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Effect of Capped Cu Layer on Protrusion Behaviors
of Through Silicon via Copper (TSV-Cu) Under
Double Annealing Conditions: Comparative Study

Min Zhang, Fei Qin*, Si Chen", Yanwei Dai

Abstract—Annealing process is generally adopted to reduce
the residual stress and stabilize the microstructure of TSV-Cu
in IC manufacturing. In this paper, the effects of capped Cu
layer on the protrusion behaviors of TSV-Cu are investigated
considering various double annealing processes. Higher protru-
sions of TSV-Cu with capped Cu layer are observed compared
with that of TSV-Cu without capped Cu layer. The reason is
that capped Cu layer impedes the elimination of grain bound-
aries and local misorientation during the first annealing, resulting
in the remaining of larger amounts of atoms and higher energy
in the grain boundaries. Thus, it is easier to induce protrusion
by grain boundary migration during the second annealing. In
addition, the capped Cu layer effects on mechanical properties
of TSV-Cu under various double annealing conditions are inves-
tigated by nanoindentation test. The values of elastic modulus
and hardness are generally higher in the presence of capped Cu
layer. The reason is also discussed and clarified.

Index Terms—Through silicon via copper (TSV-Cu), capped
Cu layer, protrusion, double annealing, microstructure, mechan-
ical properties.

I. INTRODUCTION

HREE-DIMENSIONAL (3D) packaging has been

regarded as a promising approach to extend Moore’s
law, which is the basis of multifunctional integration tech-
nologies [1]. Copper (Cu) filled through silicon via (TSV-Cu)
technology is very crucial to 3D integrated circuit (IC) as it
provides shortest electrical path, lowest signal loss, smaller
form factor and less weight [2], [3], [4]. However, due to
unstable microstructure of Cu grain and accumulation of
residual stress during various manufacturing and thermal
interconnection processes, protrusion of TSV-Cu is still
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one of the biggest issues, which can lead to failures of the
back-end-of-line (BEOL) interconnected layers [5], [6], [7],
[8], [9], [10], [11], [12], [13]. Recently, the relative investi-
gations of TSV protrusion are focused on two aspects. One
is how to control the protrusions by developing electroplating
solution, the another is to reveal the protrusion mechanisms
at microscopic or even atomic scale by simulations [7], [14],
[15], [16], [17], [18]. It is noted that capped Cu layer is
formed by excessively electroplating Cu on the surface of
TSV-Cu and silicon (Si) substrate during TSV-Cu electroplat-
ing process, during which initial residual stresses could be
accumulated in the TSV-Cu [19], [20]. To relieve the residual
stress and stabilize the microstructure of TSV-Cu, annealing
treatment is always adopted. Some announced studies have
shown that the microstructure of TSV-Cu and the stress relief
behaviors can be influenced by the capped Cu layer during
the thermal annealing treatment process [20], [21]. However,
influences of capped Cu layer on protrusion behaviors and
microstructure evolution of TSV-Cu during thermal annealing
processes are still not investigated thoroughly.

It was clarified by experimental studies that annealing of
TSV wafer with capped Cu layer generated stronger warpages
and stresses, while the reduction of total grain boundary
lengths for TSV-Cu with capped layer was lower than that
of uncapped TSV-Cu after annealing treatment [22]. It was
also found that annealing of TSV samples with capped Cu
layer at 400 °C can mitigate TSV-Cu protrusion behaviors
during BEOL processes, however, Cu voids were inevitably
induced [19], [23]. Finite element analysis indicated that pro-
trusions of TSV-Cu with capped Cu layer during annealing was
reduced compared with that of without capped Cu layer [24].
Other metallic capped layers deposited on the surface of TSV-
Cu such like Co, W and Ta layers were also found to suppress
protrusions of TSV-Cu under annealing process [25]. The rea-
son was that those capped layers restrained the mass transport
at top surface of the vias and along grain boundaries. However,
the relation between TSV-Cu protrusion behavior and capped
Cu layer is not thoroughly elaborated. Moreover, the first
protrusion of TSV-Cu including the capped layer will be gen-
erally removed by chemical mechanical polishing (CMP) to
conduct subsequent manufacturing process of interconnection
layers. The thermal loading caused by subsequent manufactur-
ing processes of interconnection and metallization layers could
introduce continuous TSV-Cu protrusions, leading to delami-
nation failure or cracking of interconnection layers [26], [27].
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Hence, it is vital to evaluate whether the second protrusion
will occur under additional thermal loading before subsequent
manufacturing processes.

