
698 IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 14, NO. 2, JUNE 2014

Study of Stresses and Plasticity in Through-Silicon

Via Structures for 3D Interconnects by X-Ray

Micro-Beam Diffraction
Tengfei Jiang, Chenglin Wu, Nobumichi Tamura, Martin Kunz, Byoung Gyu Kim, Ho-Young Son,

Min-Suk Suh, Jay Im, Senior Member, IEEE, Rui Huang, and Paul S. Ho, Fellow, IEEE

Abstract—X-ray microbeam diffraction measurements were
conducted for copper (Cu) through-silicon via (TSV) structures.
This technique has the unique capability to measure stress and
deformation in Cu and in silicon with submicron resolution, which
enables direct observation of the local plasticity in Cu and the
deformation induced by thermal stresses in TSV structures. Grain
growth in Cu vias was found to play an important role in con-
trolling the stress relaxation during thermal cycling and, thus, the
residual stress and plasticity in the TSV structure. The implication
of the local plasticity on TSV reliability is discussed based on the
results from this study and finite element analysis.

Index Terms—TSV, X-ray microbeam diffraction, thermal
stress, local plasticity.

I. INTRODUCTION

THREE-DIMENSIONAL (3D) integration with through-

silicon vias (TSVs) has emerged as an effective approach

to overcome the wiring limit of on-chip interconnects beyond

the 22 nm technology node. By using the Cu vias to provide

short vertical interconnects in die stacks, the electrical per-

formance, power consumption, and form factor can be much

improved for 3D integrated circuits [1]–[3]. However, due to

the large mismatch of thermal expansion coefficients (CTE)

between the Cu vias and Si wafer, considerable thermal stresses

are generated in and around the Cu vias, which can lead to seri-

ous reliability issues in the 3D integrated structures [4]–[6]. The

thermal stress in TSV structures has generated great research

interests, and several techniques have been employed to study

the thermal stresses, including micro-Raman spectroscopy [7],

[8], wafer curvature method [9], [10], and electrical measure-
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ment [11], [12]. Each of these techniques has certain inherent

limitations. For example, micro-Raman spectroscopy can mea-

sure stresses in Si with submicron resolution, but not in Cu,

and the measured stress is limited to certain combinations of

the in-plane stress components [8], [9]. The wafer curvature

method provides a global measurement of the volume-averaged

stress in the Cu vias, but lacks the capability to resolve detailed

stress distributions in individual vias [10], [11]. Nevertheless, in

combination with finite element analysis (FEA), considerable

progress has been made in the measurement and analysis of

the stress behavior of the TSVs. In particular, the near-surface

stress behavior has been found to be distinctly different from

that of thin films, which can be attributed to the 3D confinement

effect by the Si wafer surrounding the vias in the TSV structure

[14]. Evolution of the Cu grain structure during thermal cycling

was found to be important in controlling the stress charac-

teristics [11]. During heating, Cu grain growth dominated in

stress relaxation. During subsequent cooling, with the grain

structure stabilized, the TSV exhibited a nearly linear elastic

behavior, accumulating large residual stresses in both Cu and

Si. The residual stress can degrade carrier mobility and directly

impact the size of the keep-out zone (KOZ) for devices [6]. FEA

modeling suggested that the Cu vias remain largely elastic with

localized plasticity near the top of the via at the Cu/Si interface

[11]. The local plasticity could enhance the interfacial adhesion,

effectively changing the potential mechanism for via “pop-up”

from interfacial debonding to plastic extrusion during thermal

processing.

Results of previous studies highlight the importance of the lo-

cal plasticity and the impact of the residual stress near the wafer

surface on TSV reliability and device performance. However,

the experimental methods described earlier lack the capability

to directly measure the local plasticity and near-surface residual

stress characteristics. In this study, X-ray micro-beam diffrac-

tion is used to investigate the stress and plasticity characteristics

in a blind via structure, where the vias are etched partially into,

but not completely, through the Si wafer. The X-ray micro-

beam diffraction technique has the unique capability to examine

both Cu and Si with submicron resolution [15]–[17], which

enables the direct observation of the local plasticity in Cu

and the stress/strain distribution in the surrounding Si. The

micro-diffraction results are correlated to the wafer curvature

measurements, and the local plasticity are traced to Cu yielding

induced by grain growth and dislocation creep during thermal

processing. Combining with elastic-plastic FEA, the effect of
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Fig. 1. Illustrations of (a) the TSV sample used for X-ray measurements. The
dashed line indicates the location of the polished plane; (b) the sample set-up
for X-ray micro-beam diffraction and (c) the layout of the X-ray micro-beam
diffraction set-up.

