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Impact of Grain Structure and Material Properties
on Via Extrusion in 3D Interconnects

Tengfei Jiang,'** Chenglin Wu,” Jay Im,' Rui Huang,” and Paul S. Ho'

Abstract—In this article, the effects of Cu microstructure on
the mechanical properties and extrusion of through-silicon vias
(TSVs) were studied based on two types of TSVs with different
microstructure. A direct correlation was found between the grain
size and the mechanical properties of the vias. Both an analytical
model and finite element analysis (FEA) were used to establish the
relationship between the mechanical properties and via extrusion.
The effect of via/Si interface on extrusion was also studied by FEA.
The results suggest small and uniform grains in the Cu vias, as
well as stronger interfaces between the via and Si led to smaller
via extrusion, and are thus preferable for reduced via extrusion
failure and improved TSV reliability.
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FEA, interface

INTRODUCTION

Copper through-silicon via (TSV) is a key element for
three-dimensional (3D) integration. The basic fabrication
steps of the TSVs include drilling of via holes, deposition of
liner and seed layers, filling of the via by electroplating, postelec-
troplating annealing, and chemical-mechanical planarization
(CMP) to remove the Cu overburden. In the widely used via-
middle scheme, the via fabrication is followed by the deposi-
tion of back-end-of-the-line (BEOL) layers, which subjects the
TSVs to elevated temperatures. Via extrusion that occurs dur-
ing the BEOL processing can deform the BEOL layers and
cause mechanical and electrical failures in the interconnect
structures [1-5]. The need to control and reduce via extrusion
by process optimization has generated great interest in the
development of 3D integration. In particular, high-temperature
annealing after via filling has been proposed and adopted to
stabilize the Cu grain structure and to minimize extrusion [3-5].
Various annealing conditions have been investigated, and it
has been demonstrated that extrusion can indeed be reduced
but not completely eliminated. Previous studies suggest that
the stress and mechanical properties of the Cu via directly
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affect via extrusion [6-8]. The underlying mechanism of via
extrusion has been examined by considering plastic deforma-
tion in Cu and via/Si interfacial sliding [9, 10]. For the purpose
of process optimization, it is important to establish a correla-
tion between the microstructures and the mechanical properties
of the Cu vias, which in turn can be correlated to via extrusion.
In this work, the microstructures and mechanical properties
of Cu TSVs were characterized, followed by measurement
and modeling of via extrusion.

MicROSTRUCTURE OF Cu TSVs

The TSV samples used in this study were blind via structures
fabricated with the standard via-middle scheme. The via diam-
eter was D = 5.5 pm, the via depth was H = 55 um, and the Si
wafer was 780 um thick. During fabrication, the TSV samples
were subjected to two different processing conditions. To
differentiate the samples, the samples will be referred to as
TSV-A and TSV-B. The cross sections for a number of vias of
each type were examined by focused ion beam (FIB), and the
microstructure of the TSV samples was studied by electron
backscatter diffraction (EBSD) measurement. For both types
of vias, random grain orientation was observed (Fig. 1a). How-
ever, the grain size distributions were rather different (Fig. 1b).
Based on EBSD measurement, the grain size in each type of
vias was calculated using both the numerical average,

and the area average
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Here D; and A; are the diameter and area of grain i, and N is
the total number of grains. The closer these two values are to
each other, the more uniform the grain size is. Quantitatively,
the area average grain size, Dyeq, Was found to be 2.83 pum for
TSV-A and 3.82 um for TSV-B, and the numerical average
grain size, Dyum, Was 1.39 um and 1.53 pum for TSV-A and
TSV-B, respectively. The larger difference between Dy, and
D,req for TSV-B indicated that the grain size distribution was
wider in TSV-B, where several large grains were mixed with
small grains. The large grains in TSV-B sometimes spanned
across the diameter of the entire via. For TSV-A, the grain
sizes were relatively more uniform, although there was still a
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Fig. 1. Microstructure measurement by EBSD for TSV-A and TSV-B.

(a) Grain mapping; (b) grain size distributions.

difference between Dy and Dyye,. The difference in grain size
distribution between TSV-A and TSV-B can be seen from a
representative grain mapping and grain size distribution in
Fig. 1.

