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Abstract. Continual scaling of devices and on-chip wiring has brought significant challenges for materials
and processes beyond the 32-nm technology node in microelectronics. Recently, three-dimensional (3-D)
integration with through-silicon vias (TSVs) has emerged as an effective solution to meet the future
technology requirements. Among others, thermo-mechanical reliability is a key concern for the development
of TSV structures used in die stacking as 3-D interconnects. This paper presents experimental measurements
of the thermal stresses in TSV structures and analyses of interfacial reliability. The micro-Raman
measurements were made to characterize the local distribution of the near-surface stresses in Si around TSVs.
On the other hand, the precision wafer curvature technique was employed to measure the average stress and
deformation in the TSV structures subject to thermal cycling. To understand the elastic and plastic behavior
of TSVs, the microstructural evolution of the Cu vias was analyzed using focused ion beam (FIB) and
electron backscattering diffraction (EBSD) techniques. Furthermore, the impact of thermal stresses on
interfacial reliability of TSV structures was investigated by a shear-lag cohesive zone model that predicts the
critical temperatures and critical via diameters.

Keywords: through-silicon via; thermal stress; via extrusion; interfacial reliability.

INTRODUCTION

Through-silicon-via (TSV) is a key element for 3-D integration in providing vertical interconnects for chip-
stacking structures. Copper (Cu) is widely used as the via filling material because it is compatible with both the
front-end of line (FEOL) and back-end of line (BEOL) processes. However, the mismatch in the coefficients of
thermal expansion (CTEs) between Cu and Si is relatively large, which is responsible for the development of
thermal stresses in the TSV structures. The thermal stresses can arise during fabrication, testing and service of the
TSVs, leading to various reliability issues, such as crack growth, via extrusion, and degradation of device
performance [1-4]. Therefore, it is important to experimentally characterize the thermal stresses and understand their
impact on TSV reliability for development of 3-D interconnects.

This paper is organized in two parts. The first part presents the experimental methods for stress characterization.
A precision wafer curvature technique has recently been applied to measure the thermal stresses of TSV structures
during thermal cycling [S]. As a global measurement, the curvature change provides a measure of the average
thermal stresses. The behavior can be correlated to the evolution of the Cu microstructure in the via when subjected
to thermal processing, which was analyzed by focused ion beam (FIB) and electron backscatter diffraction (EBSD)
techniques [6]. Based on the results from the microstructure analysis, the mechanisms underlying the linear and
nonlinear temperature-curvature behavior of the TSV specimen are discussed. The local stress distribution near the
Si surface around the Cu vias is important on device performance and interfacial reliability [7, 8]. This was
measured by micro-Raman spectroscopy [9]. The stresses measured by Raman spectroscopy can in turn be
correlated to that observed by the wafer curvature method through finite element analysis (FEA), taking into account
the reference temperature, which was also based on the wafer curvature measurements. In the second part of this
paper, the stress effects on interfacial reliability of TSV structures are discussed. It is found that plastic deformation
is highly localized in the Cu vias but can be sufficient to cause via extrusion without interfacial delamination.
Alternatively, via extrusion by interfacial delamination is simulated by a shear-lag cohesive zone model that predicts
the critical temperatures and critical TSV dimensions.
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PRECISION WAFER CURVATURE TECHNIQUE

The precision wafer curvature technique is an extension of the wafer curvature technique that has been used
extensively for stress measurement in thin films and periodic line structures [10-12]. The measurement system is set
up based on an optical lever with a capability to measure the curvature to a precision of 6.5x10° m™. As shown
schematically in Fig. la, the two incident laser beams are reflected by the specimen and the movement of the
reflected laser spots is tracked by two position-sensitive photodetectors. The measurement system was designed with
a heating stage inside a vacuum chamber. Therefore, the curvature change of the TSV specimen during thermal
cycling can be measured in situ under a controlled atmosphere. More details of the system have been presented
elsewhere [13].
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FIGURE 1. (a) Schematic of the precision wafer curvature measurement system. (b) Illustration of the TSV specimen, top and
cross sectional views. (¢) Top view of the TSV specimen for the curvature measurements, with TSV arrays in many blocks along
the center line. Top view in (b) represents one block of arrays in (c).

