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The thermomechanical reliabilities of TSV based structures are closely affected by the protrusion deformation,
stress-strain constitutive behavior and microstructure evolution of TSV-Cu under various thermal loadings. In
this study, the stress-strain constitutive curves of TSV-Cu under various annealing conditions considering holding
time effect are acquired by the nanoindentation test and finite element (FE) reverse analysis. The yielding
softening in stress-strain curves is found if the holding time is less than 90 min. However, the stable stress-strain

curves are obtained as holding time exceeds 90 min. Furthermore, the mechanisms of softening and stability in
stress-strain curves are revealed by observing the microstructure evolution of TSV-Cu with a wide range of
holding time. In addition, the relationships among protrusion height, constitutive curves as well as micro-
structure parameter of TSV-Cu with different annealing holding time are built. This study provides an intrinsic
insight on the correlations of deformation, constitutive curves, and microstructure for TSV-Cu annealing pro-
cesses considering holding time effect.

1. Introduction

Three-dimensional (3D) packaging based on copper filled through
silicon via (TSV-Cu) technology can greatly improve the performance of
integrated circuits, reduce power consumption, reduce weight and vol-
ume, which has been widely used in MEMS, mobile phones, memory
products, CMOS image sensors, biological application equipment and
other fields [1-3]. However, with the development of heterogeneity
integration and the volume reduction of packaging, the requirement on
design of crucial TSV interconnected structure becomes higher. Large
initial residual stress accumulated in the fabrication processes could
lead to the formation of voids, warpage, interface cracks and other
reliability issues of interconnected structure [4]. Annealing treatment is
an essential process to relieve the residual stress as well to stabilize the
microstructure of TSV-Cu. However, multiple thermal loadings would

cause TSV-Cu protrusions in the manufacturing process, resulting in
deformation and damage of the back-end-of-line (BEOL) interconnected
layers owing to the misfit in coefficients of thermal expansion between
TSV-Cu and Si [5-12].

Understanding the constitutive behaviors is the prerequire to the
reliability analysis. The traditional macro testing tools, including tensile,
compressive and shearing test, are not available to acquire the me-
chanical parameters of TSV-Cu, due to a submicron length scale of
interconnected structure. Therefore, Wang et al. [13] and Wu et al. [14]
measured the elastic modulus and yield stress of TSV-Cu by micro pillar
compressive testing system. However, the TSV-Cu micro pillar is sur-
rounded by various dielectric materials, so exposing TSV-Cu micro pillar
is expensive and time consuming by wet etching and focused iron beam
(FIB) milling. Moreover, buckling issues during micro compressive
testing would lead to measurement errors owing to the high aspect ratio
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of TSV-Cu pillar. Nanoindentation test can avoid above problems.
Nanoindentation test is an effective way to measure elastic modulus and
hardness of various engineering materials [15-18]. For example,
nanoindentation tests were used by Heryanto et al. [19] and Okoro et al.
[20] to measure the elastic modulus and hardness of TSV-Cu, the effects
of the microstructure on the mechanical properties and the protrusion of
TSV-Cu were also analyzed. Wang et al. [21,22] further explored the
effects of various annealing temperatures on the TSV-Cu mechanical
properties by nanoindentation test, and verified that the differences in
mechanical properties among TSV-Cu, electroplated copper films and
bulk copper were remarkable as the discrepancy of manufacturing
process, size scale, microstructure and mechanical testing methods.

Inspired by the research of Dao et al. [23], the stress-strain curves for
various engineering metals can be deduced from nanoindentation test
combined with finite element (FE) reverse analysis. The principle is that
materials possessing same elastic modulus, representative stress (o) and
representative strain (&) should lead to same responses of indentation
loading. Based on this method, stress-strain curves of various engi-
neering materials such as sintered silver, aluminum, zirconium alloys
etc. [16-18,23-27] were acquired. Noted that stress-strain curves of
unannealed TSV-Cu have been reported in previous publications [28,
29]. Recently, the effects of annealing temperatures and strain rates on
the stress-strain curves of TSV-Cu were also investigated [30], it was
verified that the yield stress reduced with increasing annealing tem-
peratures, but heightened under the higher strain rate. The changing of
yield stress was connected with the grain size according to the
Hall-Petch theory [31]. Thus, the stress-strain curves of TSV-Cu can be
optimized by microstructure. Hence, the reliabilities of TSV inter-
connected structure can be improved by reducing thermal stress and
deformation during the manufacturing and service stage. However, the
correlations of constitutive relations, microstructure evolution and
protrusion deformation have not been fully clarified in the available
literatures.

