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To study thermomechanical strain induced by the mismatch of coefficients of thermal expansion in

through-silicon vias (TSVs) and thus provide fundamental understanding of TSV reliability, strain

measurements have been performed with synchrotron x-ray diffraction (XRD). The measured

strains are available as two-dimensional (2D) distribution maps, whereas the strain distributions in

TSVs are three-dimensional (3D) in nature. To understand this 3D to 2D data projection process, a

data interpretation method based on beam intensity averaging is proposed and validated with

measurements. The proposed method is applicable to XRD strain measurements on thin as well as

thick samples. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813742]

Through-silicon via (TSV) is one of the key enabling

technologies for three-dimensional integrated circuit (3D IC)

packaging. However, TSVs have potential thermomechani-

cal reliability challenges due to the coefficient of thermal

expansion (CTE) mismatch between copper and the sur-

rounding silicon.1 Prior efforts in TSV stress/strain measure-

ments for understanding these reliability challenges, include

micro-Raman spectroscopy, bending beam technique, inden-

tation, and x-ray micro-diffraction. Micro-Raman spectros-

copy works on the principle of measuring the frequency shift

of an impinging laser to quantify localized near surface sili-

con stress.2,3 However stresses in copper cannot be measured

using micro-Raman spectroscopy. The bending beam tech-

nique works on the principle of measuring the curvature of

the sample to quantify the stress in silicon and copper.4

However the measured stresses using the bending beam tech-

nique are averaged across the sample. Indentation techniques

work on the principle of analyzing the residual-stress-

induced normal load to measure localized stress in silicon

and copper.5 However, it is difficult to measure residual

stress in the absence of a known stress-free state using the in-

dentation techniques. Synchrotron x-ray diffraction (XRD)

can measure all the stress components in a copper via and

the surrounding silicon.6 However, data interpretation is

challenging for thick structures. Depth resolved x-ray dif-

fraction techniques, such as DAXM (Differential Aperture

X-ray Microscopy), could in principle be employed but data

collection would be prohibitively long to map an entire sam-

ple.7 Raster scanning the sample under a micro focused

beam provides a 2D strain distribution map of the sample,

whereas the strain distributions in TSVs are three-

dimensional (3D) in nature. How the strain distribution along

the x-ray penetration depth direction is averaged and pro-

jected is a complicated matter as it involves multiple factors,

such as x-ray energy, type of materials, as well as dynamical

effects. This may not be an issue for thin structures,8,9

however, it is essential for the interpretation of measurement

results of thick samples like a silicon wafer with embedded

copper TSVs. This paper presents a beam intensity based

averaging method with the assistance of finite-element mod-

eling (FEM) to interpret the measured TSV 2D strain maps.

As shown in Fig. 1, 300 lm tall TSVs with 50 lm diam-

eter copper vias at 150 lm pitch and 1 lm thick silicon diox-

ide liner were fabricated using a “mesh” technique.10 To

mimic their behavior in electronic packages, a 50 lm thick

copper layer was kept at the bottom of the wafer to introduce

bending effect during temperature excursions. Cross-section

polishing was performed until 50 lm silicon remained sur-

rounding the TSV array. The 50 lm silicon is half the dis-

tance between two neighboring TSVs. It is kept to preserve

the TSV/silicon mechanical boundary condition while still

small enough for synchrotron x-rays to penetrate through.

The synchrotron x-ray diffraction test was carried out on

beamline 12.3.211 at the Advanced Light Source (ALS),

Lawrence Berkeley National Laboratory (LBNL). Scans were

conducted at 150 �C using a focused polychromatic x-ray

beam to measure the deviatoric strain distribution, followed

by hydrostatic strain measurement of the TSV sample at

selected locations using monochromatic beam scans.

However, due to limited information obtained from the mono-

chromatic scans of the selected locations, only deviatoric

strain distributions were analyzed for the entire TSV scanning

plane. The x-ray beam was focused to a 1 micron size via a

pair of elliptically bent Kirkpatrick-Baez mirrors. Laue pattern

data analysis and monochromatic powder diffraction analysis

were carried out using the X-ray Micro-diffraction Analysis

Software (X-MAS)12,13 to calculate all the strain components.

Fig. 2 shows the measured 2D equivalent deviatoric

strain map of silicon, where two neighboring TSVs were

scanned to study the interactions between them. As seen, the

highly stressed regions are near the TSVs. However, as dis-

cussed before, the 2D strain maps actually represent 3D strain

distributions in silicon around TSVs. Since x-rays attenuate

(Fig. 3) as they penetrate through the TSV sample due toa)Electronic mail: suresh.sitaraman@me.gatech.edu
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photoelectric absorption, scattering, and pair production,14 the

strongest signal and thus the major component of the col-

lected information is from the front section of the TSVs. This

raises two questions: how deep is the front section and how

the information from the front section is represented in the

2D strain maps? The answers to these questions are essential

for the interpretation of measurement results and thus under-

standing the TSV thermomechanical reliability.

e0eq ¼
2

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe0xx � e0yyÞ

2 þ ðe0yy � e0zzÞ
2 þ ðe0zz � e0xxÞ

2 þ 6ðe0xy
2 þ e0yz

2 þ e0xz
2Þ

2

s
(1)

To answer the above questions, we propose a beam in-

tensity based data averaging method. Due to thermomechani-

cal strain deformation in the sample, kinematical conditions

apply in silicon crystals, and thus we assume that the contri-

bution of the collected data to the final 2D strain maps

depends on the distribution of the beam intensity along the

beam penetration direction. In other words, since the beam

intensity is higher near the front section, the strain data in

this section have larger effect on the 2D strain maps, which

is realized through beam intensity based weight function.