Investigations showed that plastic deformation, sliding and
fracture of Cu/Si interface all can lead to TSV-Cu protru-
sion [28], which can be as well influenced by the etched shape
of Si via, dielectric material, TSV geometrical dimension, elec-
troplating solution and annealing process etc. Rough side wall
of Si via generated higher stress, resulting in more TSV-Cu
protrusions and failures of Cu/Si interface [29]. The materials
of dielectric layers such as insulators and barriers can be opti-
mized to minimize the thermal stress and eliminate the TSV-Cu
protrusion [30], [31]. The effect of geometrical dimension of
TSV-Cu on protrusions indicated that smaller pitch distance
and larger diameter induced more protrusion height [32], [33].
In addition, electroplating current density and electrolyte com-
position also affected the microstructure of TSV-Cu, while the
protrusion height was considered as a function of grain size
of TSV-Cu according to [34], [35], [36]. Those investigations
have confirmed that microstructure and residual stress are the
two main indicators influencing the protrusions of TSV-Cu.
Although tremendous efforts have been made to study the
protrusion mechanisms of TSV-Cu from different aspects, the
effect of capped Cu layer on TSV-Cu protrusion is always
ignored and additional thermal test is still lacked to validate
subsequent protrusion behavior in those investigations.

In addition, due to involving multiple thermal processes
during the TSV integration, it is meaningful to connect the
variations of mechanical properties for TSV-Cu with num-
bers of annealing processes. Although the microstructure
and mechanical properties of TSV-Cu under once annealing
temperature have been studied [37], [38], [39], [40], it is
insufficient to assess the thermal mechanical reliabilities dur-
ing entire TSV integration processes. With this consideration,
the effect of capped Cu layer on microstructure and mechani-
cal performance of TSV-Cu under different double annealing
conditions will be analyzed.

The target of this paper is to study whether capped Cu
layer can alleviate the protrusion behaviors of TSV-Cu under
subsequent multistep annealing treatments by comparing vari-
ous annealing conditions. Toward this target, TSV-Cu samples
with or without capped Cu layer are annealed under the first
annealing conditions. Then, the second annealing treatments
are performed to validate their subsequent protrusion behav-
iors. Herein, the protrusions, microstructure and mechanical
properties of TSV-Cu samples with capped Cu layer are char-
acterized and compared with the results of uncapped TSV-Cu
samples. Furthermore, the influencing mechanism of capped
Cu layer is presented, and some guidelines are provided to
understand capped layer effect on TSV protrusions under
double annealing.

II. EXPERIMENTAL PROCEDURE
A. Sample Fabrication

Fig. 1(a) shows the schematic diagrams of capped TSV
samples. The pitch distances along x-axis and y-axis are
115 pm and 165 wm, respectively. The depth and diameter
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Fig. 1. Schematic diagrams of capped TSV sample: (a) TSV arrays,
(b) Cross-section of capped TSV-Cu, (c) Thicknesses of capped layers over
the silicon substrate.

of TSVs are 100 wm and 10 pwm, respectively. During the
manufacturing of the capped TSV-Cu, bind vias were firstly
etched by deep reactive ion etching (DRIE) on a 12-inch Si
wafer with the thickness of 800 pm. Then, SiO; insulator
was deposited on these etched vias by chemical vapor depo-
sition (CVD). After that, Ti based diffusion barrier and Cu
seed layer were deposited on the sidewall of the vias by phys-
ical vapor deposition (PVD). Lastly, the vias were filled by
Cu electroplating. As shown in Fig. 1(b), large amounts of
capped Cu layer and tiny amounts of SiO, insulator and Ti
diffusion barrier unavoidably remained on the Si surface dur-
ing the manufacturing processes. As shown from Fig. 1(c),
the thicknesses of capped Cu, Ti barrier layer, and SiO, insu-
lator layer, are approximately 3.5 pm, 500 nm and 2 pm,
respectively.

