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Strain measurements are demonstrated for through-silicon vias (TSVs) using synchrotron x-ray
diffraction to characterize the effect of copper via dimensions and liner materials. Reduction in
strains in the silicon around TSVs is observed for the TSVs with smaller via diameters and the
TSVs with a thicker polymer liner. To interpret the measured two-dimensional (2D) TSV strain
distribution maps of the three-dimensional (3D) TSV strains, a data averaging method based on the
energy dependent x-ray absorption is implemented along with additional considerations from the
sample preparation by means of an indirect comparison methodology. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4818327]

. INTRODUCTION

To attain a high-bandwidth and low-energy communica-
tion between integrated circuits (ICs), 2.5-dimensional
(2.5D) and 3-dimensional (3D) integration with through-
silicon vias (TSVs) are widely explored." TSVs commonly
consist of copper vias isolated from silicon using a thin
(<1 um) silicon dioxide layer. However, the coefficient of
thermal expansion (CTE) mismatch between the copper and
the surrounding silicon results into TSV thermomechanical
reliability issues.”™* To measure TSV stress/strain and under-
stand the thermomechanical reliability issues, micro-Raman
spectroscopy, bending beam technique, indentation, and
x-ray micro-diffraction have been reported in the
literature.”™ Moreover, to reduce TSV stress and improve
reliability, various modeling results have been pointed
towards smaller via diameters or thicker (polymer) liners in
the literature.>!'%!! However, experimental measurements
comparing strains in TSVs with different dimensions and
liner materials have not been performed as yet. This paper
demonstrates experimental characterization and comparison
of strains in the silicon around TSVs with different dimen-
sions and liner materials using synchrotron x-ray diffraction
(XRD). A beam intensity based data averaging method is
applied with the assistance of finite-element modeling
(FEM) to interpret the measured two-dimensional (2D) strain
distribution maps of the strains in 3D structures.'?

Il. SAMPLE PREPARATION AND SYNCHROTRON XRD
MEASUREMENTS

TSVs were fabricated with silicon dioxide and photode-
fined polymer (SU-8) liners. With respect to the fabrication
of TSVs with silicon dioxide liner,13 a silicon dioxide layer
was deposited on one side of a silicon wafer, as shown in
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Fig. 1. Vias were etched in the silicon wafer using aniso-
tropic etching, followed by the etching of a group of micro-
vias, called mesh,13 in the suspended silicon dioxide layer at
the base of the vias. Thermal oxidation was performed as a
next step followed by a titanium-copper seed layer deposi-
tion over the silicon dioxide layer at the mesh end of the
vias. After seed layer deposition, copper electroplating was
performed to pinch off the openings in the mesh. Once the
mesh openings were pinched off, bottom up copper electro-
plating of the vias was performed followed by chemical-
mechanical polishing (CMP) to remove overburden copper.
TSVs with polymer liner'* were fabricated with mesh, simi-
lar to the TSVs with silicon dioxide liner. SU-8 was spin
coated to fill the etched vias and photolithography of the SU-
8 was performed to obtain a thick polymer liner. Once the
polymer liner was fabricated, titanium-copper seed layer
deposition over the silicon dioxide layer at the mesh end,
mesh pinch off, bottom up TSV copper electroplating, and
CMP were performed.

The dimensions of the fabricated TSV samples are
shown in Table I. Once the TSV samples were fabricated,
cross-section polishing was performed until a specifically
defined amount of silicon was left in front of the first row of
TSVs to preserve the TSV/silicon mechanical boundary con-
dition, as shown in Fig. 2.

Synchrotron XRD measurements were performed on the
fabricated TSV samples at beamline 12.3.2 at the Advanced
Light Source (ALS), Lawrence Berkeley National
Laboratory (LBNL). Before the test, samples were mounted
on a high-precision stage,'> with the scanning plane being
tilted 45° from the incident beam. As shown in Fig. 3, X-ray
fluorescence scans were initially conducted on the scanning
plane to locate target TSVs. A polychromatic Laue diffrac-
tion scan (5-22keV) was then performed at 150 °C to mea-
sure the deviatoric strain distribution, followed by a
hydrostatic strain measurement of the TSVs at multiple

© 2013 AIP Publishing LLC
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FIG. 1. TSV fabrication processes.

locations on the scanning plane using monochromatic step
scans across selected Laue diffraction spot (0.01 keV steps).
However, due to limited information obtained from the
monochromatic scans of the selected locations, only devia-
toric strain distributions were analyzed for the entire TSV
scanning plane. The x-ray beam was focused to a 1 um size
via a pair of elliptically bent Kirkpatrick-Baez mirrors. Laue
pattern data analysis and monochromatic powder diffraction
analysis were carried out using X-ray Microdiffraction
Analysis Software (X-MAS)'®!7 to calculate the full strain
tensor. Before performing the strain measurements, the TSV
samples were heated at 150 °C for 1 h to stabilize.

lll. METHODOLOGY, RESULTS AND STRAIN
COMPARISON

A. Beam-intensity based averaging method

As shown in the measured 2D map of the equivalent
deviatoric strain egq (Eq. (1)) of silicon for sample S2 (Fig.
4), highly stressed regions are recognizable near TSVs.
However, the 2D strain map actually represents 3D strain
distributions in the silicon around TSVs. To interpret the 2D
strain map, an averaging method based on energy dependent

TABLE I. Dimensions of the fabricated TSVs.

