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Abstract: Given the growing global demand for high-performance microcomponents, while keeping
the size of the microcomponents as small as possible, several manufacturers have chosen to increase
the number of thin layers to increase the integration density. These thinner layers cause warping-type
deformations during processing. In this study, warping during the development of a stacking com-
posed of a silicon substrate coated with two thin layers, one dielectric in undoped silicate glass (USG)
and the other metallic in platinum, was numerically analyzed and validated by comparison with
experimental measurements. The numerical study presented in this paper has several components
that make it simple and reliable. Indeed, simplifications of the loading conditions were introduced
and validated by comparison with experimental results. Another part of the simplification is to
integrate a homogenization approach to reduce the number of calculations. The efficiency and
precision of the homogenization approach were validated for the mechanical and thermomechanical
models by comparing the heterogeneous and homogenized models.
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Implementation of the 1. Introduction

Homogenization Method in the Electronic microcomponents are manufactured from hundreds or even thousands of
Numerical Estimation of Wafer wafers that are usually made of silicon. The manufacturing process involves the deposition
Warpage. Coatings 2023, 13, 318. of thin metal and dielectric films on silicon substrates. The difference in the mechanical
htps://doi.org/10.3390/ properties, particularly the coefficients of thermal expansion between the materials in-
coatings13020318

volved in the stack, causes cracks and even delamination. The deflections of the pile-up
Academic Editor: Ajay Vikram Singh induce mechanical fatigue during the lifetime and represent a limiting factor for relia-
bility. Deflection control is necessary before large-scale production can begin. Several
techniques have been developed to measure stack warping. Spectroscopic ellipsometry
is a non-destructive technique used to measure the curvature of a sample by measuring
the polarization of a beam at a reflection on a surface [1]. The X-ray diffraction technique
allows the deformation of the measured network to be measured. This technique is only

® valid for crystalline materials [2]. Conventional 3D DIC (3D digital image correlation),
a non-contact full-field optical technique, is also commonly used for measuring wafer
Copyright: © 2023 by the authors.  deflection. Yao et al. [3] measured the curvature of a Si/USG/Pt stack using capacitive
Licensee MDPL Basel, Switzerland.  ages. This instrument consists of 33 capacitive sensor pairs integrated into radial geometry.
This article is an open access article ~ Bach pair of sensors measures the local displacement of the stack by measuring the distance
distributed under the terms and ~ between the median surface of the plate and the reference plane, as shown in Figure 1.
conditions of the Creative Commons ~ Wafer warping is defined as total warping, which is the sum of the absolute values of
Attribution (CC BY) license (https://  the maximum and minimum local warping. The experimental technique usually requires

creativecommons.org/licenses /by / preliminary preparation of the samples. This can take a long time, which slows down
4.0/).
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the development projects for new microcomponents. Researchers have turned to other
techniques for estimating warping, such as semi-empirical [4,5] and numerical approaches.

Max. local warp
Reference
plane

Local wa Y - TN
p > N /

Median Total warp
surface Min. local warp

Figure 1. Illustration of the warping measurement method [3].

Recently, progress in the electronics industry has made electronic products more
miniature and efficient, which has increased the number of thin layers that form stacks,
making them susceptible to deformation. Deformation of the wafer increases because of
the heterogeneous nature of the thin films and the difference in the thermal expansion
coefficient. The stress induced by wafer curvature is one of the root causes of process and
device failure, such as delamination, cracking, and decreased performance [6].

Numerical modeling can be used to evaluate the curvature. This approach encounters
difficulties when used to solve multiscale problems owing to the huge need for computer
memory and CPU time. However, in engineering, it is sufficient to obtain macroscopic
solutions for multi-scale material structures. Therefore, determining the macroscopic
effective properties of heterogeneous materials has become an important problem in many
engineering applications [7].

Recently, several multiscale methods have been developed as part of the small-
deformation elasticity or elastoplastic theory for heterogeneous materials [8]. The macro-
scopic effective constitutive response is predicted as a result of the analytical or numerical
solution of a boundary-value problem at the microscopic level. For analytical methods, for
example, the Eshelby method [9] considers the form of inhomogeneity using the Eshelby
tensor and proposes an equivalent inclusion method. This approach was developed by
several authors such as Mori and Tanaka [10], Hashin and Strikman [11], and Hill [12].
These methods allow for prediction of the equivalent properties of constituent materials
for fairly simple geometries and low-density fractions. However, their limits do not stop
here; they cannot describe the evolution of stresses and macroscopic deformations for
complex structures. To overcome the difficulties of numerical homogenization approaches,
the representative volume element (RVE) method was developed [13,14]. Babuska [15]
developed an asymptotic computational homogenization method. Miled et al. [16] de-
veloped an analytical multi-step homogenization method to estimate the deflection of
a silicon wafer coated with three thin films. Cheng et al. [17] used the homogenization
method with a submodelling technique to estimate the warpage of a stack of five layers
with silicon vi (TSV).