B. Method of Protrusion Measurement Under Double
Annealing Conditions

Fig. 2(a) shows the double annealing process of capped
TSV-Cu and uncapped TSV-Cu. Herein, the capped Cu layers
were removed by CMP to prepare the uncapped TSV-Cu sam-
ples. The manufacturing processes, geometric dimensions, and
annealing conditions are the same between the capped TSV-Cu
and uncapped TSV-Cu. The difference between capped TSV-
Cu and uncapped TSV-Cu is the existence of the capped Cu
or not. Three temperatures (i.e., 200 °C, 300 °C and 400 °C)
were firstly adopted to anneal the capped TSV-Cu samples in
a vacuum furnace (TL 1200). As a reference, the annealing of
uncapped TSV-Cu samples was performed at the same condi-
tions. Then, the first protrusions including capped Cu layer of
the two kinds of samples were removed by CMP. To examine
the annealing effect of the capped and uncapped TSV-Cu, a
second annealing was further conducted on these two kinds
of annealed TSV-Cu, and the second protrusions were mea-
sured. The second annealing temperatures were also set as
200 °C, 300 °C and 400 °C, respectively. The double anneal-
ing temperatures are given in TABLE 1. The temperatures of
the twice annealing processes raised from room temperature
to the final target temperature at 10 °C/min and maintained
for 30 mins, then cooled down naturally. The descriptions
of double annealing conditions are denoted by the symbols
(A, By, Cj, i=1, 2, 3). Characters A, B and C represent the
first annealing temperatures, i.e., 200 °C, 300 °C and 400 °C,
while subscripts i=1, 2, 3 represent the second annealing tem-
perature, i.e., 200 °C, 300 °C and 400 °C. For example, double
annealing condition A represents that the sample is annealed
firstly at 200 °C, then annealed secondly at 200 °C.
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Fig. 2. Double annealing processes and protrusion measurement of capped and uncapped TSV-Cu samples: (a) Double annealing processes of capped TSV-Cu
and uncapped TSV-Cu, (b) The polished surface, (c) 3D profile of TSV-Cu surface after CMP, (d) Height profile along x-path of TSV-Cu before and after

second annealing.

TABLE I
DOUBLE ANNEALING TEMPERATURES

First Second
. . Symbols of
Sample annealing annealing ..
conditions
temperature temperature

200°C 200°C A

200°C 300°C A

200°C 400°C As

Capped 300°C 200°C B,

or 300°C 300°C B,
uncapped

TSV-Cu 300°C 400°C B

400°C 200°C C,

400°C 300°C G

400°C 400°C Cy

As shown in Fig. 2(a), initial dents formed on the top
surface of TSV-Cu after CMP due to higher removal rate
of Cu than Si material. The polished surface of TSV-Cu
is shown in Fig. 2(b). As shown from Fig. 2(c), the initial
depths of the dents on the surface were measured by 3D
laser scanning microscope (KEYENCE X200 series, measur-
ing precision 12 nm). hg is the average value of the depths
along x-path and y-path. After second annealing, the second
protrusion height /; was also measured. As shown in Fig. 2(d),
the absolute value, i = |h] —hgl, is the actual protrusion height
value of TSV-Cu. In order to obtain precise protrusion value,
ho and h; were measured from a same Cu via, and at least five
TSV-Cu vias of each sample were measured for each anneal-
ing condition. The final protrusion height value was calculated
by averaging & of total Cu vias.