The TSV structure used in the present study contains periodic arrays of blind Cu vias that are 10 um in diameter
with a nominal depth of 55 pm. The silicon wafer is 700um thick and is of (001) type. The spacing between the
TSVs is 40um along the [110] direction and 50um along the [ 110 ] direction (Fig. 1b). For the curvature
measurement, the wafer was cut into 5x50 mm beams where the TSVs were located along the centerline of the
specimen (Fig. 1c). There was an oxide barrier layer of 0.4 um thick at the via/Si interface and an oxide layer of 0.8
um thick on the surface of the wafer. The surface oxide layer was mechanically removed for all measurements in
this work.

The curvature measurements were conducted for several fully-filled TSV specimens subjected to different
thermal cycling. To determine the residual stress in the Cu vias, a reference specimen was used by etching off the
Cu vias. The curvature of the reference specimen was measured over the same thermal cycle as the specimen with
fully filled Cu vias, and the curvature difference between the two specimens is attributed to the average thermal
stress in the Cu vias. As shown in Fig. 2a, the curvature decreases nonlinearly with increasing temperature during
the first cycle, suggesting an average compressive stress in the Cu vias and inelastic deformation. During cooling,
however, the curvature changes linearly with the temperature, suggesting predominantly linear elastic deformation.
In particular, the curvature difference between the two specimens becomes zero at around 100°C, suggesting a zero
average stress in the Cu vias at this temperature. Below 100°C, the curvature becomes positive, and the average
stress in the Cu vias becomes tensile. The temperature of zero curvature (~100°C) is taken as the reference
temperature for subsequent thermal stress analysis.
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FIGURE 2. Curvature measurements for (a) a TSV specimen subjected to thermal cycling to 200°C; (b) a TSV specimen
subjected to four thermal cycles with an annealing step at 300°C for 1 hour.

In the first measurement (Fig. 2a), the specimen went through three thermal cycles to 200°C at a heating rate of
2°C/min. After the first thermal cycle, the curvature-temperature relation became nearly linear and was reversible up
to 200°C. The residual curvature at room temperature increased slightly after each cycle. In the second measurement
(Fig. 2b), the specimen was heated to 200°C in the first two cycles, and then heated to 300°C during the third cycle
and annealed for 1 hour prior to cooling, followed by an additional cycle to 300°C. For the first two cycles, the
curvature behavior is similar to the first specimen. However, when the temperature was increased beyond 200°C
during the third cycle, a nonlinear curvature-temperature behavior similar to the first cycle was observed from 200°C
to 300°C. During annealing at 300°C, the curvature drops to almost zero. Evidently, the average stress in the Cu vias
was relaxed considerably during annealing at 300°C. Subsequently, during cooling and the last thermal cycle, the
curvature-temperature behavior again became nearly linear and reversible up to 300°C. Compared to Fig. 2a, the
residual curvature in Fig. 2b is much larger after four thermal cycles, suggesting a higher tensile stress in the vias.
This is attributed to the annealing process that reset the reference temperature to 300°C. Therefore, depending on the
thermal history, different thermal load (A7) has to be used for the thermal stress analysis. In Fig. 2a, the reference
temperature is 100°C, and the thermal load AT, = -70°C at the room temperature (~30°C). For Fig. 4b, the reference
temperature becomes 300°C after the annealing step, and the thermal load ATy = -270°C. The reference temperatures
determined here were used in the finite element analyses to compare with micro-Raman measurements, as discussed
in Section 4.

The measured curvature-temperature behavior can be related to the average thermal stresses and the
deformation mechanisms of the TSV specimen. The negative curvature indicates an average compressive stress in
the Cu vias, while the positive curvature implies tensile stress. The nonlinear curvature-temperature behavior
observed during the heating process of the first cycle suggests inelastic deformation mechanisms, which was found
to be related to the evolution of the Cu grain structures, as discussed in Section 3 along with microstructure analysis.
On the other hand, the nearly linear curvature-temperature behavior in the subsequent thermal cycles indicates
predominantly linear elastic behavior of the Cu vias, which is in sharp contrast with the thermomechanical behavior
of Cu thin films [12].

