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In-situ microscale thermomechanical strain measurements have been performed in combination
with synchrotron x-ray microdiffraction to understand the fundamental cause of failures in micro-
electronics devices with through-silicon vias. The physics behind the raster scan and data analysis
of the measured strain distribution maps is explored utilizing the energies of indexed reflections
from the measured data and applying them for beam intensity analysis and effective penetration
depth determination. Moreover, a statistical analysis is performed for the beam intensity and strain
distributions along the beam penetration path to account for the factors affecting peak search and
strain refinement procedure. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896141]

Interconnects have emerged as a key bottleneck for sys-
tem performance leading to the growing focus towards 2.5-
dimensional (2.5D) and 3-dimensional (3D) integration of
chips.! Through-silicon vias (TSVs) are key enablers to 2.5D
and 3D integration. The coefficient of thermal expansion
(CTE) mismatch between the silicon and copper in TSVs
leads to thermomechanical reliability concerns.” To address
these concerns with TSVs and find potential solutions, vari-
ous characterization techniques have been utilized in the lit-
erature: indentation techniques, micro-Raman spectroscopy,
bending beam technique, and synchrotron x-ray microdif-
fraction (mXRD). Indentation techniques measure local
stresses in silicon and copper using normal load induced by
the residual stress but knowledge of a known stress-free state
is required.® Micro-Raman spectroscopy measures local
stresses near the surface of silicon using the shift in the fre-
quency of an impinging laser but cannot measure the stress
in the copper.*” Bending beam technique measures the stress
in silicon and copper using the curvature of a wafer but only
gives stresses averaged across the wafer.® Synchrotron x-ray
microdiffraction measures local stresses in silicon and cop-
per using raster scans of TSVs, and consequently is a more
attractive technique. However, since the strain distribution
along the x-ray penetration depth direction in the TSVs is
averaged and projected as 2D strain maps, the data interpre-
tation is challenging using the obtained 2D strain maps.’
Although depth-resolved x-ray microdiffraction techniques
such as differential aperture x-ray microscopy do not have
the data interpretation issue, data collection would take an
extortionate amount of time to map the entire sample.®° To
bypass data interpretation concerns, Murray et al. performed
strain measurements of TSVs formed in a silicon-on-insula-
tor (SOI) wafer and focused only on the 0.5 um thin silicon
layer of the SOI wafer for strain analysis.'® To interpret the
raster scanned 2D strain maps, a beam intensity based aver-
aging method was demonstrated in earlier work,'" in which
the whole beam spectrum from 5 keV to 22 keV was used for
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the beam intensity calculation without considering the ener-
gies corresponding to indexed reflections of the material of
interest. Consequently, a more effective and accurate data
interpretation method is needed to better understand the
physics behind the synchrotron mXRD measurements and
data analysis.

To better capture the physics behind the raster scan and
data analysis, this paper presents a data averaging technique
with the assistance of finite-element modeling (FEM). In this
technique, the energies of indexed reflections are obtained
from the measurement data and applied for beam intensity
analysis. Also, factors affecting peak search and strain
refinement procedure are considered by statistically analyz-
ing the beam intensity and strain distributions along the
beam penetration path, correlating their effect with peak
broadening, peak search, and strain refinement.

The synchrotron mXRD test was carried out on beamline
12.3.2 (Ref. 12) at the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory (LBNL). To perform
the measurements, 60 um diameter and 300 yum tall TSVs at a
150 pum pitch were fabricated with 1 um thick silicon dioxide
liner between the silicon and copper. The fabricated wafer
with TSVs was then diced into small coupons and cross-
section polished until 31 ym silicon remained in front of the
TSVs, which preserves the TSV/silicon mechanical boundary
condition while still small enough for synchrotron x-rays to
penetrate through. Next, the coupons were mounted on a heat-
ing stage with scanning plane facing the incident beam at 45°,
as shown in Fig. 1. Scans were conducted at 150 °C using a
focused 1 um x 1 um size polychromatic x-ray beam (beam
energy range of SkeV to 22keV) to measure the deviatoric
strains sﬁj = &j — 0l;;, where 6 = (& + &)y + £2)/3.

