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Through-silicon via is a critical element for three-dimensional (3D) integration of devices in

multilevel stack structures. Thermally induced stresses in through-silicon vias (TSVs) have raised

serious concerns over mechanical and electrical reliability in 3D technology. An experimental

technique is presented to characterize thermal stresses in TSVs during thermal cycling based on

curvature measurements of bending beam specimens. Focused ion beam and electron backscattering

diffraction analyses reveal significant grain growth in copper vias, which is correlated with stress

relaxation during the first cycle. Finite element analysis is performed to determine the stress

distribution and the effect of localized plasticity and to account for TSV extrusion observed during

annealing. VC 2012 American Institute of Physics. [doi:10.1063/1.3678020]

Three-dimensional (3D) integration with through-silicon

vias (TSVs) has emerged as an effective solution to over-

come the wiring limit imposed on device density and per-

formance.1,2 However, thermal expansion mismatch between

copper (Cu) TSVs and silicon (Si) can induce thermal

stresses sufficient to cause cracking or interfacial delamina-

tion in the TSV structures.3–6 Moreover, the stresses in Si

may degrade the electrical performance of active devices or

components placed near the TSVs.7 It is thus important to

understand the characteristics of the thermal stresses as well

as the potential impacts on mechanical and electrical reliabil-

ity of 3D integration. Recently, Raman spectroscopy has

been applied to measure thermal stresses in Si near Cu

TSVs.8,9 The technique, however, yields only a certain com-

bination of the near-surface stress components in Si and does

not measure the stresses in the metal vias directly. Experi-

mental methods to measure thermal stresses in TSVs and to

validate numerical models are urgently needed. In this Let-

ter, we present a bending beam technique that can be used to

experimentally characterize thermal stresses in TSVs.

The bending beam (BB) technique is similar to the wa-

fer curvature method for characterizing stresses in thin

films.10–12 Typically, Stoney’s formula is used to determine

the average stress in a thin film based on the measurement of

wafer curvature. The method has been extended to periodic

line structures.13 For the TSV structures, the bending beam

technique allows measurement of the curvature and average

stress during thermal cycling, based on which the elastic and

plastic behavior can be deduced. However, unlike thin films,

the classical Stoney’s formula does not apply for the TSV

structures to directly convert substrate curvature into

stresses. In the present study, finite element analysis (FEA)

was performed to determine the stress distribution and to

examine the effect of plasticity.

The BB specimen consisted of periodic arrays of blind

Cu vias with 10 lm diameter and 55 lm depth, as shown

schematically in Fig. 1. The pitch distances are 50 lm and

40 lm in the longitudinal and transverse directions, respec-

tively. As received, the top surface of Si was covered with

an oxide layer of 0.8 lm thick. An oxide barrier layer of

about 0.4 lm thick was deposited at the via/Si interface. The

specimen used for measurement was 5 mm wide, 50 mm

long, and 700 lm thick. The TSV arrays were arranged in

parallel patches along the center line of the specimen

(�300 lm wide for each patch).

During sample preparation, an initial curvature was

developed due to process induced residual stresses. To evalu-

ate thermal stresses in the Cu vias during thermal cycling,

two specimens were used, one of which served as the refer-

ence with the Cu vias etched off using nitric acid. Both speci-

mens were heated to 200 �C with a heating rate of 2 �C/min,

FIG. 1. (Color online) Illustration of the TSV specimen for bending beam

tests.
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followed by cooling back to the room temperature. The