As is well known, the mechanisms of protrusions are mainly due to
plastic strain, interfacial sliding and cracking, which are influenced by
residual stress, microstructure, and interfacial mechanical property. The
residual stress, interface strength and microstructure of TSV-Cu have
been studied by experiments [14,32-38]. Furthermore, experimental or
numerical methods were adopted to elucidate the protrusion mecha-
nism, which is beneficial to control the protrusion of TSV-Cu under
annealing. For example, tapered TSV and Cu/Si interface with small
roughness would alleviate the stress concentration of Cu/Si interface,
which decreased protrusion and the integrity failures of Cu/Si interface
[39,40]. The optimization of mechanical properties of dielectric layers
such as insulators and barriers could minimize the thermal stress to
ameliorate the TSV-Cu protrusion [41]. Smaller diameter and larger
pitch distance of TSV-Cu should be designed to reduce the protrusions
under thermal loading [42]. Otherwise, the grain size and texture
greatly influenced protrusion behaviors of TSV-Cu under annealing
processes [35,36]. It is worth noting that annealing processes can
eliminate defects, reduce residual stress and stabilize the microstructure
of TSV-Cu, which are indispensable parts in the manufacturing processes
of TSV interconnected structure.

Finer grain size could be obtained by annealing processes, which is
able to reduce the protrusions of TSV-Cu [43]. Deng et al. [44] observed
that the protrusion height decreased, then increased as the heating rates
increased from 1 °C/min to 15 °C/min. Yang et al. [45] explored the
influencing mechanisms of slower heating rates on the protrusion, i.e.,
interface sliding occurred at 0.01 °C/min, dislocation glide arose at
0.05 °C/min, interfacial cracking happened at rapid heating rate. It was
also observed that protrusions exaggerated as holding time prolonged.
De Wolf et al. [46] observed that the protrusions of TSV-Cu was reduced
in subsequent thermal loading after suffering longer annealing holding
time. The above literatures confirmed that annealing processes have a
significant influence on the protrusion magnitude and mechanisms.
Nevertheless, the effects of annealing process on stress-strain curves of
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TSV-Cu have not been fully investigated.

In this paper, annealing processes with a wide range of holding time
were adopted to anneal the TSV-Cu, and its effects on the constitutive
relation, protrusion deformation and microstructure of TSV-Cu were
investigated. The outline is as following. The annealing conditions and
experimental methods were presented in Section 2. The determination
procedure of the stress-strain constitutive curve was displayed in Section
3. Section 4 presents the results of protrusion, constitutive relation and
microstructure evolution. Then, their relationships were built and
microstructure effects on the variations of constitutive relations were
analyzed in the Discussions. Lastly, the conclusions were drawn.

2. Experiments
2.1. Preparation of testing samples

12-inch Si wafer with thickness of 800 pm (provided by NCAP,
China), was prepared to fabricate the TSV sample. Main steps of fabri-
cation processes were as following: Firstly, the blind vias on the Si wafer
were etched by Bosch process. Then, the SiO; insulator layer with
thickness of 550 nm was fabricated with chemical vapor deposition.
Next, the Ti barrier layer with thickness of 80 nm was fabricated with
plasma enhanced chemical vapor deposition. Lastly, the copper filled
the blind vias by electroplating process. TSV samples with high aspect
ratio (10:1) were obtained, i.e., depth is 100 pm and diameter is 10 pm,
respectively. The manufactured 12-inch TSV wafer was diced into 3 mm
x 3 mm small samples. The overburdened layers of Cu, SiO, and Ti on
sample surface were removed with sandpaper and alumina polishing
slurry. The TSV-Cu vias were exposed on the surface without obvious
scratches or stains.

2.2. Annealing treatment and protrusion measurement

Five kinds of holding time, i.e., 30 min, 60 min, 90 min, 120 min,
200 min, were adopted to investigate the influences of annealing hold-
ing times. The annealing temperature was fixed as 400 °C since this
temperature was verified as an effective temperature to reduce the
protrusion of TSV-Cu [45,47]. As for annealing conditions, the room
temperature raised up to 400 °C at 5 °C/min in the vacuum furnace (TL
2000), then held for different holding time, followed with naturally
cooling down to room temperature.

3D laser scanning microscope with 12 nm resolution (KEYENCE
X200 series) was utilized to measure the subscale TSV-Cu protrusion
height after various annealing conditions. It was worth noting that the
initial height of unannealed TSV-Cu was different from others. Ignoring
the initial height would lead to obvious errors in measuring the annealed
protrusion heights. Thus, the protrusion height difference of a same TSV-
Cu via before and after annealing was the actual protrusion value. At
least five TSV-Cu via protrusion heights were measured to guarantee the
reliable measurement data. Moreover, to evaluate the effectiveness of
various holding time for lowering subsequent TSV-Cu protrusion under
following thermal loading, these annealed TSV samples were performed
a second annealing with a same condition. The second annealing con-
dition was that the room temperature heated up to 400 °C at 5 °C/min,
and kept for 30 min at the 400 °C, then cooled naturally. The second
TSV-Cu protrusion heights after double annealing conditions were also
recorded with the same measuring method.