Fig. 2 shows the measured 2D deviatoric strain maps of
silicon around two adjacent TSVs. Here, silicon was selected
as the material of interest because critical failures in TSV’s
are mainly cohesive cracks in silicon and interfacial separa-
tion between the copper and the silicon.? Also, clearer strain

© 2014 AIP Publishing LLC
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FIG. 1. Schematic of setup for the strain measurements of TSVs using syn-
chrotron mXRD.

distribution trends of silicon can be easily determined and
used for model validation as well as critical location identifi-
cation. As discussed earlier, the 2D strain maps actually rep-
resent 3D strain distributions in the silicon surrounding the
TSVs. Moreover, when x-rays penetrate a significant dis-
tance into silicon, they get attenuated due to photoelectric
absorption, scattering, and pair production. Consequently, to
obtain meaningful conclusions from the measured 2D strain
maps of the silicon surrounding TSVs, answers to the follow-
ing questions are critical: How is the effective penetration
depth determined and how is the strain information along the
effective penetration depth represented?

The first question deals with the determination of effec-
tive penetration depth. X-ray photons with different energies
have different penetration depths, whereas the effective

(x109)

TSV \

Y (um)

50 100 150
X (um)

(d) &y

Appl. Phys. Lett. 105, 112109 (2014)

penetration depth can be defined as the distance from the
front surface to where the intensity of x-rays falls to //e of
its value at the surface, where e is the Euler’s number. This
value is commonly referred to as attenuation length, which is
a materials’ property dependent on x-ray energy, material
chemical composition, and density. Photons with lower
energy decay with a shorter effective penetration depth, and
have contribution only for the shallower penetration depth.
A prior work observed that high energy photons (>15keV)
of the applied white beam dominate the final 2D strain maps
of silicon."" The study in this paper finds that the observation
in earlier work'! is due to fact that energies of the majority
of indexed reflections of silicon correspond to photon ener-
gies higher than 15keV, as shown in Figs. 3 and 4. Thus, the
obtained 2D strain maps (Fig. 2) actually represent the strain
information from x-rays extending a significant distance into
the silicon. Consequently, the energies of the indexed reflec-
tions with the corresponding mass attenuation coefficients
are utilized for the calculation of the beam intensity along
the penetration path and to investigate the effective penetra-
tion depth.

The second question is how the 3D strain information
along the effective penetration depth is represented in the
final 2D strain maps. To address this, the correlation of the
beam intensity and strain distribution to the peak search and
strain refinement is analyzed.

With respect to beam intensity, as indexation is based
on the most intense reflections observed, it is reasonable to
assume that the major components of the collected informa-
tion are from the front section along the effective penetration
depth. The reason for this can be explained by examining the
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FIG. 2. Measured deviatoric strain distribution maps of the silicon surrounding TSVs at 150 °C (the white patches are due to the missing data points during

raster scan of TSVs, and they do not impact the overall TSV strain trends).
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Peak search

Indexed Laue Diffraction Pattern

FIG. 3. Example indexed Laue diffraction pattern of silicon.

peak search procedure using x-ray microdiffraction analysis
software (XMAS):'? First, the XMAS program performs
background fitting and subtracting on the collected Laue dif-
fraction pattern. Next, XMAS identifies the locations with
the maximum intensity in each intensity island (Fig. 3), and
then chooses appropriate fitting algorithms to determine the
exact peak locations. This procedure indicates that high in-
tensity regions of the reflections generally determine the
locations of the peaks and thus the strains. Therefore, the
strains near the front section of the sample should have
greater contribution on the final 2D strain maps, which also
suggests that there should be a relationship between the
beam intensities and the contributions to the final 2D strain
maps. Thus, a weighted function based on the intensities of
the beam along the penetration direction is developed to
account for the contributions.

In addition to beam intensity, the effect of strain distri-
bution on peak search and deviatoric strain refinement is
another factor that needs to be considered. As shown in Fig.
3, asymmetric peak broadening (streaking) occurs at some of
the reflections, which means that the crystal lattice associ-
ated to them is imperfect."*'® For single crystal silicon, the
broadening is mainly caused by non-uniform distribution of
lattice strains along the beam penetration path. The asym-
metric reflection broadening is given by i, = tan 0 (¢ is the
integral breath of the strain distribution; 6 is the Bragg
angle)."” Since the diffraction angle is a function of lattice
strain (g = —cotf,A0), there is an intensity maxima in each
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8 10 12 14 16 18 20 22 24
Energy (keV)

FIG. 4. Distribution of energies of example indexed reflections of silicon.
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intensity island (Fig. 3). This maxima corresponds to the ma-
jority of lattice strains in the same range along the penetra-
tion path which contributed the most to the signal. On the
other hand, because the deviatoric strain tensors are obtained
by fitting a large number of reflections (>6),'>'” they reflect
a weighted average value obtained over not only the probed
depth but also from the majority lattice strains. Therefore,
the effect of the strain distribution on the peak search and
deviatoric strain refinement can be represented in the model
by statistical analysis of the deviatoric strains along the pene-
tration depth and filtering strains corresponding to lower
intensities, which have negligible contributions to peak loca-
tion determination and thus deviatoric strain calculation. The
details about how to realize it in the model is discussed in
the following modeling paragraph.