curvature was measured by a scanning laser method. The

curvature difference between the two specimens is attributed

to the thermal stress in the Cu vias, as plotted in Fig. 2. Dur-

ing the first cycle, the curvature decreases nonlinearly as the

temperature increases, suggesting an average compressive

stress in the Cu vias and inelastic deformation possibly

due to evolution of grain structures and/or plastic deforma-

tion. During subsequent cycles, however, the curvature-

temperature relation is nearly linear with negligible hysteresis,

indicating predominantly elastic behavior. This behavior is in

sharp contrast with wafer curvature measurements of Cu thin

films, which is typically nonlinear with a hysteresis loop due

to plasticity.11 The difference can be partly attributed to the

triaxial stress states in the Cu vias. Unlike the biaxial stress in

Cu films, the triaxial stress gives rise to a relatively low effec-

tive shear stress required for plastic deformation. Moreover,

the effects of geometry and confinement may also play roles

in suppressing plasticity in the Cu vias.14

As shown in Fig. 2, the curvature difference between the

specimen with TSVs and the reference specimen without

TSVs becomes zero at around 100 �C, which is consistent

with the annealing temperature after electroplating of Cu to

fill the TSV structures. It may thus be assumed that the

stresses in the Cu vias are largely relaxed at around 100 �C
during annealing. The temperature 100 �C is then used as the

reference temperature for calculating thermal stresses in the

TSV structures by finite element analysis.

Next, the oxide layer on the surface of the TSV specimen

was mechanically polished off. The specimen was then sub-

ject to four thermal cycles, as shown in Fig. 3. In the first two

cycles, the specimen was heated to 200 �C, and the behavior

is similar to Fig. 2 for the specimen with the surface oxide

layer. During the third and fourth thermal cycles, the speci-

men was heated to 350 �C. As the specimen was heated

beyond 200 �C in the third cycle, the curvature-temperature

relation becomes nonlinear, indicating inelastic stress relaxa-

tion at higher temperatures. The mechanism of such stress

relaxation is not fully understood. In Cu thin films, inelastic

deformation at high temperatures is often attributed to disloca-

tion plasticity and diffusional creep.10,11 However, plastic de-

formation in the Cu vias is found to be highly localized by the

finite element analysis (Fig. 5), which has negligible effect on

the overall curvature of the specimen. On the other hand, we

observed significant grain growth almost everywhere in the

Cu vias as shown in the focused ion beam (FIB) images in

Fig. 3. The grain growth process can significantly reduce the

thermal stress in the vias and thus the curvature. Similar

behavior has also been observed for thin films.12,15 Subse-

quently, in the fourth cycle, the curvature-temperature again

becomes nearly linear between the room temperature and

350 �C, suggesting that the grain structure has been stabilized

up to 350 �C. Further increasing the temperature would expect

to result in more grain growth and stress relaxation.

In addition to the FIB images in Fig. 3, the grain size

and orientation in the Cu vias were quantitatively analyzed

by electron backscattering diffraction (EBSD). The average

grain size for the specimen before thermal cycling was

0.71 lm. After thermal cycling to 350 �C, the grain size grew

to 1.18 lm, which is about 60% larger. From the EBSD, no

preferred grain orientation was observed, which has been

also reported by others.16 Furthermore, a large number of

twin boundaries were observed with a characteristic 60�

misorientation angle across the boundaries. The presence of

these twin boundaries may play an important role in the me-

chanical behavior of the Cu vias, especially for the mecha-

nisms of dislocation plasticity and grain boundary diffusion.

After subjected to the thermal cycling, the TSV speci-

men was cross-sectioned for scanning electron microscope

(SEM) imaging. As shown in Fig. 4, extrusion of Cu vias is

evident. In a previous study, we simulated TSV pop-up by

assuming elastic deformation of the vias along with interfa-

cial delamination based on a cohesive zone model.17 In

the present study, however, no evidence of interfacial

FIG. 2. (Color online) Measurement of curvature difference between a TSV

specimen and a reference specimen during thermal cycling.

FIG. 3. (Color) Left: Curvature measurement of

a TSV specimen with the surface oxide polished

off. Right: FIB images showing the grain struc-

tures in the Cu vias before and after thermal

cycling.
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delamination was observed. On the other hand, it is found

that localized plastic deformation in the Cu vias (Fig. 5)

could be responsible for the observed via extrusion.