MICROSTRUCTURE ANALYSIS

To further understand the deformation mechanisms underlying the measured curvature-temperature behavior of
the TSV specimens, microstructure evolution of the Cu vias subjected to different thermal histories was studied [6].
A number of TSV specimens were each subjected to a single thermal cycle to different temperatures, and the
measured curvatures are shown in Fig. 3. Despite the different cycling temperatures ranging from 100°C to 400°C,
similar behavior was observed for all specimens: a nonlinear curvature-temperature relation during heating followed
by a nearly linear relation during cooling.
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FIGURE 3. Curvature measurements for TSV specimens subject to thermal cycles with the highest temperature at 100°C, 200°C,
300°C, and 400°C.
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FIGURE 4. (a) Focused ion beam images of TSVs after different thermal loads. (b) Grain mapping by EBSD. (c) Average grain
sizes.

Using focused ion beam (FIB), the cross-sections of the TSV specimens were examined after completing the
thermal cycling measurements. The contrast of the ion channeling images of the Cu vias in Fig. 4a shows that the
average Cu grain sizes are larger after thermal cycles and increase as the high end of the thermal cycling temperature
increases, suggesting possible grain growth during the thermal cycles. This is confirmed by electron backscatter
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diffraction (EBSD) analysis of the grain structures. The EBSD grain mappings for the Cu vias are shown in Fig. 4b
together with the average grain sizes measured and compared in Fig. 4c. Evidently, systematic grain growth has
occurred in the Cu vias after each thermal cycle. The average grain size for the via in the as-received TSV specimen
is 0.69 um. After thermal cycling to 100, 200, 300, and 400°C, the average grain sizes have grown by 18.4%, 26.8%,
46.8%, and 61.4%, to 0.81, 0.87, 1.00, and 1.11 pm, respectively.

With the EBSD technique, the grain orientation of the Cu vias was quantitatively measured. In Fig. 5, the
inverse pole figures of the grain orientations are plotted for the TSVs along the directions normal to the TSV length
(ND) and parallel to the TSV length (RD). Overall, there appears to be no preferred Cu grain orientation in all the
specimens before and after thermal cycling. The lack of preferred grain orientation indicates a statistically isotropic
grain structure in the Cu vias, and thus the thermomechanical properties of the Cu can be treated as isotropic in the
thermal stress analysis. In addition, the misorientation across grain boundaries obtained from the EBSD
measurements is plotted in Fig. 6. There exist a large number of twin boundaries with a characteristic misorientation
angle of 60° across the grain boundaries for all the vias examined. The presence of twin boundaries may lead to
relatively high yield strength of the Cu vias.
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FIGURE 5. Inverse pole figures of (a) as-received TSV and (b) TSV after thermal cycling to 300°C. Two measurement
directions were defined: ND (normal to the TSV axis) and RD (parallel to the TSV axis).

1.0 T T T T T

1.0 T
0.91 As-received 1 094 300°C 1

0.8+ R 0.8
0.7 4
0.6 4
0.54
0.4
0.3+
0.2
0.14

0.0+ T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

0.74 4

Number Fraction
Number Fraction
<
B
:
.

Misorientation Angle () Misorientation Angle ()

(a) (b)
FIGURE 6. Grain misorientation angles obtained by EBSD for (a) as-received TSV and (b) TSV after thermal cycling to 300°C.

Based on the microstructure analysis, the curvature-temperature behavior of the fully-filled TSV specimen can
be understood as the following. The nonlinear curvature-temperature relation during heating of the first cycle is
mainly attributed to the nonlinear stress relaxation caused by grain growth. Similar curvature behavior due to grain
growth has been observed for Cu thin films [14,15]. As grain growth proceeds to eliminate grain boundaries and
reduce the excess volume, it is favored when the average stress in the Cu vias is compressive during heating [16].
The nearly linear curvature-temperature behavior during cooling and subsequent cycles suggests stabilized grain
structures in the Cu vias. The grain structures would remain stabilized as long as the temperature does not exceed
the highest temperature that the TSV specimen has experienced in any of the previous cycles. When the temperature
increased beyond the highest temperature in the previous cycles, the grain structures would evolve further with
additional grain growth and stress relaxation. Furthermore, the annealing process in Fig. 2b shows continual stress
relaxation at the high temperature. In general, grain growth is a kinetic process that depends on both temperature and
stress.