Based on the above discussion, addressing the determi-
nation of the effective penetration depth, and the strain in-
formation representation along the effective penetration
depth at each data position, an energy absorption based data
averaging method is proposed with the assistance of FEM
to interpret the 2D strain maps, as shown in Fig. 5. First, the
energies of the indexed reflections of silicon are calculated
and input into the proposed data averaging model to calcu-
late the beam intensities in the silicon, and only the beam
intensity larger than //e of its value at the surface are con-
sidered. Simultaneously, a finite-element TSV array model
is built with the same geometry as the tested TSV sample.
To simulate the sequential fabrication process, all the mate-
rials are activated sequentially at their process stress-free
temperature through the ANSYS™ element birth-and-death
approach. Thereafter, the following data processing steps
are carried out: (I) Reading out deviatoric strain in the sili-
con from the model and calculating beam intensity along
the penetration depth, as the example shown in Fig. 6(a).
(IT) Statistical analysis of the strain distribution along the
effective penetration depth and sorted strains into equally
spaced segments, as shown in Fig. 6(c). As seen, the
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FIG. 6. Example beam intensity and
deviatoric strain ¢, of silicon along the
penetration depth passing the TSV cen-
ters in (a) and (b) histogram of beam
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effective penetration depth of the example in Fig. 6 is
smaller than that defined by beam intensity larger than //e
because the beam passes the TSV center and only the sili-
con is the material of interest. (III) Summing corresponding
beam intensities of each segment (Fig. 6(b)). (IV)
Analyzing the distribution of the intensities of each seg-
ment and identifying segments with low intensities, which
have negligible contribution to peak location determination.
Figs. 6(b) and 6(c) suggest that the distribution of inten-
sities is in line with the distribution of ¢, . This is also true

(x10%)

9

8

7

6 —_

5 5 TSV

> Region

4

3

2

o - ]
0 50 100 150
X (wm)
'
(b) Eyy
(x109)
ven -

1

05
0.05

X (wm)

(d) Exy

X {um)

150

(e) s;zz

intensity, and (c) histogram of strain
¢ in the effective region.

for other strain components. (V) Filtering corresponding
strains in segments with lower intensities. Beam intensities
corresponding to the remaining strain data points along the
penetration path are normalized to form the beam intensity
based weight function w(z), where > w;(z) = 1. This is
based on the assumption that the contribution of the col-
lected data to the final 2D strain maps depends on the mag-
nitudes of the beam intensity along the penetration
direction. (VI) The remaining strain values are multiplied
by the aforementioned beam intensity based weight
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FIG. 7. Model predicted deviatoric strain distribution maps of silicon at 150 °C.
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function (¢ = ) w;¢;) 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.

Fig. 7 plots the model predicted six deviatoric strain com-
ponents. Compared to the measured strain maps in Fig. 2, it
shows that the model predicts the strain distributions of all six
deviatoric strain components with the local details. Yet, there
are some scattered highly strained points in the measured
strain maps, which cannot be captured by the model. This is
because the through-silicon hole etching with Bosch process
results in sidewall with scallops'® which are not considered in
the FEM model. Moreover, copper vias expand and tend to
extrude outward at high temperatures, resulting in large local
deformations on the scalloped sidewalls. Additionally, the
surface scratches, and thus the resulting residual stresses on
the front surface due to cross-section polishing, are difficult to
capture in the model. However, these discrepancies do not
affect the overall strain distribution, and thus, the TSV critical
location determination. Moreover, capturing the trend vali-
dates the proposed methodology for data interpretation, which
can be applied to future raster scan strain data analysis.

In summary, to interpret the synchrotron XRD measured
2D strain distribution maps, which present the TSV 3D strain
distribution, this paper has proposed data averaging method
based on the energy dependent x-ray absorption and
explored the physics behind the peak search and strain
refinement procedure. Penetration depth analysis indicates
that the final 2D strain maps are projected strains up to a sig-
nificant distance along the penetration depth into the silicon
due to majority of indexed reflections of silicon correspond-
ing to high energy spectrums. Moreover, strain analysis
results show that the proposed method predicts the trend of
the strain distribution, which validates the proposed data
analysis methodology.
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