2.3. Characterization of mechanical properties and microstructure

Nanoindentation test (Agilent G200) was carried out on the TSV-Cu
top surface to obtain the mechanical properties of TSV-Cu. Prior to the
nanoindentation test, the top surface of TSV-Cu was polished to avoid
the influence of surface roughness. Berkovich indenter and continuous
stiffness measurement (CSM) were adopted to acquire the curves of
elastic modulus (E) versus displacement and hardness (H) versus
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displacement. The strain rate and the maximum indentation displace-
ment were set as 0.05 s~ and 800 nm, respectively. At least five
repeatable measurements for each annealing condition were performed
to guarantee repeatability of measuring data.

The microstructures of TSV-Cu with different annealing holding time
were characterized with scanning electron microscope (SEM), equipped
with the Oxford “Symmetry” detector. Before microstructure charac-
terization, chemical mechanical polishing (CMP) was used to prepare
the axial cross-section of TSV-Cu, then ion milling method was con-
ducted to obtain the stress-free cross-section. Carbon with thickness of 5
nm was sputtered on milled cross-sections to enhance the conductivity
of the EBSD scanning. After that, microstructure parameters, such as
grain size distribution, grain boundary types and local misorientation,
were analyzed with Channel 5 software.

3. Determination of stress-strain curve
3.1. Power law stress-strain constitutive model

For metals, the stress-strain constitutive curves are generally
described by power law relations presented as below:

oc=FEe o< oy

E n
=0, l-i-g—ep ,0> 0y
y

where 6y, £, n and E, are yield stress, plastic strain, hardening exponent
and elastic modulus, respectively. The constitutive curve (denoted by
blue curve) is described in Fig. 1(a), where E can be directly obtained by
the load versus displacement curve based on the nanoindentation test. It
can be seen that the coordinate (oy, &), consisting of representative stress
(oy) and representative strain (e,), is a particular point at the plastic
deformation stage of the constitutive curve. The equation of ¢, and oy is
presented as below:

E n
0, =0y (1 + 0—8,) 2)

y

(€8]

Fig. 1(b) displays the load versus displacement curve of TSV-Cu. The
maximum indenter force (Fp,) occurred at the maximum displacement
(hy) during the loading. The plastic deformation of TSV-Cu under the
loading stage caused the residual displacement (h;) after the unloading.
In addition, the work W; made during indenter loading stage is consisted
of plastic work W, and elastic work W, which were induced by the
plastic deformation of TSV-Cu in loading stage, and recovered by elastic
deformation during the unloading stage, respectively. The W}, is denoted
by the green area, and W, is displayed by grey area.

(

o
S—

o=Ig, 0<0,
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3.2. Finite element modeling for reverse analysis

The oy, &, can be determined by FE reverse analysis [48,49]. Herein,
the FE model of TSV-Cu nanoindentation test is shown in Fig. 2(a).
Two-dimensional local model with width and height (35 pmX35 pm)
was established. SiO; and Ti dielectric layers between TSV-Cu/Si
interface were negligible. In addition, the Cu/Si interface is assumed
perfectly bonded though shared nodes in the FE model. The symmetrical
constrains were applied on the left and bottom edges. Bilinear axisym-
metric reduced integration element with four nodes (CAX4R) was
adopted in the modeling. The total element numbers were 7326. The
diamond indenter was regarded as rigid material. The elastic modulus
and Poisson’s ratio were 140 GPa, and 0.25, referred as the material
parameters of Si substrate. The elastic modulus of TSV-Cu was set ac-
cording to experimental results, and Poisson’s ratio was set as 0.3.

Determination processes of oy, &, and n are based on reverse analysis,
summarizing as a flow chart depicted in Fig. 3. The detail steps are stated
as following.

(a) (b)
Fn
Experiment
FEM / /
Z Loading curves )
z p
<1 & >
- 7 o
Z " Unloading curves |
Displacement (nm) h h,

Fig. 2. Finite element modeling and load-displacement curve, (a) Finite
element geometric model, (b) Load-displacement curves predicted by FEA, (c)
Contour of von Mises stress at the maximum indenter displacement, (d) Contour
of von Mises stress after the unloading.