Cu yielding on residual stress and local plasticity is elucidated,

and the effects on via extrusion and device keep-out zone

(KOZ) are discussed.

II. EXPERIMENTS

The samples used in this study are blind Cu vias fabricated

in a 780 µm thick (001) Si wafer. The via diameter is 10 µm,

and the via height is 55 µm. The Cu vias are patterned in

periodic arrays with 40 µm spacing along the [110] direction

and 50 µm spacing along the [1̄10] direction of the Si wafer,

as shown in Fig. 1(a). The TSV structure was fabricated by the

standard etching and electroplating processes, which consisted

of etching the via holes in Si, deposition of 0.4 µm oxide

dielectric, 0.1 µm Ta barrier and Cu seed layers, and electro-

plating of Cu to fill the vias. To study the thermal stresses,

thermal cycling measurements were carried out under various

conditions, with the TSV samples thermal cycled from room

temperature (RT) to 200 ◦C, 300 ◦C, and 400 ◦C. To prepare for

X-ray micro-beam diffraction measurements, all samples were

mechanically polished along a Si [110] plane perpendicular to

the wafer surface to a position about a few microns before a row

of vias without exposing the Cu [see Fig. 1(a)]. Such sample

preparation method allowed the Cu vias to be directly measured

since the X-ray can penetrate through the Si, while avoiding the

adverse polishing effect on Cu.

The X-ray micro-beam diffraction measurement was carried

out using beamline 12.3.2 at the Advanced Light Source (ALS),

Lawrence Berkeley National Laboratory (LBNL) [15]. The

high brilliance X-ray source, advanced X-ray focusing optics,

Fig. 2. Average peak width (APW) of Cu in the TSV samples (a) as-received
and after thermal cycling to (b) 200 ◦C, (c) 300 ◦C, and (d) 400 ◦C.

and a high precision sample stage enable a submicron resolu-

tion to be achieved for local stress measurements [16]. Scanning

X-ray microdiffraction with polychromatic beam (white beam)

was performed on the polished cross-section of the TSV sam-

ples described above with X-ray energies from 5 keV to 22 keV.

The X-ray micro-beam was focused to a spot size of 1 µm ×

1 µm, and the scan step size was 1 µm/step. The sample was

mounted in a 45◦ reflective geometry with the Laue diffractions

collected by a DECTRIS Pilatus pixel array detector vertically

positioned at ∼147 mm distance from the sample area. The

sample and the X-ray microdiffraction measurement set-ups are

illustrated in Fig. 1(b) and (c).

III. SCANNING X-RAY MICRODIFFRACTION

MEASUREMENTS

The white beam microdiffraction generated a Laue pattern

for each point in the scan matrix. By analyzing the Laue

patterns, complete grain orientation, deviatoric strain tensors,

and evidence of plasticity can be obtained [16]. In this study, the

Laue reflections collected from scanning of the Cu TSVs were

indexed for Cu and Si separately. In Fig. 2, maps of the average

peak width (APW) of the indexed Laue reflections are plotted

for the as-received sample and the samples after thermal cycling

to the temperatures described before. An increased APW can

be clearly seen for Cu vias after thermal cycling to 300 ◦C and

400 ◦C, concentrating particularly in the area near the top of the

vias. In the Cu via after thermal cycling to 200 ◦C, there seems

to be little change of the APW. To further show this peak broad-

ening, the peak shapes are examined for Laue reflections from

Cu grains near the top of the via and the middle of the via for the

as received TSV samples and samples thermal cycled to 200 ◦C,

300 ◦C, and 400 ◦C, and the results are compared in Fig. 3.

The broadening of the APW in the Cu via can be correlated

to an increase of the geometrically necessary dislocations and

microstrains induced by diffusional creep in the Cu grains

during thermal cycling and provides a direct evidence of the

local plastic deformation in the Cu grains near the top of the via

[18]–[20]. This results suggest that local plasticity has occurred

significantly after thermal cycling to 400 ◦C, but not so after

thermal cycling to 200 ◦C. In addition, for the Cu via subjected

to thermal cycling temperatures as high as 400 ◦C, splitting of

the Laue reflection into multiple peaks has occurred for grains
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Fig. 3. Shapes of the (11̄3) Laue reflection from grains near the top and in the
middle of the vias for the as-received sample and samples subjected to thermal
cycling of 200 ◦C and 400 ◦C.

