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Because of the large mismatch in coefficients of thermal expansion (CTE) between copper vias and the silicon
substrate in through-silicon vias (TSVs), thermal stresses are induced. These stresses cause severe reliability is-
sues, such as performance degradation of stress-sensitive devices, and interfacial delamination between TSVs
and the silicon substrate. Finite element method (FEM) simulation is a useful tool for thermal stress analysis;
however, developers and users are concerned about the range of accuracy of simulation models. Direct validation
of the thermal simulation via stress measurement is extremely difficult. As non-destructive methods can mea-
sure the stresses only at the surface or several micrometers below, it is difficult to measure the internal stresses.
Furthermore, any attempt to use an internal measurement location in the sample affects the stress situation. We
propose a methodology to validate the simulation model with stress measurements using polarized Raman spec-
troscopy on cross-sections of TSV samples. The stress-free assumption at room temperature for simulation was
compensated for using the measured residual stresses. An accurate comparison of stress data between experi-
ment and simulation was achieved by considering the re-location of measurement points under thermal defor-
mation. The agreement between simulation and experimental data for radial and axial thermal stresses validated
the simulation model.

The validated simulation model is useful for structural parametric analysis of TSV. The proposed methodology
with stress measurement by polarized Raman spectroscopy and stress analysis by simulation can be used to
study the radial and axial thermal stress of other devices.
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1. Introduction

Three-dimensional (3D) technologies provide volumetric packaging
solutions to achieve higher integration, higher-speed signal transmis-
sion, reduced power consumption, and smaller footprints [1]. Through
silicon vias (TSVs), used to fabricate 3D vertically stacked devices,
including logic, memory, sensors, and actuators, play a key role as inter-
connects in 3D miniaturization of electronic devices [2,3].

The large mismatch in coefficients of thermal expansion (CTE) be-
tween copper (Cu) vias and the silicon (Si) substrate in TSVs induces
thermal stresses, which lead to electrical performance degradation
and various reliability issues, such as device characteristic deviation
due to stress in Si substrate. S. Thompson et al., reported that 100 MPa
of stress can change carrier mobility by more than 7% in MOSFET devices
[4]. Therefore, research into thermal stress levels in Si substrates is im-
portant for minimizing device characteristic deviation.

FEM simulation is increasingly being used for studying 3D technolo-
gies [5-7]. However, it is important to note that FEM is applied to an

* Corresponding author.
E-mail address: wei.feng@aist.go.jp (W. Feng).

http://dx.doi.org/10.1016/j.microrel.2016.01.007
0026-2714/© 2016 Elsevier Ltd. All rights reserved.

approximate mathematical model of a system because of the complex-
ities in the geometry, properties, and boundary conditions of most real-
world problems. The developers and users of simulation models are
concerned with whether models and their results are accurate.

A large amount of research into the thermal-mechanical characteri-
zation of TSVs has been carried out using FEM simulations [8-11].
Commercially available FET software such as ANSYS and ABAQUS was
widely used for via-level, chip-level, and wafer-level stress simulation
of 3D technologies [12-14]. However, among these studies, there are
few reports that include validation of the simulation results with stress
measurements.

Thermal stresses can be evaluated using Raman spectroscopy, X-ray
diffraction (XRD), digital image analysis (DIA), or Piezo stress sensor
TEG (test element group) to validate the simulation model [15-18].
Among these methods, Raman spectroscopy has been widely used to
nondestructively investigate stresses [19,20]. It has been reported that
stress results via simulations matched the trend of p-Raman spectrosco-
py measurements [21]. M. A. Rabie et al. reported that the difference be-
tween the stress in simulations and measurements could be attributed
to residual stresses [22]. Non-destructive methods can only measure
the stresses at the surface or several micrometers below. However,
any destructive action, such as cutting to obtain a cross-section, or
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Fig. 1. Fabrication process for copper-filled TSV samples for thermal stress measurement.

chemical mechanical polishing (CMP), changes the stress situation;
thereafter, the measured stresses no longer indicate the original stress
level. To the best of our knowledge, agreement between simulation
and measurement of internal thermal stress has not yet been reported.