(b)

- E F,
@ o=0,(1+—¢))", 6 >0,
5] o
=] )
@ =
Power law mo'c!cl g P
|- ‘ . _5; Unloading stage
<3 -
/T o — Loading stage «——
1
Oy |-mmmmee 1‘ Elastic perfectly plastic model
: g W=W,+W, W,
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|E
hl"
Strain, & Displacement (pum)

Fig. 1. Power law constitutive model and load versus displacement curve of nanoindentation test, (a) Power law constitutive curve, (b) Typical load versus

displacement curve.
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Start: Nanoindentation test and FEM modeling J

&

L 2

Obtain load-displacement curve, £, H

verlapping of unloading curves o
and experimen

Calculate o, by Eq. (2)

- e power law cons|
model of Eq. (1) by £, n, o,

Fig. 3. Flowchart of FE reverse analysis to determine the power law constitu-
tive equation.

Step 1: Determination of the representative stress o,. According to
Pelletier et al. [50], the material with the same E and ¢, would lead
to similar indentation loading responses. Elastic-perfectly plastic
constitutive curve of TSV-Cu was adopted in this step (denoted by
red curve in Fig. 1(a)). The representative stress o, was regarded as
the initial yield stress oy in the reverse analysis. The initial value of o,
can be calculated from Eq. (3) according to Antunes et al. [51]:

%:0.231 (5) 44910 3)

T

where H is the hardness, measured from the nanoindentation test. E is
the reduced modulus, deduced from Eq. (4):
11— 1-0}

1
EE | E @

where E; and v; are 1141 GPa and 0.07, respectively, taken as material
parameters of the diamond indenter. The maximum displacement hy, in
the loading and residual displacement h, after the unloading were
regarded as the loading to apply on the FE model. Dichotomy analysis
was adopted by FEM to determine the final o,, enabling the overlapping
of loading curves obtained from FE analysis and nanoindentation test.
The relative error between Fp, predicted by FE analysis and obtained
from the nanoindentation experiment was less than 0.05%, which was
the overlapping characteristics of the curves. The diagram of over-
lapping curves is presented in Fig. 2(b). The contour of von Mises stress
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at maximum displacement is exhibited as Fig. 2(c), and the contour of
von Mises stress after unloading is displayed in Fig. 2(d). With the
determined o7, the dimension function, shown as Eq. (5), was solved to
deduce the hardening exponent n.

o Iy a\1° ANE o
n(gn)—g=aln(g)] +2n(g)] ren@) e ®

where the coefficients A, B, C and D are given as

A =0.0101007> + 0.0017639% — 0.0040837
B = 0.14386n> + 0.0181531 — 0.088198

C = 0.595051% + 0.034074n — 0.65417

D = 0.58180n* — 0.088460n — 0.67290

©

However, it was found that small variations of 7 would lead to large

fluctuations of n. Therefore, the n will be adjusted after both ¢, and ¢, are
determined.

Step 2: Determination of representative strain e, by dichotomy
analysis. The constitutive curve of TSV-Cu herein was power law
constitutive curve in Fig. 1(a). The initial value of ¢, is calculated by
Eq. (7) [52]:

( 166.7
& =exp

391 7
E.Jo, + 1773 ) )

Step 3: Adjusting hardness exponent n. Antunes et al. [51] found that
the unloading curve of the nanoindentation test is affected by n.
Hence, n can be adjusted by ensuring the coincidence of the
unloading curves in FE analysis and experiment.

Step 4: Determination of the yield stress y. 6y can be solved from Eq.
(2) with the obtained E, o,, o; and n. In the end, the stress-strain curve
is obtained by Eq. (1).

4. Results
4.1. Protrusions of TSV-Cu

Fig. 4 shows SEM images of TSV-Cu protrusion morphologies with
various holding time, unannealed TSV-Cu morphology is corresponded
to the holding time of 0 min, as shown in Fig. 4(a). As the holding time
increases, the morphologies mainly exhibit edge, and center protrusions,
displayed in Fig. 4(b—f). The edge protrusion was due to the great var-
iations of grain size from the edge to the center of TSV-Cu, i.e., small

90 min -

annealing =~ 5 Hm

Fig. 4. Protrusion morphologies of TSV-Cu with various annealing holding
time, (a) 0 min, (b) 30 min, (c) 60 min, (d) 90 min, (¢) 120 min, (f) 200 min, (g)
Single annealing + CMP, (h) and (i) Double annealing.
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grains in the edge motivated more grain boundary diffusion [35]. The
center protrusion was caused by the rotation of large grains [53]. After
annealing for various holding time, TSV-Cu protrusions were removed
by CMP, and the polished surface is shown in Fig. 4(g). Fig. 4(h and i)
show the TSV-Cu morphologies after double annealing, the occurrence
of center protrusions indicates the continuous rotation of large grains in
the center of TSV-Cu.