Sample No. S1 S2 S3 S4
TSV diameter (um) 30 50 80 80
TSV pitch (um) 60 150 250 250
TSV height (um) 300 300 390 390
Front Si thickness (xm) 13 50 55 40
Liner thickness (um) 1 1 1 25
Liner material SiO, SiO, SiO, SU-8

beam absorption was proposed.'? Since the TSV critical fail-
ures are mainly caused by cohesive cracks in silicon and
interfacial separation between the copper and the silicon,’
silicon was selected as the material of interest. In this
method, as shown in Fig. 3, the fluxes corresponding to the
beam intensities in the silicon are calculated and then nor-
malized to form the white beam intensity weight function
w(z), where > w;(z) = 1. Simultaneously, finite element

TSV Height

TSV Pitch

Front Si Thickness

i

Incident Beam

FIG. 2. Schematic view of a representative TSV array.
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TABLE II. Material properties.>'®'?

Cu Si SiO, SU-8
Young’s modulus (GPa) 70 130.9 71.4 4.02
Poison ratio 0.3 0.28 0.16 0.22
CTE (ppm/°C) 17.3 2.6 0.5 52
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Synchrotron XRD Energy Finite Element
Measurements Absorption Model Model
. Calculation of
Sample Preparation Beam Intensity Model Development
'
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> w(2)=1 7}
Polychromatic —
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Strain Analysis
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3D Strains Prediction of
Determined 2D Strain Maps

FIG. 3. Procedure for experimental measurements and analysis.

TSV array models are built with the same geometry (Table I)
and materials (Table II) as the tested TSV samples. The Ti
layer at the base of the TSVs is considerably thinner (30 nm)

compared to the TSV dimensions and is not considered in
the models. To capture the process-induced stresses of the
TSV samples, the thermal profiles of the aforementioned fab-
rication processes (Fig. 1) are sequentially applied to the
models. To mimic the sequential fabrication process, all the
materials are activated sequentially at their process stress-
free temperature through the ANSYS™ element birth-and-
death approach. Thereafter, the deviatoric strain components
at 150°C along the beam penetration direction are extracted
and multiplied by the beam intensity based weight function
(e = > wjg;) to get a strain value at any given point on the
scanning plane. This process is repeated until all the points
on the scanning plane are covered to form a 2D strain map,

c 2 (e — ) (e — el) (el — )+ 6(e,2 + &2 +2.2)

B. Indirect comparison methodology

As discussed in Sec. 11, a finite thickness of silicon was
kept unpolished in front of the first row of TSVs and called
the front silicon thickness as shown in Fig. 2. The front sili-
con thickness for each sample was determined by TSV diam-
eter and pitch to preserve the mechanical boundary
condition. The front silicon thicknesses affect the measured
2D strain maps in several ways. First, the dimension depend-
ent mechanical boundary conditions of the TSVs near the
scanning plane change with varying front silicon thicknesses.
Second, the different front silicon thicknesses affect the

(x109)

FIG. 4. Measured sample S2 2D &, o distribution map of silicon at 150°C.

(D

x-ray penetration depth and consequently affect the captured
strain information along the penetration depth.'?

Taking sample S2 as an example, as shown in Fig. 5, the
models predict that different front silicon thicknesses result
in different 2D strain distribution maps and magnitudes, with
strains increasing as the front silicon thickness decreases.
Moreover, the 3D FEM results in Fig. 6 show higher strain
in the front silicon as the front silicon thickness reduces. In
addition, the strain near the front section has larger contribu-
tion to the final 2D strain distribution maps. The samples
with thicker front silicon have larger contribution from the
volume of the lower strained front silicon (Fig. 6(c)) and
thus their averaged 2D strain distribution maps show lower
strain values, as shown in Fig. 5(c). Therefore, it is essential
to take the effect of the front silicon thickness into considera-
tion when we use the 2D strain distribution maps obtained
from synchrotron XRD measurements in order to realisti-
cally compare different TSV designs, in order to avoid front
silicon thickness induced artifacts. One example is the com-
parison of the measured strain maps of sample S1 in Fig.
7(a) and sample S2 in Fig. 4. Direct comparison of their 2D
strain distribution maps shows that sample S1 is under higher
thermomechanical strain than sample S2. This conclusion is
incorrect since sample S2 has larger diameter copper vias
than sample S1. Sample S2 is expected to experience larger
CTE mismatch induced thermomechanical strains,2
denced by the comparison of Figs. 6(c) and 8.