The detailed data interpretation process is presented in

Fig. 4. The proposed beam intensity based data averaging

method calculates the intensity of the incident beam taking

the white beam (5 keV to 22 keV) in 0.01 keV steps11 as the

beam passes through the TSV center lines. In this beam in-

tensity averaging model, the flux corresponding to each

energy spectrum of the white beam is taken into account

using the corresponding mass attenuation coefficients. The

fluxes with different energies have different penetration

depths. Consequently, each flux can only be considered for a

specific penetration depth and thus the hkl corresponding to

their energy spectrum contribute only up to a certain depth.

The penetration depth is defined as the distance from the sur-

face to where the intensity of x-rays falls to 1/e of its value at

the surface, where e is the Euler’s number. Since the TSV

FIG. 1. TSV array sample under syn-

chrotron x-ray diffraction test.

FIG. 2. Measured equivalent deviatoric strain e0eq (Eq. (1)) distribution map

of silicon at 150 �C.
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critical failures are mainly caused by cohesive cracks in

silicon and interfacial separation between the copper and

the silicon,1 silicon was selected as the material of interest.

Only the fluxes corresponding to the beam intensities in the

silicon are calculated and then normalized to form the white

beam intensity weight function wðzÞ, where
P

wiðzÞ ¼ 1.

Simultaneously, a finite element TSV array model is built

with the same geometry as the tested TSV sample. To capture

the process-induced stress of the TSV array, the thermal pro-

file of the fabrication process is sequentially applied to the

model. To mimic the sequential fabrication process, all the

materials are activated sequentially at their process stress-free

temperature through the ANSYS
TM element birth-and-death

approach. Thereafter, the deviatoric or hydrostatic strains

along the beam penetration depth direction are read out and

multiplied by the beam intensity based weight function

(e ¼
P

wiei) 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. Depending on the materials

along the penetration path, the penetration depth and the

weight function keep changing as the beam moves in the

scanning plane.

Fig. 5 shows all the measured silicon deviatoric strain

components at 150 �C and the model prediction using beam

FIG. 3. Beam intensity attenuation in the TSV sample.

FIG. 4. Process flow of the beam intensity based data averaging method.
FIG. 5. Measured deviatoric strain distribution maps of silicon (left) vs.

model predicted strain maps (right) at 150 �C.
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intensity based data averaging method. The model shows

that the CTE mismatch induced copper pumping at 150 �C
causes large stress near the copper silicon interfaces, which

is consistent with previous understandings.1,8 The compari-

son shows that the model results generally agree well with

the measurement data on strain distribution with some dis-

crepancies due to various reasons. First, it was observed that

while repeating the measurements on the same sample, a few

measured values differed from the modeled values due to the

stress history during the high temperature measurements.

However, the strain distribution remained unchanged.

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 discrepancies in some of the strain magni-

tudes, both of the modeled and measured strain distribution

trends matched well for all the six components, and the

trends are useful to identify critical locations in the silicon.

The above analysis with beam intensity based data

averaging method used the white beam intensity for data

analysis. As seen in Fig. 3, different energy spectra will

result in different penetration depths and different weight

function shapes. Thus, it is necessary to understand the

effect of beam energy spectrum on the final results. Taking

e0xx as an example, Fig. 6 shows the strain distribution

using 5 keV, 10 keV, 15 keV, and 22 keV for the beam in-

tensity based data averaging method. With energies higher

than 15 keV, the predicted strain distributions stabilize,

which indicates that the high energy spectrums dominate

the final strain results. This also means that the final 2D

strain map is a combined strain along the penetration depth

instead of just near the front surface.

In addition, other possible data processing methods are

investigated for comparison purpose. One method is an even

average along the penetration path (e ¼ meanðeiÞ). The

results show that the even averaged results change with dif-

ferent chosen averaging depths. Fig. 7 shows the result with

full x-ray penetration depth. As seen, the even average

method may be applicable to strain data interpolations for

thin film type samples, but is not applicable to the data

analysis of thick samples. Another method only picks the

strain with the maximum absolute value along each

path (e ¼ signfmax½absðeiÞ�g �max½absðeiÞ�). As shown in

Fig. 8, this maximum strain method also gives misleading

strain distribution.

FIG. 6. Predicted e0xx distribution maps

of silicon with different monochro-

matic beam energies.

FIG. 7. Predicted e0xx distribution map of silicon with even average method.
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In summary, this paper proposed a beam intensity based

data averaging method to interpret the synchrotron XRD

measured strain data, which presents 3D strain with 2D strain

maps. Results show that the proposed method successfully

predicts the general trend of the strain distribution.

Comparisons show that the higher energy end of the applied

white beam spectrum dominates the final 2D maps. Also, the

even average method and the maximum strain method may

give misleading results for thick samples.
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FIG. 8. Predicted e0xx distribution map of silicon with maximum strain method.
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