Fig. 4. Relative changes of the out-of-plane orientation in Si in the TSV
samples: (a) as-received and after thermal cycling to (b) 200 ◦C and (c) 400 ◦C.
The diameter of the Cu via is 10 µm.

near the via top, as shown in Fig. 3. The peak splitting suggests

the formation of subgrains, which can be caused by the large

degree of plastic deformation in the Cu grains [18], [19].

For Si, the Laue patterns are indexed; and the out-of-plane

orientation, ϕ, defined as the angle between the [100] crystal

direction and the (110) polished surface normal, is calculated

and plotted in Fig. 4. Interestingly, a gradient of the out-of-

plane orientation, ∆ϕ, became visible around the top of the

via under thermal cycling. The orientation gradient was not

observed in the as-received sample but became observable after

heating to 200 ◦C. The bending deformation became more

pronounced near the top of the via after thermal cycling to

400 ◦C, suggesting a higher residual stress in Si around the

Cu via. The local lattice rotation of Si was found to be in

opposite directions on two sides of the Cu via, indicating an

axially symmetric bending of the Si lattice around the Cu via.

This axial symmetric Si lattice bending can be attributed to the

elastic deformation of Si caused by the residual stresses in Si in

the TSV structure. The residual stress is known to be a source

for reliability concern. In particular, the stress/strain in Si can

cause mobility changes through the piezoresistive effect and

affects the size of the KOZ for CMOS devices [14].

The results from the X-ray micro-beam diffraction mea-

surements were qualitatively correlated to the wafer curvature

measurements, which have been reported previously [10], [11].

TSV samples with the same geometry and processing condi-

tions were thermal cycled to 200 ◦C, 300 ◦C, and 400 ◦C; and

the measured curvature-temperature behaviors were plotted in

Fig. 5(a). During heating, nonlinear curvature behavior was

attributed to stress relaxation in Cu, which can be attributed

Fig. 5. (a) Precision wafer curvature measurements for three TSV samples
thermal cycled to 200 ◦C, 300 ◦C, and 400 ◦C, respectively. (b) Grain growth
observed by EBSD and mappings of the grains in the Cu vias.

to grain growth and diffusional creep. Grain growth in the Cu

vias with increasing temperature was measured by EBSD and

summarized in Fig. 5(b), where both the grain size and the

grain mapping of the Cu via are shown. The results from EBSD

indicate that grain growth continued in the TSV with increasing

temperature. To delineate these two mechanisms, isothermal

stress relaxation measurements were performed at 200 ◦C,

300 ◦C, and 400 ◦C in the thermal cycling experiment. The

results indicated that grain growth dominated the stress re-

laxation, although the contribution from diffusional creep in-

creased with temperature as expected. At 400 ◦C, with the

grains size stabilized during the heating cycle, diffusional creep

was found to contribute about 30% to stress relaxation. To-

gether, they accounted for the stress relaxation and, conse-

quently, the residual stress in the TSV after cooling down to

RT. The residual stress induced the bending deformation of the

Si lattice near the top surface of the via, which increased with

the thermal cycling temperature. This is consistent with results

from the X-ray microdiffraction measurements shown in Fig. 4.

IV. FINITE ELEMENT ANALYSIS (FEA)

To further understand results from the X-ray micro-

beam diffraction and wafer curvature measurements, a three-

dimensional FEA model was constructed using the commercial

finite-element package, ABAQUS (v6.12), as shown in Fig. 6.

Linear 3-D solid elements (C3D8R) were used with a relatively

fine mesh (element size = 0.5 µm) for the Cu via and an
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Fig. 6. Three-dimensional FEA model, showing only the upper portion with
TSVs; the full model is 780 µm thick.

increasingly coarse mesh for the Si away from the vias. Sym-

metric boundary conditions were applied on all sides of the

model to simulate the periodic TSV arrays, while the upper

surface is traction free and the bottom is fixed. The mate-

rial properties used are as follows: Young’s modulus, ECu =
110 GPa and ESi = 130 GPa; Poisson’s ratio, νCu = 0.35 and

νSi = 0.28; CTE, αCu = 17 ppm/◦C and αSi = 2.3 ppm/◦C;

the thin oxide layer is ignored. For simplicity, Cu is assumed

to be elastic and perfectly plastic with the yield strength of

250 MPa.

The FEA simulations were conducted for the cooling process

with ∆T = −70 ◦C, ∆T = −220 ◦C, and ∆T = −320 ◦C,

corresponding to thermal loads from the zero-curvature tem-

perature (assumed to be stress free) to RT for the three thermal

cycles in Fig. 5(a) [11]. The results show that for ∆T =
−70 ◦C, the von Mises stress, σv, is largest at the top of the

via near the Cu/Si interface but below 250 MPa in the entire

via. Therefore, no plastic yielding is expected for this cooling

condition. For the higher thermal loads of ∆T = −220 ◦C

and ∆T = −320 ◦C, the stress in Cu reaches the yielding

strength of 250 MPa near the top of the via, hence inducing

local plastic deformation. The amount of plastic deformation

in the Cu via is described by the equivalent plastic strains,

εpeq as εpeq = (3/2)
√

εpij · ε
p

ij , where εpij are the plastic strains.

