 tot = 10000.
Table | lists the orientation and size of the l&mkirains

in Fig. 4a. Att = 0 of the loading stage, grains 3, 4, 5 and

6 are at approximately the same orientation becafige
grain reorientation during the solidification stagéose
four grains, labelled with CG1 in Fig. 4b, gradyall
coalesce to form a larger grain as a result oihgraiation
under the shear strain. The same phenomenon has b

observed in a previous PFC simulation [29]. Grain

coalescence between adjoining grains with a redbtiv
larger mis-orientation is also observed. For examnpl
because the orientation of CG1 dominates in thalloc
area, grains 1 and 2, with a mis-orientation o
approximately 37 and 28 with CG1 respectively, rotate
to adjust their orientations and coalesce with G&form
an even larger grain labelled with CG2 in Fig. 4¢ &
10000. Since grain rotation and coalescence ocatingl
the solidification stage, the application of shemin
only accelerates such phenomena.
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Fig. 4 Atomistic arrangements in the rectangle Tusider
shear strain at (&)= 0, (b)t = 2000, and (c} = 10000.
The dash circle in (b) outlines the original shayiehe
grain. The solid circle in (c) outlines the shapettoe
grain after deformation, with the original shape
superimposed.

Table | The orientation and diameter of grains 1-6

Grain # Orientation Diameter
1 56.9 ~40
2 44.3 ~40
3 19.5 ~50
4 17.7 ~50
5 18.C° ~45
6 22.6° ~50




In addition, the application of the shear strainthie
TSVs causes the motion of the defects presentiiGiBs.
The behaviour of the defect motion in the rectaagul
TSV is demonstrated in Figs. 5 and 6. Fig. 5 higits
the sequence of the motion of a defect presemtarirtple
junction of grains A, B, and C. First, the defexfaund to
diffuse through the GB between grains A and C. 8dco
the diffusion length of the defect is approximatelye
lattice constant front = 1500 tot = 2000 as shown in
Figs. 5a and 5b, but the diffusion rate varies myrihe
diffusion process. Fig. 5¢c shows that at6500 the defect
diffuses into the GB between grains C and D, whbee
defect density is higher than that in the former. @B the
defect diffuses away, the lattice distortion in thiple
junction alleviates, which promotes the coalesceate
grains A, B, and C as shown in Fig. 5d. Fig. 6 shole
diffusion process of another defect. This defedtudes
much slower and eventually reaches the right halgk e
of the TSV, as shown in Fig. 6¢. It is interestiognote
that the defect stays still once it reaches theseafgthe
TSV due to the no-flux boundary condition, which isFig. 6 The process of a defect diffusing to thérigdge

different from the PFC simulations using a periodi®f the TSV. The inserts show the atomistic arranges
boundary condition [30] at (a)t = 1000, (b) 3000, (C) 4000, and (d) 5000.

The above mentioned two defects both diffuse thhoug
the GB network. However, the difference lies in véhe
(a) the network terminates. In fact, the GB network
terminates either at the left or right edge of '8 or at
the liquid pools imposed at both the top and bottwm
520500595 TSVs. As discussed earlier, the defects diffushmgugh

\0g o 69509,
>o°o°o°o°°og°°

IR the GB network that terminates at the edges ofTiB¥
stay still, while the defects diffusing through ti&B
network that terminates at the liquid pools arealfin
absorbed by the liquid. Therefore, a clusteringlefiects
A o80200000008 aggregates at the edges of TSV under shear siiate.
geseessesees that the liquid pools at the TSV top and bottom are
(c) manually imposed for the application of shear stréi
can be expected that defects can also aggreghtttathe
top and bottom edges of TSVs in real situationsrevtiee
liquid pools do not exist. Previous work reportedttGB
sliding and interfacial sliding may cause relative
(d) displacement between Cu and Si substrate under shea
stress [31-33].
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Fig. 5 The process of a defect diffusing from orig 6 Geometry Effect
another. The inserts show the atomistic arrangesnant

(a)t = 1500, (b) 2000, (c) 6500, and (d) 7000. The effects of TSV geometry on microstructure and

defect motion under shear strain are discussechig t
section. The atomistic arrangements in a trapeZ&y
and an hourglass TSV are shown in Fig. 7.