MICRO-RAMAN SPECTROSCOPY

For the TSV structure, the thermal stresses in Cu can in turn induce stresses in the Si matrix surrounding the
TSVs where the stress distribution near the wafer surface is particularly important since most of the active devices
are located near the surface. To measure the near surface stresses in Si, the micro-Raman spectroscopy technique
was used [9]. Raman spectroscopy relies on the inelastic scattering (or Raman scattering) of Si, where the frequency
shift of the Raman modes provides a measure of the stress in Si. The theory of Raman measurement and its
application for TSV structures have been developed previously [17]. Under the [001] backscattering configuration,
only the longitudinal Raman mode can be detected. Assuming a biaxial stress state near the wafer surface, the
following relation can be deduced from the secular equation for (001) Si [18],

0. +0, (MPa) =-470Aw,(cm”") , (1)

where o, + gy is the sum of the in-plane normal stresses, and Aw; = w;— w,is the Raman frequency shift of the
longitudinal Raman mode. With Eq. (1), the stress sum near the wafer surface can be determined from the
measurement of Awj;.

In this study, Raman measurements were carried out with a commercial micro-Raman Spectrometer equipped
with a 442 nm Ar laser. Two TSV specimens were subjected to similar thermal treatment as those in the wafer
curvature experiments (Fig. 2). Specimen A was heated to 200°C and then immediately cooled down to room
temperature (RT), and specimen B was heated to 300°C and annealed for 1 hour prior to cooling down. For both
specimens, the Raman measurements were conducted at RT by scanning across two neighboring vias along the [110]
direction. To deduce the frequency shift Aw;, a reference Raman frequency wy is required, which was determined by
extending the measurement to areas far away from the TSVs where the stress is assumed to be zero. With the
calibrated reference frequency w, the sum of the two principal stresses in Si is deduced from the measured Raman
frequency using Eq. (1).
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FIGURE 7. Raman intensity (open symbols) and frequency (filled symbols) of a TSV specimen. Dashed lines indicate the Cu/Si
interfaces.
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FIGURE 8. Comparison of the near-surface stress distribution between Raman measurements and FEA: (a) Specimen A; (b)

Specimen B.
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The measured Raman intensity and frequency shift obtained from specimen A are shown in Fig. 7, representing
typical results obtained from Raman measurements. A sudden drop of the Raman intensity was observed near the
Cu/Si interface. The distributions of the stress sums deduced from the Raman measurements are plotted in Fig. 8 for
both specimens. Clearly, a sub-micron resolution was achieved in the measurement, but the results provided only the
sum of the two individual stress components in Si. Further understanding of the stress characteristics in the TSV
structure requires detailed stress analysis to delineate the stress components and correlate the micro-Raman
measurements with the thermal cycling experiments [6, 9].

A three-dimensional finite element model was constructed using the commercial package, ABAQUS (v6.10). A

quarter of the via with symmetric boundary conditions in the [110] and [1107] directions was modeled to simulate
the periodic TSV array used in the Raman measurement. The anisotropy of Si was taken into consideration by using
the anisotropic elastic constants for Si, and Cu is treated as isotropic based on the microstructure analysis by EBSD.
The following material properties were used for Cu and SiO,: Young’s modulus, Ec,= 110 GPa and E;4.= 70 GPa;
Poisson’s ratio, ve, = 0.35 and v = 0.16. The CTEs are ac, = 17 ppm/°C, ag; = 2.3 ppm/°C and 04 = 0.55
ppm/°C. Since the Raman signal penetrates up to 0.2 um from the wafer surface, the stress components are extracted
from 0.2 pm below the wafer surface. The sums of the in-plane stresses obtained by FEA for specimens A and B are
calculated and compared with the Raman measurements. The thermal loads for the two specimens were chosen to be
the same as those in the curvature measurements (Fig. 2) to facilitate the correlation of the results from the two
techniques. Based on the curvature measurements, the reference temperature for specimen A is taken to be 100°C,
and that for specimen B is 300°C, corresponding to thermal loads of AT, = -70°C and ATy = -270°C, relative to the
room temperature of 30°C. As shown in Fig. 8, the FEA results are in reasonable agreements with the Raman
measurements. Moving away from the Cu/Si interface, the sum of the stresses first increases sharply, and then
gradually decreases. Between the two adjacent vias, the stress depends on the pitch distance as a result of the stress
interaction. The measurement for specimen B (Fig. 8b) shows a higher stress level in Si than for specimen A, as a
result of the higher negative thermal load (JATg| > |AT4|). Therefore, the stresses in Si around the TSVs depend on
the thermal processes of the specimen.