The curvature measurements in the bending beam tests

may be converted to volume average stresses in the TSVs,

similar to the wafer curvature tests for periodic line struc-

tures.13 However, the specimens used in the present study

contained TSVs only in a narrow region along the center

line, for which the volume average approach becomes less

effective. Instead, finite element analysis was performed to

determine the deformation and stress distribution in the TSV

specimen. First, we assume all the materials to be linear elas-

tic, with the properties listed in Table I. As shown in Fig. 5

(left panel), the specimen bends non-uniformly due to mis-

match in thermal expansion. An average curvature is deter-

mined along the center line of the specimen, and the rate of

curvature change, Dj/DT, is calculated for comparison with

the bending beam results. As shown in Fig. 3, the measured

curvature change is nearly linear with respect to the tempera-

ture during cooling in all cycles as well as during heating in

the second and fourth cycles; the measured rate of curvature

change is approximately �1.47� 10�5 m�1/ �C. The FEA

calculated rate of curvature change is �1.88� 10�5 m�1/ �C,

plotted as the dashed lines in Fig. 3, which is in fair agree-

ment with the BB measurements considering the process var-

iability of the TSV structures.

As discussed above, the inelastic behavior during heat-

ing in the first and third cycles (Fig. 3) could be a result of

plastic deformation and grain growth in the Cu vias. The

plastic yield strength of electroplated Cu films was measured

to be around 250 MPa.18 Assuming an elastic-plastic behav-

ior for the Cu vias with the yield strength of 250 MPa, we

calculated the deformation and stress distribution in the Cu

vias, as shown in Fig. 5 (right panel). It is noted that the von

Mises stress as the effective shear stress for plastic deforma-

tion is non-uniform in the Cu vias, which reaches the yield

strength only in a small region near the junction between the

via/Si interface and the upper surface. As a result, the plastic

deformation in the Cu vias is highly localized, in contrast to

Cu thin films where the stress is nearly uniform and plastic

deformation occurs over the entire film volume. While the

localized plastic deformation is sufficient to cause via extru-

sion, it has negligible effect on the overall curvature of the

specimen. Therefore, the nonlinear curvature-temperature

behavior is mainly due to grain growth induced stress relaxa-

tion, although plastic deformation with work hardening may

also be possible. The grain growth could lead to lower yield

strength of the Cu vias by the Hall-Petch effect, which in

turn leads to more extensive plastic deformation and Cu

extrusion. Thus it is important to stabilize the grain struc-

tures of the Cu vias before subsequent processes in order to

minimize via extrusion. This may be achieved by high-

temperature annealing as observed in the FIB images.

Based on this observation, an annealing process is

suggested to prevent via extrusion. With a high annealing

temperature (�400 �C), followed by a one-time chemical-

mechanical planarization (CMP) process to remove the

extruded Cu, TSV extrusion can be eliminated in the subse-

quent processes below the annealing temperature. This can

simplify the fabrication processes of TSVs and significantly

reduce the manufacturing cost.

In summary, we present results from bending beam tests

of TSV specimens containing periodic arrays of blind Cu

vias. Based on the measurements of curvature change under

thermal cycling, the characteristics of thermal stresses in the

TSVs are elucidated. Significant grain growth in the Cu vias

was observed by FIB and EBSD analyses. It is found that

local plastic deformation in Cu may lead to via extrusion,

while stress relaxation due to grain growth is significant

FIG. 4. (Color online) SEM images showing TSV extrusion after thermal

cycling.

FIG. 5. (Color) FEA results with a thermal load

DT¼ 200 �C. Left: bending of the TSV speci-

men (quarter model); Right: plastic deformation

and stress distribution.

TABLE I. Thermomechanical properties used in finite element analysis.

Material CTE (ppm/ �C) Young’s modulus (GPa) Poisson’s ratio

Cu 17 110 0.35

Si 2.3 130 0.28

Oxide 0.55 72 0.16
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during the first cycle and a subsequent cycle to a higher tem-

perature. A process of high temperature annealing is sug-

gested to stabilize the grain structures in the Cu vias to

minimize via extrusion.
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