C. Methodology of Microstructural and Mechanical Property
Characterization

Focused ion beam scanning electron microscopy system
(FIB-SEM) with an EBSD detector (Oxford “symmetry”) was

. L)
Capped Cu

Fig. 3. SEM images of six indentation testing points on the cross-section of
capped TSV-Cu.

used to analyze the microstructure of the capped TSV-Cu
under various double annealing conditions. In order to acquire
high-quality cross-section of TSV-Cu, ion milling method
(Leica EM TIC 3X) was performed to remove the residual
stress in the cross-section of TSV-Cu. The ion milling was
operated for 25 min at 6 kV, then kept 15 min at 4 kV. After
that, EBSD scanning was performed on the cross-section of
capped TSV-Cu. The scanning voltage, incident beam current,
and the scanning step were 20 kV, 5.5 nA, and 0.15 pm,
respectively. The sample stage was inclined 70° from the hor-
izontal direction to increase the resolution of EBSD pattern.
Channel 5 software was utilized to analyze the EBSD data,
including grain size, grain boundaries and local misorientation.

The elastic modulus (E) and hardness (H) in cross-sections
of capped TSV-Cu under various double annealing conditions
were measured by nanoindentation test (Agilent G200).
Standard three-sided pyramid diamond indenter tip
(Berkovich) and continuous stiffness measurement (CSM)
method were used during the tests.

As shown in Fig. 3, due to different constraints and inho-
mogeneous microstructure from the top to the bottom of the
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Fig. 4. SEM images of protrusion morphology of capped TSV-Cu after
double annealing: (a) Edge protrusion, (b) Center protrusion, (c) Global
protrusion.
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Fig. 5. The protrusion heights of capped and uncapped TSV-Cu after double
annealing.

capped TSV-Cu, the mechanical properties could vary with
nanoindentation testing positions in TSV-Cu cross-section. In
order to study the effects of testing positions on mechanical
properties, six indentation testing points with a spacing size
of 15 wm were carried out on the cross-section of capped
TSV-Cu. The constant strain rate was set as 0.05 s~!, and
the maximum indentation depth was set as 500 nm. From
the obtained load-displacement curves, the E and H can be
calculated based on the Oliver-Pharr method.

III. RESULTS

A. Protrusion Statistics of Capped TSV-Cu Under Double
Annealing

Fig. 4 shows three kinds of main protrusion morpholo-
gies of capped TSV-Cu after double annealing treatments,
i.e., edge protrusion, center protrusion and global protrusion,
respectively. Formation mechanisms of different protrusion
morphologies are related to its microstructures [34].

It is worth noting that the protrusion heights of uncapped
TSV-Cu under various double annealing conditions have been
given in our recent investigations [41]. Herein, the compar-
isons of protrusion heights between the capped and uncapped
TSV-Cu are shown in Fig. 5. It can be found that the protru-
sion tendencies of the two kinds of samples are consistent, i.e.,
the protrusion height improves with the increasing of the sec-
ond annealing temperature. However, the protrusion height of
capped TSV-Cu is higher than that of uncapped TSV-Cu under

TABLE II
FRACTIONS OF GRAINS WITH DIFFERENT DIAMETERS

Fraction of grain size distribution

Average

?:)lrrllg;}ﬁlgs iir:;n Small Median Large

d (um) (@<lpm) (Ipm<d<4pm) (d>4pm)
200 °C 1.67 0.608 0.266 0.126
300 °C 2.07 0.559 0.243 0.198
400 °C 2.30 0.508 0.310 0.182
200 °C+200 °C 1.79 0.549 0.351 0.100
200 °C+300 °C 2.05 0.377 0.377 0.246
200 °C+400 °C 2.35 0.217 0.520 0.263
300°C+200 °C 2.20 0.436 0.325 0.239
300 °C+300 °C 2.37 0.250 0.400 0.350
300 °C+400 °C 2.49 0.150 0.514 0.336
400 °C+200 °C 2.94 0.428 0.287 0.285
400 °C+300 °C 3.12 0.246 0.329 0.425
400 °C+400 °C 3.30 0.176 0.587 0.237

the same double annealing conditions. In addition, the differ-
ence of protrusion height is limited within 40 nm if the first
annealing temperature is as high as 400 °C. It illustrates that
the annealing treatment of TSV-Cu with capped Cu layer pro-
motes protrusion behaviors compared with those of uncapped
samples for the second annealing treatment. However, the pro-
moting effect weakens if the first annealing temperature is
relative higher.