In Fig. 7, the equivalent plastic strains were projected to the

x-y plane to compare with the micro-beam measurements. For

∆T = −70 ◦C, εpeq is zero in the entire via for the absence of

plasticity. For ∆T = −220 ◦C, the plastic strain accumulates

locally near the top of the via. For ∆T = −320 ◦C, the amount

of plasticity is much greater but remains localized near the top

of the via at the Cu/Si interface. The results from the FEA sim-

ulations are consistent with the X-ray micro-beam diffraction

measurements. With increasing thermal cycling temperature,

local plastic deformation occurs in the Cu vias, and the amount

increases. The plastic deformation is more significant near the

top of the via and results in the increase of dislocation densities

in the Cu grains, which was observed in Figs. 2 and 3 as the

broadening of the APW. The increase of APW was found to be

most significant near the top of the via, in agreement with the

FEA prediction. In this way, the X-ray micro-beam diffraction

Fig. 7. Projected distribution of equivalent plastic strains for different thermal
loads: (a) ∆T = −70 ◦C, (b) ∆T = −220 ◦C, (c) ∆T = −320 ◦C.

studies in this work provide the experimental evidence of the

local plasticity in TSVs.

V. IMPLICATION ON TSV RELIABILITY

Via extrusion and stress-induced mobility changes are two

important reliability issues for 3D integration with TSVs. Re-

sults from the wafer curvature measurements show overall

stress build-up in the TSV structure during thermal cycling,

while X-ray microbeam diffraction provided evidence of local

plastic deformation near the top of the Cu via. Together, the

stress build-up and plasticity lead to Cu extrusion or “pop-up”

of the TSV top surface after thermal cycling, which has been

confirmed by atomic force microscopy (AFM) measurements

[21]. The near surface stresses in Si surrounding the Cu vias can

cause mobility change through the piezoresistive effect, and the

magnitude of the residual stress directly affects the size of the

keep-out zone for CMOS devices [6].

Prior studies suggest that grain growth plays an important

role in controlling the stress relaxation and, thus, the resid-

ual stress in the Cu TSVs during thermal cycling [9]–[11].

The stress relaxation at high temperatures facilitated by grain

growth sets a zero-stress temperature, which increases with

the temperature of thermal cycling. Consequently, the residual

stress increases after cooling to RT, which, in turn, leads

to more plastic deformation in the Cu vias and more lattice

deformation in Si surrounding the vias. On the other hand,

the yield strength in Cu would decrease with grain growth

following the classical Hall-Petch relation. This suggests that

the extent of the plastic deformation in the via can be controlled

by optimizing the grain growth in the Cu via. Since grain

growth in electroplated Cu depends on the additive chemistry

and other processing conditions, this suggests the possibility

that the stress characteristics and, thus, the thermo-mechanical

reliability of the Cu TSVs can be optimized by controlling the

electrochemistry and thermal processing of TSV fabrication.

VI. SUMMARY

In summary, we have conducted synchrotron X-ray micro-

beam diffraction measurements on TSV structures. The mea-

surements provided direct evidence of the local plasticity in

Cu via and the residual stress in Si. The results from the

X-ray microdiffraction measurements were qualitatively corre-

lated with precision wafer curvature measurements and FEA

simulations. Grain growth was found to play an important role

in controlling the stress relaxation during thermal cycling and,

thus, the residual stress and local plasticity in the Cu TSV.
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The microdiffraction results are significant as they constitute

a direct observation of the local plasticity in a Cu TSV and the

near-surface strain distribution in the surrounding Si. The local

plasticity induces irreversible deformation at the top of TSV

and is responsible for via extrusion during thermal cycling,

which has important consequences on reliability. The near

surface stresses extending several microns below the Si can

cause mobility change through the piezoresistive effect to affect

the size of the keep-out zone for CMOS devices. These are key

aspects of the thermomechanical properties of TSV structures

that control the reliability of 3D interconnects.
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