MEcHANICAL PROPERTIES OF THE CU TSVs

To study the mechanical properties of the Cu vias, nanoin-
dentation measurements were carried out on the top of the vias.
The BEOL layers were first removed by FIB, then, for several
vias of each type, quasi-static indentations were performed
using a Hysitron TI 950 TriboIndenter™ system equipped with
a Berkovich diamond tip. A two-segment load versus time
profile was used, and the loading/unloading rate was 100 nN/s
with a peak load of 800 uN. The measured load-displacement
responses for both TSV-A and TSV-B are shown in Fig. 2.
Based on EBSD analysis, both in this study and in other studies,

900

800 .
7001 1
600 .
TSV-A .
400} :

5001

Force (uN)

3001 1
TSV-B
200+ 1

100+ E

0 20 40 60 80 100 120

Indentation Depth (nm)

140

Fig. 2. Load-displacement response from the nanoindentation measurements
for TSV-A and TSV-B (solid lines), in comparison with FEA simulations
(dashed lines).
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Fig. 3. Elastic modulus extracted from the nanoindentation measurements.

grain distribution in TSVs is random with no specific texture in
the TSV [8, 11, 12]. The property measured from the top of the
via provided a reasonable estimation of the overall via property
[11] and was used in the following discussion. Using the
Oliver-Pharr method [13], the elastic moduli of the vias were
deduced from the unloading curves and plotted in Fig. 3. The
average elastic modulus was found to be 117 GPa for TSV-A
and 93 GPa for TSV-B. The elastic modulus of TSV-B
was lower than what typically expected for electroplated Cu
(~110 GPa) [14], which may be related to the grain textures
near the top surface of the via.

To deduce the plastic properties of the Cu vias, finite ele-
ment analysis (FEA) was conducted. An axisymmetric FEA
model was built to simulate the nanoindentation process with
a diamond tip (Fig. 4). For the diamond tip and Si, the material
properties used were E; = 1222 GPa, v; = 0.2, and Eg; =
130 GPa, vg; = 0.28, respectively. For the Cu vias, ve, = 0.35
and the average elastic moduli obtained from the nanoindenta-
tion measurements were used. The interface between Cu and
Si is assumed to be perfectly bonded.

Diamond
Indenter

L

Fig. 4. Finite element simulations of the nanoindentation process with a
diamond indenter.
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A classical metal plasticity model in ABAQUS [15] with
Mises yield surface and isotropic hardening was used to model
plasticity in the Cu vias. The yield stress was specified as a
function of plastic strain:

7Ez,

1/n
Oy (EP) = Oy0 [1 + 3Ty0}

(1)
where oy is the initial yield strength, g, is the equivalent
plastic strain, and # is the hardening exponent. Using an itera-
tive approach comparing the FEA simulations and the nanoin-
dentation experiments, the hardening exponent n were deduced
to be n = 9.5 for both vias. The initial yield strength o, was
250 MPa for TSV-A and 190 MPa for TSV-B (Fig. 2). The
lower yield strength for TSV-B was qualitatively consistent
with the theoretical expectation based on the Hall-Petch rela-
tion, which states that the yield strength decreases with
increasing grain size due to grain boundary strengthening.

Via EXTRUSION

Via extrusion and damage of the BEOL layers were
observed for both types of TSVs. The extent of the via extru-
sion was measured at the via cross section based on high-
resolution scanning electron microscope images. On average,
the extrusion was 117 nm for TSV-A and 147 nm for TSV-B.
In Fig. 5, the grain size and extrusion were plotted for both
TSVs. The amount of via extrusion for TSV-B was about 25%
larger than for TSV-A, showing clear correlation to the aver-
age grain size of the Cu via. For TSV-A, which had smaller
and more uniform grains, the amount of via extrusion was
smaller than TSV-B. The difference could be traced to the
different mechanical properties of the via due to the different
grain structures resulted from the different processing condi-
tions. The observed correlation suggests that TSVs with uni-
form small grains would be more favorable to have reduced
via extrusion.

MODELING OF VIA EXTRUSION

To help understand the effects of mechanical properties on
via extrusion, a simple analytical model was formulated [9],
followed by FEA. In both the analytical model and FEA, a
thermal cycle from the room temperature (7R) to a high pro-
cess temperature (7y) and then back to the room temperature
was considered, corresponding to a thermal load AT = Ty — Tx
for the TSVs. First, assuming a free sliding interface, the mis-
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match of thermal expansion between the Cu via and Si induces
a biaxial compressive stress in Cu upon heating:

1+ vs; !
2
S ) @)

where o, and og; are the coefficients of thermal expansion
for Cu and Si, respectively. The stress induces an elastic strain
in the axial direction of the via, which results in an elastic extru-
sion AH, at the high temperature Ty:
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where H is the via height. The elastic extrusion increases
linearly with temperature as AH, = B.HAT, with B, = 20.64
ppm/°C obtained using the typical values for the thermome-
chanical properties of Cu and Si (ocy, = 17 ppm/°C, ag; =
2.3 ppm/°C, Ec, = 110 GPa, Eg; = 130 GPa, v, = 0.35, and
Vsi = 028)