Fig. 5 exhibits the TSV-Cu protrusion heights with various holding
time. After single annealing, the protrusion height increases from 0.18
pm to 0.33 pm with prolonging the holding time to 120 min, then de-
creases to 0.24 pm under the holding time 200 min. After double
annealing, the second protrusion height decreases from 0.14 ym to 0.05
pm as the single annealing holding time extends to 120 min, then in-
creases to 0.09 pm under the single annealing holding time 200 min. The
variation tendencies of the twice protrusion heights are opposite. In
addition, the second protrusion height is greatly reduced, and the
minimum protrusion height is 0.05 pm under the single annealing
holding time of 120 min.

4.2. Constitutive behavior of TSV-Cu

Fig. 6(a and b) present the typical curves of E versus displacement,
and H versus displacement for nanoindentation test under different
annealing conditions, the stable data of E and H with indentation
displacement of 600 nm-700 nm was averaged as the average values of E
and H, respectively. Fig. 6(c) presents the average values of E after
annealing. It is found that E keeps decreasing from 142.48 GPa to
105.53 GPa as holding time progresses under the single annealing.
However, the average E fluctuates within 110 GPa-120 GPa under
double annealing conditions. Fig. 6(d) shows average H after annealing.
During the single annealing, the value of H deceases from 1.94 GPa to
1.10 GPa with increasing the holding time from 30 min to 90 min, then
stables at 1 GPa. During the double annealing, the value of H reduces
from 1.15 GPa to 1.07 GPa with the single annealing holding time
increased from 30 min to 90 min, then keeps constant. It is suggested
that double annealing barely changes the hardness of TSV-Cu after being
annealed for 90 min. Table 1 presents the detailed values of E and H of
TSV-Cu after various annealing holding time. Table 1 also gives the
representative stress oy, strain e, yield stress oy and hardening exponent
n, obtaining through FE reverse analysis. It shows that ¢, and o,
decrease, and n increases with the increase of holding time under single
annealing, except the holding time of 200 min. As for double annealing,
oy and oy also decrease, and n increases with the prolongation of holding
time. In addition, the ¢, generally varies within 0.02-0.03.

Fig. 7 gives the stress-strain curves with various annealing

0.4
—e— Single annealing
—e— Double annealing
P
£
S 0.24
=
=
i
o 024
=
5]
R7)
=
3 0.1+ 0.09
-
&
0.0 . , .

: T
30 60 90 120 200
Single annealing holding time (min)

Fig. 5. Protrusion heights of TSV-Cu with various holding time.
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conditions. After single annealing, the stress under the same strain de-
creases with the increase of the holding time (denoted by yellow line),
except the holding time of 200 min, it is indicated that the softening
occurs. After double annealing, all the curves stabilize around two
curves of holding time 90 min and 120 min. It is suggested that double
annealing results in slight variations of constitutive curves after
annealing for 90 min.

4.3. Microstructure evolution

Fig. 8 presents the grain texture of TSV-Cu under various holding
time. The annealed grains are enlarged and become equiaxed grains.
Furthermore, the dominant orientations are <111> and <110>. Herein,
the grains are classified as small, median and large grains according to
diameters, i.e.,d <1 pm, 1 pm < d < 4 pm and d > 4 pm, respectively.
The statistics of grain size are recorded in Table 2, the average grain size
enlarges with the extension of single annealing holding time, except the
holding time of 200 min. The reason is that the fraction of small grains is
reduced, while the fraction of large grains is enlarged with the prolon-
gation of holding time. After double annealing, the average grain size is
about 3 pm, larger than that of annealed once.

Grain boundary types have remarkable effects on the mechanical
properties and deformation behavior of materials. Fig. 9(a and b) pre-
sent the distributions of grain boundaries. The low angle boundaries
(LAGBs) with misorientation from 2° to 15°, and high angle boundaries
with misorientation larger than 15°, are marked with grey lines and
black lines, respectively. Other specific grain boundaries of coincident
site lattice boundaries are included X3 (60°<111>) in red, X9
(38.94°<110>) in blue, ¥27a (31.58°<110>) in green and X27b
(35.42°<210>) in yellow. These special grain boundaries possess lower
freedom energy relative to random HAGBs, which is conducive to
strengthening the mechanical properties [54,55]. It can be found that
the total grain boundary numbers of annealed samples are reduced
owing to grain growth. ¥3 is the most of the HAGBs, while the numbers
of other grain boundary types are few. In addition, the distribution
fraction of grain boundary types under single annealing is displayed in
Fig. 9(c), the fraction of HAGBs increases with the single annealing
holding time prolonged from 0 min to 60 min. However, the fraction of
HAGBs reduces as the holding time exceeds 60 min. As shown in Fig. 9
(d), after double annealing, the fraction of HAGBs under double
annealing is generally lower than that of HAGBs under single annealing.