B. Microstructure Statistics of Capped TSV-Cu Under
Double Annealing

Figs. 6 (a)-(b) show the EBSD maps along Y direction for
capped TSV-Cu after first and second annealing processes.
It can be seen that orientations of <111> and <110> are
the dominant orientations, which are related to the types of
electroplating additive, orientations of Cu seed layer and elec-
troplating current [16], [35], [42]. In addition, the irregular
shaped grains in the side wall coalesce with large grains in the
center region to be larger equiaxed grains. The cross-section
of TSV-Cu is mainly filled by these larger grains with <111>
and <110> orientations.

The grains are categorized as small, median and large grains
according to diameters of grain (d),i.e.,d <1 pm, l pm<d <
4 pwm, and d > 4 pm, respectively. The average grain size and
fractions of various grain sizes are listed in TABLE II. During
the first annealing process, the average grain size increases
from 1.67 pm to 2.30 wm with annealing temperature raising.
The main reason is due to that the fraction of small grains
decreases and the fraction of large or median grains increases.
With increasing the temperature of the second annealing pro-
cess, the average grain size increases from 1.79 wm to 2.35 pm
under the condition that the first annealing treatment tempera-
ture is 200 °C. The average grain size increases from 2.20 pm
to 2.49 pm under the condition that the first annealing treat-
ment temperature is 300 °C. The average grain size increases
from 2.94 wm to 3.30 wm if the first annealing temperature
is 400 °C. The increasing of average grain sizes under sec-
ond annealing can be also explained by the variations of grain
fractions of grain sizes.
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Fig. 6. EBSD maps of caped TSV-Cu under different annealing conditions:
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[JCapped TSV-Cu I Capped TSV-Cu

I Capped TSV-Cu
B Uncapped TSV-Cu BB Uncapped TSV-Cu

. I Uncapped TSV-Cu

[ Capped TSV-Cu
[ Uncapped TSV-Cu

2
294 o2

o
1
o
2

27 219

¥
3

2 23722
| 1.87 2.05

N
1
W

Average grain diameter (um)
[
1

2 1
Annealing conditions

Fig. 7. Comparison of average grain size between capped and uncapped
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In order to investigate the capped Cu layer effect on the
average grain size considering various annealing conditions,
the comparison of average grain sizes for capped and uncapped
TSV-Cu is given in Fig. 7. It can be seen that the average grain
sizes of capped TSV-Cu and uncapped TSV-Cu enlarge with
the improvement of the annealing temperature regardless of
annealing temperature sequences. In addition, the grain sizes
are nearly similar under the conditions that the first annealing
temperature is 200 °C, however the grain size of capped TSV-
Cu is slightly smaller than that of uncapped TSV-Cu along

g

 TCapped TSV-Cu at 300°C (b)
| /
N

Capped TSV-Cu at 300°C Capped TSV-Cu at 300°C

Average value

Average value

Load (mN)
H (GPa)

1
—3
—4

s
=g .
T T 0-— T T 0 T T
0 200 400 600 0 200 400 600 0 200 400 600

Displacement (nm) Displacement (nm) Displacement (nm)

Fig. 8. Nanoindentation responses of six indentation testing points in cross-
section for capped TSV-Cu annealing at 300 °C: (a) Load-displacement
curves, (b) E-displacement curves, (c) H-displacement curves.

with that the first annealing temperature increases to 300 °C
or 400 °C. On the contrary, the grain size of capped TSV-Cu
is generally lager than that of uncapped samples even under
the same double annealing conditions.