If plastic yielding were absent in Cu, the elastic via extru-
sion would decrease with the same rate upon cooling and
vanish at the room temperature after a full thermal cycle. On
the other hand, assuming prefect plasticity with a yield strength
oy for the Cu via, plastic yielding of Cu is predicted when
heating above a critical temperature

1+ vsi
N Es; >

which is proportional to the yield strength of Cu. Beyond the
critical temperature (AT > ATy), the Cu via deforms plasti-
cally, resulting in a plastic extrusion AH,:

Oy <1 — VCu
acy — asi \ Ecu

AT, = (4)

AH,

H = (3acu — 20431) (AT — ATy)

(5)

The plastic extrusion also increases linearly with temperature,
but with a higher rate as, AH, = B,H(AT — AT,, where 8, =
46.4 ppm. The plastic extrusion rate is more than twice that
of the elastic extrusion rate, leading to more significant via
extrusion at high temperatures. More importantly, the plastic
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Correlation between grain size and via extrusion for TSV-A and TSV-B.
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Fig. 6. Via extrusion versus maximum process temperature predicted by the
analytical model.

450

extrusion does not vanish after cooling, resulting in a nonzero
residual extrusion, AH,, after a full thermal cycle:

AH, = H(ﬂp - ﬂe) (AT - ATY) (6)

The analysis shows that the magnitude of the residual extru-
sion depends on the highest temperature during the thermal
cycle and the plastic yield strength of the Cu via. Increasing
the yield strength of Cu would increase the yield temperature,
ATy, and thus decrease the residual extrusion for the same
thermal load of AT.

Using the mechanical properties obtained from the nano-
indentation experiments, the magnitude of via extrusion versus
the maximum processing temperature are calculated and plot-
ted in Fig. 6 for both TSV-A and TSV-B. Since the yield
strength is lower for TSV-B, the critical thermal load for via
extrusion is lower. For the same thermal load (AT > AT,), the
analytical model predicts that the amount of via extrusion for
TSV-B is higher than that for TSV-A, consistent with the
experimental observations (Fig. 5).

An axisymmetric FEA model similar to that in Fig. 4 was
constructed to simulate the via extrusion during a thermal
cycle, also using the elastic-plastic properties extracted from
nanoindentation. As shown in Fig. 7, the numerical results
were consistent with the analytical model, showing the residual
via extrusion after the thermal cycle was higher for TSV-B
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Fig. 7. FEA simulations of via extrusion during a thermal cycle for TSV-A
and TSV-B.
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Fig. 8. Comparison of via extrusion for different interfacial properties: free
sliding, perfect bonding, and cohesive with a bilinear TSL.

than for TSV-A for the same thermal load AT = 350°C. It was
found that the analytical model slightly overestimated the
via extrusion due to the assumption of perfect plasticity and
uniform stress field in the Cu vias.

In the end, the effect of interfacial properties on Cu extru-
sion was analyzed by FEA considering two different bonding
behaviors at the via/liner interface. The first case assumed a
perfectly bonded interface between the via and silicon, the
second case considered weaker interface modeled by a bilinear
traction-separation law at the interface. The calculated via
extrusion during a thermal cycle was plotted in Fig. 8. When
the via/Si interface was perfectly bonded, the residual extrusion
was significantly reduced, by ~3x, at room temperature, com-
pared to the analytical model, which assumed free sliding at
the interface. This suggests that the contribution of plasticity to
extrusion was reduced by the strong interfacial bonding
between via and silicon. For the second case, assuming a cohe-
sive via/Si interface with an adhesion energy of 2.5 J/m* and a
shear strength of 50 MPa, the via extrusions at both room
temperature and maximum temperatures were considerably
higher than that for the bonded case although still lower than
that predicted by the analytical model. The analysis shown in
Fig. 8 indicates that both the Cu plasticity and interfacial adhe-
sion affect the via extrusion and therefore should be considered
in process optimization.

CONCLUSIONS

In summary, the effect of the average grain size on the elastic-
plastic properties of Cu TSV has been examined and correlated
to via extrusion based on two TSV structures with different
microstructures. It was found that smaller and more uniform
grains resulted in higher yield strength and therefore is more
favorable for reducing the via extrusion. The effect of interface
strength at the Cu/Si interface on extrusion was also studied by
modeling analysis. The findings in this study suggest that in the
fabrication of TSVs, it will be beneficial to control the process-
ing parameters to achieve more uniform and small grains and
stronger interfaces to improve via extrusion reliability.
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