To address this issue, an indirect approach is applied by
using the measured 2D strain distribution maps to calibrate a

as evi-
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FIG. 5. Predicted sample S2 2D séq maps with different front silicon thick-
ness at 150 °C.

3D finite element analysis (FEA) model (Fig. 3), and then
the calculated strain from the 3D FEA model is used to com-
pare different TSV designs. To calibrate the 3D FEA models,
the aforementioned beam intensity based data averaging
method is applied to project the 3D strain distribution from
the 3D FEA models onto 2D strain distribution maps. This
allows a direct comparison between the measured and the

J. Appl. Phys. 114, 064908 (2013)
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1000000
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FIG. 6. Predicted sample S2 ;:i,q 3D distribution with different front silicon
thickness at 150 °C.

predicted strain data. Fig. 7 compares the measured strain
map with the predicted strain map for sample S1; Figs. 4 and
5(c) for sample S2; Fig. 9 for sample S3; Fig. 10 for sample
S4. The comparison shows that the model results generally
agree well with the measurement data on strain distribution.
The remaining discrepancies are due to the following rea-
sons. First, it is observed that while repeating the measure-
ments on the same sample, a few measured values differed
from the modeled values due to the stress history during the
high temperature measurements. Second, the finite element
model considers an ideal thermal loading case without
accounting for the fabrication induced defects and copper
grain coarsening during the fabrication. Even with the dis-
crepancies in some of the strain magnitudes, both the
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FIG. 7. Measured and predicted sample S1 2D {Ii,q distribution map of silicon
at 150°C.

modeled and measured strain distribution trends matched
well for all the four samples, and the trends are useful to
identify critical locations in the silicon.

C. Effect of TSV dimensions

To study the effect of TSV dimensions on TSV thermo-
mechanical reliability, samples S1, S2, and S3 are compared.
They have different TSV diameter, pitch, and height, but the
same fabrication process, liner material (silicon dioxide),
and liner thickness (1 um). Since the dominating TSV ther-
momechanical failure modes are silicon cracking and cop-
per/liner separation,’ the first principal strain g, in the
silicon and the copper/liner interfacial shear strain are com-
pared. As shown in Figs. 11 and 12, the CTE mismatch
between silicon and copper induces high strain near the TSV
edges. The strain decreases quickly and then levels off when
moving away. Larger copper via diameter generally results
in higher strain in the surrounding silicon, thus making the
silicon more prone to cracking. The existence of a bottom
copper layer causes even higher strain in the silicon near the
TSV bottom (path C-D in Fig. 2) than near the TSV top

0.000065
0.000348
0.000631
0.000914
0.001198
0.001481
0.001764
0.002047
0.002331
0.002614

A000EDOEN

distribution of silicon at 150 °C.

FIG. 8. Predicted sample S1 3D &

Ceq
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(x 109)

350

300

0 50 100 150 200 250 300
X (um)

30 400

(a) Measured

0 50 100

150 200 250 300 350 400
X (um)

(b) Predicted

FIG. 9. Measured and predicted sample S3 2D &, , distribution map of silicon
at 150°C.

(path A-B in Fig. 2). To investigate the possibility of interfa-
cial separation at the copper/liner interfaces, the interfacial
shear strain &, along the TSV side wall of the cross-section
(path C-A in Fig. 2) are plotted in Fig. 13. It shows that high
interfacial shear strain occurs near the TSV top and bottom,
especially near the bottom due to the presence of the bottom
copper layer. Similarly, a larger TSV diameter induces
higher interfacial shear strain, and consequently is more
likely to cause copper/liner separation. These copper/liner
interfacial separations can be observed in the previous test
results.’

D. Effect of liner material

To study the effect of liner material on the thermome-
chanical reliability of TSVs, sample S4 with a thick (25 um)
SU-8 liner is compared to sample S3 with the same copper
via dimensions but with a thin (1 um) silicon dioxide liner.
Fig. 14 shows that the thick SU-8 liner serves as a cushion
layer, reducing the thermomechanical force applied to the
surrounding silicon as the copper via expands at a high tem-
perature. Also, as shown in Fig. 15, the SU-8 liner mitigates
the interfacial shear strain, and thus reduces the possibilities
of interfacial separation.
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FIG. 15. Predicted interfacial shear strain &,, along copper/liner interface
C-A at 150°C.

has been applied. The analysis shows that a direct compari-
son of the measured 2D strain distribution maps of different
TSV samples may yield results dependent on artifacts related
to sample preparation. Thus, an indirect comparison
approach based on experimentally calibrated FEA calcula-
tions is adopted. Comparisons show that TSVs with larger
diameter generally induce higher strain in the silicon as well
as at the copper/liner interface, thus have more reliability
issues. This is promising in view of the current trend for
smaller dimensions of TSVs in terms of thermomechanical
strain induced reliability concerns. Moreover, TSVs with
thick SU-8 liner experience lower strains compared to TSVs
with thin silicon dioxide liner.
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