The local misorientation can reflect the distributions of micro strain
or dislocation density inside the grains. Generally, the micro strain or
dislocation density would affect the thermodynamics state of grains
under thermal mechanical loading. Fig. 10(a) displays the local
misorientation distribution and its kernel average misorientation (KAM)
of TSV-Cu under single annealing. Under single annealing with holding
time 60 min, the KAM value decreases from 0.288 to 0.169 compared
with that of unannealed grains. However, the KAM value heightens
remarkably, even exceeds the initial value of unannealed grains with the
holding time prolonged from 90 min to 120 min. In addition, the local
misorientation distribution and the KAM value of TSV-Cu after double
annealing are presented in Fig. 10(b). The KAM value increases relative
to that of TSV-Cu annealed one time at holding time of 60 min and 90
min. Instead, the double annealing reduces the KAM values as the single
annealing holding time reaches to 120 min. The variations of KAM
values illustrate that micro strain and dislocation density exhibits a
fluctuation tendency under various annealing holding time.

The softening behaviors of materials under annealing process are
connected with the microstructure evolution. The distributions of
recrystallized grains, subgrains and deformed grains after annealing are
shown in Fig. 11(a and b). The grains with the KAM value exceeding 2°
are deformed grains marked in red. Grains with the KAM value less than
2°, but whose misorientations among subgrains are larger than 2°, are
subgrains marked in yellow [56]. Other remaining grains are recrys-
tallized grains marked in blue. The fractions of the three kinds of grains
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Fig. 6. E and H of TSV-Cu with various annealing holding time, (a) E versus displacement curves, (b) H versus displacement curves, (c) Average E after single and

double annealing, (d) Average H after single and double annealing.

Table 1
Mechanical parameters of TSV-Cu from nanoindentation test and FE reverse.

Holding time Elastic modulus, E Hardness, H

Representative stress, o,

Representative strain, Yield stress, o, Hardening exponent,

(min) (GPa) (GPa) (MPa) & (MPa) n

0 142.48 + 1.62 1.94 + 0.05 478.98 + 31.78 0.0284 + 0.004 51.83 + 6.67 0.5093 + 0.0002
30 133.27 £ 0.95 1.27 £+ 0.02 327.17 £10.27 0.0271 + 0.001 26.09 + 1.95 0.5121 + 0.0001
60 122.00 + 3.30 1.26 + 0.03 319.50 £+ 16.39 0.0283 + 0.0001 25.78 £ 2.25 0.5126 + 0.0001
90 116.00 + 2.63 1.10 £ 0.05 248.34 +£11.35 0.0294 + 0.0001 15.63 + 1.55 0.5134 + 0.0001
120 113.57 + 2.75 1.00 + 0.02 239.37 £+ 3.36 0.0301 + 0.0008 13.85 + 0.72 0.5170 + 0.0001
200 105.53 +1.83 0.99 + 0.02 273.93 +£10.74 0.0262 + 0.0006 21.32 +1.68 0.5239 + 0.0001
30 & 30 110.55 + 1.74 1.15 £+ 0.01 254.52 +£7.31 0.0292 + 0.001 17.32 + 0.52 0.5122 + 0.0001
60 & 30 115.40 + 1.04 1.13 £+ 0.03 254.30 + 8.87 0.0294 + 0.001 16.67 + 1.11 0.5126 + 0.0001
90 & 30 111.03 + 2.19 1.07 £ 0.01 238.13 + 8.56 0.0285 + 0.0008 15.44 £+ 0.85 0.5134 + 0.0001
120 & 30 119.28 + 3.65 1.06 + 0.02 235.94 + 3.75 0.0292 + 0.0005 13.13 + 0.54 0.5172 + 0.0003
200 & 30 118.49 + 4.93 1.07 + 0.04 232.62 + 10.54 0.0293 + 0.0009 11.85 + 1.37 0.5243 + 0.0002

are presented in Fig. 11(c—e). It can be found that the recrystallized
fraction of unannealed grains is 70%, which indicates that most of grains
have completed recrystallization before annealing. After single anneal-
ing, the recrystallized fraction increases from 70% to 85% with the
holding time prolonged from 30 min to 90 min, but the fraction of
subgrains deceases from 30% to 15%. With the holding time longer than
90 min, the recrystallized fraction reduces remarkably, and the fractions
of subgrains and deformed grains heighten strikingly. After double
annealing, the recrystallized fraction is generally lower than that of
grains annealed one time with holding time of 60 min and 90 min.
Meanwhile, the fractions of subgrains are higher than that of grains
annealed one time. In addition, the fractions of deformed grains after
double annealing are generally stable around 2.5%, except the double
annealing condition 30 & 30 min.