In this study, we performed both stress measurement and FEM sim-
ulation analysis on a cross-section of a Cu-filled TSV. To determine the
temperature dependence of the TSV thermal stresses, radial and axial
stress measurement was performed at three points on the Si substrate
of the TSV cross-section using polarized Raman spectroscopy under
three temperature conditions. The influence of the thermal deformation
on the three measuring points was considered during the extraction of
simulation results. Furthermore, the stress-free assumption at room
temperature in the simulation was compensated for by measuring the
residual stresses as offsets. We compared both radial and axial thermal
stresses in simulations to measurement data to validate the simulation
model.

2. TSV sample preparation and stress measurement using polarized
Raman spectroscopy

The thermo-mechanical stress measurement of a cylindrical regular
Cu-filled TSV was performed in this study. The TSV sample size is 10 pm
in diameter and 58.5 um in depth. The TSV sample was fabricated using
a via-last approach (Fig. 1) as follows:

> RIE (reactive ion etching) on a Si wafer

> Oxide film deposition using sub-atmospheric chemical vapor
deposition (SACVD)

Tantalum and Cu films applied by sputtering

Cu Electroplating
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Photoresist and Cu seed removal
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Fig. 2. Optical microscope images of the cross-section of the Cu-filled TSV sample. Stress
measurements were performed at three points on the Si substrate at 0.5 um from the
top of the Si/SiO, interface and 1/3/5 pm from the TSV edge using polarized Raman
spectroscopy.
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Fig. 3. Measurement configuration of polarized Raman spectroscopy. An exciting laser
light was placed on the surface of the TSV's cross-section. Then, the scattered light was
detected by the spectrometer.

Then, the annealing process was performed for the TSV sample.

The TSV was subjected to CMP to reveal its cross-sectional surface
for internal stress measurement. Then, the local stress in a Si substrate
along the vertical (z) axis, and the stress under the boundary condition
with the top insulator layer can be analyzed. An optical microscope
image of the TSV is shown in Fig. 2.

The stress measurement was performed on the TSV cross-sections
using polarized Raman spectroscopy (Ramanor U-1000) at TORAY
Research Center using the measurement configuration shown in Fig. 3
[23]. An un-doped bare Si wafer was used as a stress-free reference.
An exciting light at the 457.9-nm line of an argon ion laser was used
for the Raman measurements. Fig. 4 shows the polarization vector of ex-
citing and scattered light for polarized Raman spectroscopy. The excit-
ing lights were directed at the measuring cross-section of the [110]
surface. Then, the scattered lights from the cross-section surface of the
TSV sample were dispersed using a Jobin Yvon U1000 double mono-
chromator; then detected for the [110] directions, as directions [001]
for axial stress and [110] for radial stress. The spatial resolution of the
polarized Raman spectroscopy is 0.7 pm, which is the laser spot diame-
ter. The probing depth in the current measurement setup is 140 nm. As-
suming uniaxial or non-isotropic biaxial stress 077 along the [100]
direction and 05, along the [010] direction on a (001) face of silicon,
the Raman frequency shift Aw can be expressed using elastic compli-
ance S and phonon deformation potentials p and q as follows [23]:

Aws = [pS12 + q(S11 + S12)](011 + 022)/(209)

The frequency shift of optical phonons is proportional to the com-
bined stress 071 + 0y,. The plasma lines from the argon ion laser were

Z /1 [001]
Measuring surface
[110] Y //[110]
/ Polarization vector of
scattered light
Polarization vector of | o [001]
exciting light | | - —
[170] 7’1 / *}*—[1]0]
. X /1 [1710]
. ¢
direction of direction of
exciting lights scattered lights
[110] [1710]

Fig. 4. Measurement technique: polarization vector of exciting and scattered light of
polarized Raman spectroscopy. The scattered light from the cross-section surface of the
TSV sample was dispersed, then detected in the [110] direction.
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