As mentioned earlier, the TSVs of the three
geometries have the same initial condition in teahthe
configuration of nuclei during the solidificatiortage,
although some of the nuclei may be truncated by the
specific  geometry. Thus, similarities in the
microstructures after the application of shearistcan be
found among the three geometries. For examplen gkai
in Fig. 7a corresponds to grain C in Fig. 7c, anairgB
in Fig. 7a corresponds to grain D in Fig. 7d. Cormga
the two TSVs in Figs. 7b and 7d, differences in TSV
microstructures under shear strain is observednQ@an



the trapezoid TSV disappears with the shear strain To further investigate the effects of TSV geometry
applied, coalesced with other grains around it,gyatn C defect motion, the simulation results are procesasd

in the hourglass TSV still exists. Conversely, grBi in

follows. First, the positions of atoms are ideetifiby the

trapezoid TSV remains, while grain D disappears. Afocal minimizations of the profile of the order pareter
explanation to this phenomenon is the length oftB& . Second, the number of the nearest neighbourseof t
coincides with the TSV edge. As noted earlier, disfe atoms is counted. If the number of the nearesthiieigrs
aggregate at the TSV edges and therefore a GB thamot equal six, the atom is in the vicinity oG8 and its
coincides with the TSV edge is stable. Therefole t position is recorded. Third, the positions of refmt
length of GB that resides on the TSV edge is onthef atoms are compared to their previous locationfénnext
important factors that influences the process dirgr time step. A position shift of an atom indicates th
coalescence. It is also noted that the curvatugraih D movement of its neighbouring defects in the GBse Th

is larger than grain B and thus disappearing fastehe

coalescence process.
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Fig. 7 Atomistic arrangements in trapezoid TSVatt (=
1000, and (b) 10000, and hourglass TSV at ()1000,
and (d) 10000.
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number of such atoms, hereinafter referred to asn&,
with a position shift is counted. This number isiadex
indicating the diffusivity of the defects in the GBhe
larger the number, the faster the defects diffisg. 8
plots the number of AtomS versus time in the tIré&'s.

At the beginning, a large number of AtomS is found
because the density of mobile defects is high. iAe t
goes on, the mobile defects either diffuse to tthges of
the TSVs and become immobile, or diffuse to theitig
pools and get absorbed by the liquid. Thus, thebarof
AtomS decreases with time. Fig. 8 clearly shows tha
number of AtomS in the rectangle TSV is the largest
among the three geometries, which suggests that the
defects diffuse with the fastest rate in the regtdar
TSV. A possible explanation is that the ratio betwéhe
boundary length and the area of the TSV, i.e. gexi§ic
surface area in the case of three dimensions, iat wh
influences the diffusivity of the defects. It islaaated
that the ratio of boundary length to area is 0.00811,
and 0.014 for rectangle, trapezoid, and hourgla8¥'sT
respectively. The larger the ratio is, the higlner density

of defects clustering at boundaries, where mohiects
become immobile. Thus, defect motion and GB migrati
are hindered at the edges of TSVs, leading to retaigle
microstructures.

350 : : : ; .

g -=-Rectangle
300 ~“-Hourglass| |
250, Trapezoid| |

The number of AtomS

200 3060 6060 90'00 12000 15000
Time
Fig. 8 The plots of the number of AtomS versus time
TSVs with the three different geometries.

Conclusions

In this study, a PFC model has been employed to
investigate the solidification process and micnostiral
evolution under a shear strain at an atomisticestalCu
TSVs of three different geometries. The following
conclusions can be drawn:
1. In the solidification process, adjoining graiwgh a
low mis-orientation tend to reorient and coalesdéh w



neighbouring grains. The effect of geometry on thé.
solidification rate is not obvious.

2. Under shear strain, accelerated grain rotatiod a
coalescence occur between adjoining grains. Defects
diffuse through grain boundaries and aggregatehat t

edges of the TSVs. Such phenomena may contribute 16.

the Cu extrusion.
3. The geometry of the TSV is an important factwoatt

influences
microstructures

of defect diffusion and
and thus the mechanical

the behaviour
in TSVs,

behaviour of TSVs.
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