5. Discussions

5.1. Relationships between protrusion, microstructure and mechanical
properties

The nanoindentation technique can be applied for the mechanical
property characterization of homogenous continuum with random

orientations for the small volumed materials [57,58]. Furthermore, in-
vestigations showed that the mechanical properties on the top surface
and cross-section of TSV-Cu with random orientations varied slightly,
and the local top surface mechanical properties of TSV-Cu were closely
correlated with the integral microstructure on the cross-section [19,30,
59]. Herein, the relationships among protrusion deformation, top sur-
face mechanical properties and integral microstructure on the
cross-section are further discussed. As shown in the left part of Fig. 12
(a), under single annealing, both the protrusion height and average
grain size generally increase with the holding time prolonged from 30
min to 120 min, then slightly reduce as the holding time extends to 200
min. As shown in the right part of Fig. 12(a), the variation tendencies of
the yield stress, hardness and elastic modulus are opposite to that of the
protrusion height and average grain size. That is because smaller grain
leads to larger yield stress, on the basis of the Hall-Petch law. Moreover,
the larger yield stress makes TSV-Cu harder to protrude by plastic
deformation. In addition, with the enlarging of grain size, the hardness
decreases, which is also explained by the Hall-Petch law. In fact, the
decreased elastic modulus is influenced by mixed factors, including
grain size, grain orientation, residual stress, and void defects [60-64].
However, the relationships among protrusion, microstructure and
mechanical properties under double annealing conditions are different
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Fig. 7. The stress-strain curves of TSV-Cu under various conditions of hold-
ing time.

from that under single annealing, as shown in Fig. 12(b). The second
protrusion height and yield stress reduce significantly compared with
that under single annealing conditions, and generally exhibit a
decreasing tendency with the extension of the single annealing holding
time. The reduction mechanism of second protrusion height has been
revealed [43], i.e., the second thermal loading contributed to the small
increment of equivalent plastic strain and von Mises stress of TSV-Cu.
Moreover, the average grain size and hardness tend to be stable,
which also causes the reducing of the second protrusion height.
Furthermore, elastic modulus exhibits fluctuation tendency. That could
be connected with the grain orientation, i.e., elastic moduli corre-
sponding to the <100> oriented and <111> oriented copper grains
were 60 GPa, and 150 GPa, respectively [64].

5.2. Effects of microstructure evolution on the softening in stress-strain
curves of TSV-Cu

The degree of softening was derived from the hardness data by the
formula: Xy = (H. — H,)/(H. — Hp). Herein, Hy, H,, and H; are the
hardness values under various states, which were corresponded to the
fully annealed state, the unannealed state, and the state of annealing for
time t, respectively. Takayama et al. [65] fully annealed the Cu samples
for long holding time to possess grains with comparable grain size to
current investigation, and the measured Hy was 0.5 GPa. As shown in
Fig. 13, the blue curve and the diagram of microstructure evolution
describe the softening characteristics during single annealing. The

90 120
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softening process is segmented with three stages. In Stage 1 with the
holding time range 0-60 min, the softening is caused by the conven-
tional static recovery (SRV), static recrystallization (SRX), and grain
growth. During Stage 1, the new grains delineated by HAGBs are formed
by recrystallization, which reduces the overall dislocation density. This
interpretation is corresponded to the phenomena of the holding time
range 0-60 min that the fraction of HAGBs increases in Fig. 9(c), KAM
value decreases in Fig. 10(a), and the recrystallization fraction increases
in Fig. 11(c). In stage 2 with the holding time range 60 min-120 min, the
softening is mainly caused by the continuous grain growth. During this
period, the dislocation density starts to increase, even higher than the
initial dislocation density. The high density of dislocation generates
subgrains inside the grains. Noted that subgrains in Fig. 13 are enclosed
by original HAGBs denoted by black lines and newly formed LAGBs
denoted by red lines. Therefore, the fraction of LAGBs increases in Fig. 9
(c), KAM value increases in Fig. 10(a), and a large number of subgrains
forms in Fig. 11(d), which is also referred as discontinuous dynamic
recrystallization (dDRX). In stage 3 with the holding time range 120
min-200 min, the softening value is basically stable. However, during
this stage, the misorientation of LAGBs inside subgrains increases,
enabling LAGBs to evolve into HAGBs and to form new small grains
enclosed by HAGBs. Thus, the average grain size becomes finer, and the
dislocations are relieved under the holding time of 200 min. Meanwhile,
the fraction of LAGBs reduces in Fig. 9(c), and the KAM value also re-
duces in Fig. 10(a). It is speculated that the generation and annihilation
of the dislocation density reached equilibrium, stabilizing the softening
value.