INTERFACIAL RELIABILITY

Effect of Cu Plasticity on Via Extrusion

After thermal cycling, via extrusion was observed in the TSV specimen (Fig. 9a). A previous study has
suggested that via extrusion could be caused by interfacial delamination [19]. However, in the present study, no
evidence of interfacial delamination was observed. Instead, via extrusion appears to have occurred as a result of
localized plastic deformation near the via/Si interface during thermal cycling. An elastic-plastic FEA model was
constructed to investigate the effect of Cu plasticity on via extrusion. In general, the plastic deformation in the Cu
TSVs depends on the thermal load and the yield strength of Cu. For the present study, the yield strength of Cu was
assumed to be 300 MPa and a thermal load of AT = 270°C was applied. In Fig. 9b, the deformed shape by the FEA
model clearly showed extrusion of the via, similar to what was observed in our experiments. It is noted that plastic
deformation in the Cu via is highly localized, as shown in Fig. 9¢c, where the equivalent plastic strain in Cu is non-
zero only in a small region near the top of the via. The plastic yielding of Cu near the interface effectively relaxes
the constraint of the surrounding materials and allows the via extrusion without interfacial delamination. Moreover,
the local plasticity in Cu could also enhance the total fracture energy for interfacial delamination [20] and thus help
prevent delamination.
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FIGURE 9. (a) SEM image of TSV extrusion observed after thermal cycling. (b) Stress distribution and deformation of TSV by
an elastic-plastic FEA model. (c) Equivalent plastic strain in the TSV by FEA (yield strength = 300 MPa, AT =270°C).

Via Extrusion by Interfacial Delamination

An alternative mechanism for via extrusion is due to interfacial delamination as observed in some studies [21].
To predict the critical condition for initiation of interfacial delamination, a cohesive zone model was adopted [22].
Using a bilinear traction-separation law for the interface, the interface first undergoes elastic deformation until the
combination of the opening stress (mode I) and shear stress (mode II) reaches a critical level, which depends on the
cohesive strength of the interface. Subsequently, the interface is partly damaged and weakened upon further loading.
A delamination crack is nucleated when a critical separation (both opening and shearing) is reached, which depends
on the fracture toughness of the interface. Therefore, two critical conditions can be determined, one for damage
initiation and the other for crack nucleation. For the TSV structure subject to a positive thermal load (AT > 0), the
interfacial delamination is predominantly mode II (shearing), which can be analyzed by a shear-lag model [22]. For
given material properties and via dimensions, two critical temperatures are predicted. For damage initiation, the
critical temperature is

AT, =2 | O coth[Hj 2)
(arsv_a&') Eys,D A

where ; — Eryy D, s a characteristic length scale, 7, is the shear strength of the interface, 61' is the critical
T.

i

separation, Ergy is Young’s modulus of the via material, D is via diameter, / is via height, &;, and o, are the

coefficients of thermal expansion. For crack nucleation, the critical temperature is

R G
(arsv - aSi) ErgyD

AT, =

where T is the fracture toughness of the interface.
As an example, we plot in Fig. 10 the two critical temperatures versus the via diameter, taking the following

material properties: Ezgy = 110 GPa, orgy-05=14.7 ppm/°C, I, =10.0J/m’, 1=300 MPa, and 3=20 nm. When the
thermal load (A7) is specified for TSV processes, the critical via diameters can be determined. In general, vias with
larger diameters are more prone to interfacial delamination and hence via extrusion. The model prediction agrees

qualitatively with the experiments where via extrusion was observed for via diameters greater than a critical value
[21], while the dependence on the via height is much weaker.
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FIGURE 10. Critical temperatures predicted by the shear-lag cohesive zone model.

SUMMARY

This paper presents thermomechanical characterization of TSV structures by combining the precision wafer
curvature technique in thermal cycling experiments with micro-Raman spectroscopy. The evolution of the Cu
microstructure in the vias was analyzed by focused ion beam (FIB) and electron backscatter diffraction (EBSD)
techniques, which provided insights into the underlying mechanisms for elastic and inelastic deformation in the TSV
structures. Via extrusion was observed after thermal cycles, which may be due to local plastic deformation or
interfacial delamination. Finite element analysis showed that plastic deformation is highly localized near the via/Si
interface, which could be sufficient to cause via extrusion without interfacial delamination. Alternatively, a shear-lag
cohesive zone model was developed to predict the critical temperatures for interfacial damage initiation and crack
nucleation towards delamination.
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