C. Mechanical Properties of Capped TSV-Cu Under
Double Annealing

Nanoindentation responses of the six testing points under
each annealing condition are closely related with the testing
positions in cross-section of capped TSV-Cu. For example,
the representative nanoindentation responses at 300 °C are
shown in Fig. 8. From Fig. 8(a), the maximum load at the
deepest displacement varies accordingly with different testing
indentation points. Therefore, Young’s modulus E versus dis-
placement curves and hardness H versus displacement curves
display significantly discrepancies at different testing points,
which are shown in Fig. 8(b)-(c). The results indicate that
the mechanical properties of TSV-Cu are influenced by the
indentation positions in cross-section of capped TSV-Cu. In
addition, the values of Young’s modulus E and hardness H
are stable within 400 nm - 500 nm. Hence, the average values
of Young’s modulus E and hardness H for each indentation
testing points are calculated by averaging their values within
400 - 500 nm.

Fig. 9(a) shows the average E of each indentation point in
cross-section for capped TSV-Cu under various annealing con-
ditions, the values of E exhibit an increasing tendency from the
top region of TSV-Cu to its bottom region. Fig. 9(b) shows the
average H in cross-section, the values of H generally improve
from the top region of TSV-Cu to its bottom region. The dis-
tribution laws of mechanical properties could be related to the
inhomogeneous residual stress in cross-section [5].

The average E and H of the total six indentation points
for capped and uncapped TSV-Cu are compared in Fig. 10.
Fig. 10(a) shows that average Young’s modulus of capped
TSV-Cu is generally larger than that of uncapped TSV-Cu
under various annealing conditions. While Fig. 10(b) presents
that the average hardness of capped TSV-Cu is also generally
larger than that of uncapped TSV-Cu.

IV. DISCUSSIONS
A. Grain Boundary Effect on TSV-Cu Protrusions

Grain boundaries are the sources of defects, which are
the main factors influencing the protrusions of TSV-Cu by
the migration of grain boundary under thermal annealing.
Coincident site lattice (CSL) grain boundaries, i.e., X3,
39, ¥27a and X27b, are desirable twin boundary types with
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specific misorientation angle. These twin boundaries are more
difficult to induce intergranular cracking, corrosion and plas-
tic deformation, since they possess lower energy and lower
mobility than other random lager angle grain boundaries [43].
Herein, grain boundary characteristics of the top region for
TSV-Cu are investigated since the protrusion of TSV-Cu is
mainly influenced by its top crystal structure. Figs. 11(a-c)
show the CSL grain boundaries of capped and uncapped
TSV-Cu after first annealing, the X3 (denoted by red line)
is the most frequent. The specific fractions of different CSL
grain boundaries are presented in Fig. 11(d). The fractions
of X3 are approximately 60%, and the fractions of X9
(denoted by blue line) are about 10%. The fractions of ¥27a
(denoted by yellow line) and £27b (denoted by green line)
are within 5%. Moreover, the capped Cu layer and annealing
temperatures have a trivial influence on the fractions of CSL
grain boundaries.

As shown from Fig. 12(a), The HAGBs with misorienta-
tion angle larger than 15° are the dominant grain boundary
type, and the fractions of HAGBs are above 95%. Moreover,
the fractions of misorientation angle vary slightly regardless
of the annealing temperatures and the presence of capped
Cu layer. The similar phenomenon was also observed that
grain orientations had a slight change under different annealing
temperatures [6], [37], [39]. The reason is that the mis-
orientation angle of TSV-Cu grain is mainly dependent on
the electroplating processes, such as electroplating current,
electrolyte composition, and the orientation of copper seed
layer [16], [20], [38]. As a consequence, the fractions of
23 (60° <111>), X9 (38.94° <110>), ¥27a (31.58° <110>)
and ¥27b (35.42° <210>) vary slightly. In addition, the total
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Fig. 10. Comparison of average E and H of total testing points

between capped and uncapped TSV-Cu under different annealing conditions:
(a) Comparison of average E, (b) Comparison of average H.
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Fig. 11. Grain boundary maps of capped and uncapped TSV-Cu after first

annealing, (a) Annealing at 200°C, (b) Annealing at 300°C, (c) Annealing at
400°C, (d) Fractions of different CSL grain boundaries.