The red curve depicts the softening process of double annealing. As
the single annealing holding time is shorter than 90 min, the softening
value of double annealing is larger than that of single annealing. The
reason is mainly because the grain size continues to grow under double
annealing. With the holding time longer than 90 min, the softening

Table 2
Average grain size and fraction distribution under various holding time.

Annealing Average grain Fraction of grain size distribution
holding ti ize d
(;inl)ng me size d (um) Small (d Median (1 pm Large (d
<1 pm) <d < 4pm) >4 pm)
0 1.38 0.66 0.24 0.10
30 2.01 0.42 0.40 0.18
60 1.93 0.57 0.31 0.12
90 2.44 0.36 0.46 0.18
120 2.81 0.28 0.44 0.28
200 2.64 0.30 0.51 0.19
30 & 30 3.01 0.39 0.37 0.24
60 & 30 3.05 0.23 0.51 0.26
90 & 30 3.09 0.25 0.48 0.27
120 & 30 3.11 0.20 0.57 0.23
200 & 30 3.05 0.29 0.43 0.28
m
"
001 110
Z(ND) 5 v@u
&(TD)
e
Si
10 pm

Fig. 8. EBSD maps of TSV-Cu with various holding time, (a) EBSD maps of TSV-Cu after single annealing, (b) EBSD maps of TSV-Cu after double annealing.
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Fig. 9. Distributions and fractions of grain boundary types for TSV-Cu under various annealing processes, (a) Grain boundary types under single annealing, (b) Grain
boundary types under double annealing, (c) Fractions of grain boundary types under single annealing, (d) Fractions of grain boundary types under double annealing.
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Fig. 10. Local misorientation distribution of TSV-Cu under different annealing holding time, (a) After single annealing, (b) After double annealing.

value is basically stable, but slightly smaller than that of single
annealing. The main reason is that the fractions of LAGBs under double
annealing increase relative to that under single annealing, leading to the

strengthening effect on the hardness.
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Fig. 12. Relationships among protrusion, microstructure and mechanical properties of TSV-Cu with various holding time, (a) Relationships under single annealing,

(b) Relationships under double annealing.
6. Conclusions

In this paper, stress-strain curves of TSV-Cu under a wide range of
holding time were obtained with nanoindentation test and FEM reverse
analysis. The relationships among protrusion deformation, microstruc-
ture and constitutive behavior were built. In addition, the effects of
microstructure on the softening mechanism of stress-strain curves were
revealed. Conclusions are drawn as following.

1. The first protrusion height increased with prolonging holding time
from 30 min to 120 min, then decreased slightly under the holding
time of 200 min. However, the second protrusion height reduced
firstly, followed by increasing after double annealing. It was worth
noting that the second protrusion height was lower than first pro-
trusion height.

2. The elastic modulus, hardness and yield stress generally decreased
with the prolongation of single annealing holding time. Nevertheless,
double annealing led to a slight fluctuation of elastic modulus,
hardness and yield stress. Furthermore, the stress-strain curves
softened with increasing the holding time from 30 min to 90 min,
then stabilized as the holding time exceeded 90 min. Besides, the
stability was not affected by double annealing conditions.

3. During single annealing, the average grain size generally increased

with extending the holding time. During double annealing, the
average grain size was stabilized around 3 pm. Meanwhile, the yield
stress generally decreased with prolonging the holding time.

4. The softening in stress-strain curves is closely relevant to the

microstructure evolution of TSV-Cu. During single annealing, the
softening processes can be divided into three stages: Stage 1, with
holding time 0-60 min, the softening was caused by conventional
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static recovery, static recrystallization and grain growth; Stage 2,
with holding time 60 min-120 min, the softening was mainly
resulted from the continuous grain growth, while discontinuous
dynamic recrystallization occurred; Stage 3, with holding time 120
min-200 min, the softening value was basically unchanged, indi-
cating that the balance of generation and annihilation of
dislocations.

5. After double annealing, the softening value was higher than that
under single annealing within the holding time of 90 min, due to the
continuous grain growth. However, as the holding time exceeded 90
min, the softening value was lower than that under single annealing.
That was because the second annealing promoted the generation of
LAGBs, which slightly strengthened the hardness.
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