lengths of grain boundaries are further analyzed, which are
recorded by Image Pro software. As shown in Fig. 12 (b), the
total lengths of grain boundaries for both capped and uncapped
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Fig. 12.  Grain boundary information of capped and uncapped TSV-Cu after
first annealing: (a) Fraction of misorientation angle distributions, (b) Grain
boundary length.

TSV-Cu decrease with the increasing of annealing temperature
due to grain growth. However, the reduction of grain boundary
lengths for uncapped TSV-Cu is more remarkably than capped
TSV-Cu. Besides, the grain boundary lengths of capped TSV-
Cu are larger than that of uncapped TSV-Cu, indicating the
remaining of larger amounts of defect sources in capped TSV-
Cu after the first annealing treatment. Hence, capped TSV-Cu
possesses more atoms in grain boundaries to migrate, there-
fore easier to protrude again compared with uncapped TSV-Cu
during the second annealing.

B. Local Misorientation Effect on Protrusions

The local misorientation reflects the distribution of micro
strain or dislocation density inside grains. Generally, the high
level of micro strain or dislocation density make grains in
a nonequilibrium thermodynamics state, therefore the grains
can deform easily under additional thermal loading. Fig. 13(a)
shows that high density of local misorientation exists in capped
TSV-Cu fabricated at 25 °C. It indicates that large amounts
initial micro strain or dislocation defects generate in the TSV-
Cu electroplating. The local misorientation maps of capped
and uncapped TSV-Cu are shown in Fig. 13(b-d). It can be
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Fig. 13.  Local misorientation maps of capped and uncapped TSV-Cu

after first annealing: (a) As fabricated at 25 °C, (b) Annealing at 200 °C,
(c) Annealing at 300 °C, (d) Annealing at 400 °C.
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TABLE III
VALUES OF KAM AFTER FIRST ANNEALING

Annealing Capped Uncapped
temperature TSV-Cu TSV-Cu
25°C 0.281
200°C 0.231 0.203
300°C 0.221 1.191
400°C 0.189 0.188

seen that initial micro strain are reduced significantly after
annealing at 200 °C, 300 °C and 400 °C.

In order to qualitatively compare the difference of the local
misorientation for capped and uncapped TSV-Cu after first
annealing, Fig. 14 presents local misorientation distribution
with Gauss fitting. The fraction of local misorientation value
(larger than 0.25°) is the highest in capped sample at 25°C.
Kernel average misorientation (KAM) after first annealing is
listed in TABLE III. The KAM values for the two kinds
of samples decrease with the increasing of annealing tem-
perature. However, the KAM value of uncapped TSV-Cu is
smaller than that of the capped TSV-Cu under each same
annealing temperature. Furthermore, the difference of KAM
values between capped samples and uncapped samples shrinks
as the first annealing temperature increases. Hence, it can be
inferred that the presence of capped Cu layer hinders the
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Fig. 15.  Schematic illustration of diffusional mass transport in TSV-Cu

during first annealing, (a) Capped TSV-Cu, (b) Uncapped TSV-Cu.

elimination of micro strain of capped TSV-Cu during first
annealing. As a result, micro strain in the grains of uncapped
TSV-Cu is relieved more fully than capped TSV-Cu, enabling
the uncapped TSV-Cu more stable and difficult to protrude
under the same double annealing conditions.

C. Influencing Mechanisms of Capped Cu Layer

The barrier mechanisms of the capped Cu layer on the
elimination of grain boundary and local misorientation during
first annealing can be illustrated by diffusional mass trans-
port in TSV-Cu shown in Fig. 15. The diffusions of defects
including vacancies, dislocations and GBs are partially sup-
pressed for capped TSV-Cu due to the longer transport route
of capped Cu layer in Fig. 15 (a). Diffusion creep is one of
the main mechanisms of inducing TSV-Cu protrusion [34].
The hindering effect of capped layer results in less protru-
sion compared with uncapped sample during first annealing.
This phenomenon has been confirmed both by experiments and
finite element analysis [24], [25]. In engineering, however, the
first protrusion, including the capped layer, will be removed by
CMP for subsequent fabrication processes of interconnected
layers. If the thermal loading involved in these processes leads
to continuous protrusions of TSV-Cu, the reliabilities of these
interconnect layers could be at a great risk. Experiments in
this study indicate that second protrusion heights of capped
samples still reach about 100 nm, even the capped samples
went through twice annealing at 400 °C. Similar experimental
observation was also reported [44]. The reason is that the unre-
lieved micro strain and plentiful of atoms in GBs still remain
in the capped TSV-Cu after first annealing. It also provides
the kinetic energy for the diffusional migration of GBs under
the second annealing.

However, as for those uncapped samples, the vacancies and
dislocations are fully released during first annealing, while the
grain growth is more sufficient. Thus, the grains are in more
stable state, leading to less protrusions under second annealing.
Therefore, it is suggested that after removing the excessively
electroplated Cu layer by CMP, high temperature annealing
is carried out to make the TSV-Cu fully protruded and grains
stabilized. Then, the protrusions are polished by CMP to finish

the subsequent processes of interconnected layers fabrication.
Due to stable microstructure of TSV-Cu and the constraint of
interconnect layers, the problem of continuous protrusions can
be effectively controlled.

In addition, compressive stresses were generally accumu-
lated in the initially electroplated samples, which led to the
sample warpage [45], [46]. Annealing of samples with capped
layer could lead to larger compressive stress and aggravate
the original curvature of the warpage [47]. However, the
curvature and stress decreased for uncapped samples after
annealing [25]. Furthermore, it was confirmed that compres-
sive stress resulted in the overestimation of elastic modulus
and hardness. Instead, tensile stress could cause the under-
estimation of elastic modulus and hardness values based on
nanoindentation test [10], [48]. In this study, the internal com-
pressive stress of uncapped samples could be fully relieved
and greatly decreased comparing with capped samples, which
is the main reason resulting in the differences of mechanical
properties between the two kinds of samples. Annealing tem-
perature, grain size, grain orientation and voids also affect the
measured values of elastic modulus [49], [50], [51]. However,
these factors are generally the same for the two kinds of
samples, which is not the main reason for the discrepancy.

V. SUMMARY

In this paper, the effects of capped Cu layer on the pro-
trusion behaviors, microstructure evolution and mechanical
properties of TSV-Cu are investigated by experiments con-
sidering various double annealing processes. The influencing
mechanisms of capped Cu on the experimental findings are
analyzed and discussed. On the one hand, the presence of
capped Cu partially suppresses the diffusional mass transport
in TSV-Cu. Thus, the elimination of grain boundary and local
misorientation inner TSV-Cu during first annealing is not suffi-
cient for capped samples. Instead, the unrelieved micro strain
and plentiful of atoms in GBs provide more kinetic energy
than uncapped samples for the diffusional migration of GBs
under the second annealing. This is the reason that protru-
sion height of capped TSV-Cu is higher than that of uncapped
TSV-Cu even under same double annealing conditions. On the
other hand, the confinement of capped Cu layer restrains the
relief of residual compressive stress of capped TSV-Cu, which
finally improves the elastic modulus and hardness based on
nanoindentation test.

This paper can provide some guidance on treatments
of excessively capped Cu layer during annealing of TSV
interconnected structure for IC manufacturing. It is recom-
mended that after removing the capped Cu layer by CMP,
high temperature annealing is carried out to make the TSV-
Cu to be fully protruded and the grains to be stabilized. Due
to microstructure stabilization of TSV-Cu and the interconnect
layer constraint, the problem of continuous protrusions could
be effectively controlled.
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