Yao et al. [3] proposed a numerical model for determining the warping of two thin lay-
ers stacked on a silicon substrate. The stack consisted of an undoped silicate glass USG insu-
lating layer and a platinum Pt metallic layer. The model developed by Yao et al. [3] consists
of simulating the entire multi-step thermal cycle and activating and deactivating layers.

The current study constitutes a contribution in the simplification of numerical estima-
tion of wafer warping. The numerical approach consists of simplifications of the numerical
approach developed by Yao et al. [3]. The homogenization method was used to replace the
real structure with a silicone substrate and two thin films (USG and Pt) into a simplified
structure with a substrate and an equivalent thin film. The equivalent properties are calcu-
lated by applying the mixture laws that are widely used to simulate composite materials.
A simplified loading condition for the numerical simulation was also suggested. For the
loading condition, the proposed assumption used the final imposed thermal cycle step
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instead of the complete cycle. Note that the final warping was largely the result of the final
cooling step. This assumption was validated through comparing the obtained results with
those obtained by Yao et al. [3]. This contribution constitutes support for future research
projects for the numerical estimation of silicon wafers with very complex geometries, in
particular wafers used for 3D microcomponents.

2. Materials and Methods

For the first simplification verification, a 2D axisymmetric model was created using
the Abaqus code for the estimation of the Si/USG/Pt stack warpage. The geometrical
model and boundary conditions are shown in Figure 2. Three Pt thicknesses were used
(100, 150, and 300 nm). A roller boundary condition was applied to the revolution axis. A
tie contact was used for all of the contact areas. The material properties are listed in Table 1.

Two thermal cycles were used as loading conditions. The first, the whole cycle, is the
one employed by Yao et al. [3] with successive activation of the layers, as shown in Figure 3.
The second consists of the use of the latest step of the cycle imposed by Yao et al. [3]
(cooling from 450 °C to 22 °C). The warpage obtained using the two models was compared
to validate the first simplification.

Pt \\ t=1000; 150 and300 nm | _,
£
USG S
=)
<
U1l=U2=0=)
£
=1
Si 3
Ty}

1
UR3=0

D/2=75000 pm

Figure 2. Geometry and boundary conditions of the 2D axisymmetric model.
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Figure 3. The whole thermal cycle used by Yao et al. [3].
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Table 1. Materials’ properties.

UsG Pt Si
E (GPa) 94 177 169
v 0.17 0.39 0.063
a (1076/°C) 0.5 9 2.8

For the second simplification, using the homogenization approach, the wafer warpage
obtained by the full heterogeneous model was compared with that obtained by the homo-
geneous model. Figure 4 shows the heterogeneous and equivalent homogenized models.
The equivalent material is assumed to be transversally isotropic.

Pt

Equivalent Material
UsG

Si Si

i O

Figure 4. (a) Heterogeneous model and (b) equivalent homogenized model.

The mechanical properties of the equivalent model were calculated using the following
equations derived from mixture laws [18]:
Longitudinal Young’s modulus E; 5, Equation (1):

E1» = (Ep-Vpt) + (Eusc-Vusc) 1)

With:

Eq,: Equivalent longitudinal Young’s modulus
Ep¢: Young’s modulus of platinum

Eyusg: Young’s modulus of USG

Vpg: volume fraction of Pt

Vysg: volume fraction of USG

Transverse Young’s module E3, Equation (2):

1 _EJFVUSG

Es  Ep  Eusg @
With:
E3: Equivalent transverse Young’s modulus.
Ep¢: Young’s modulus of platinum.
Eyusg: Young’s modulus of USG.
Vpy: volume fraction of Pt.
Vysg: volume fraction of USG.
The equivalent Poisson coefficients are as follows:
The Poisson’s ratio vy, Equation (3):
viz = (Veever) + (Vusc-Vusc) ®)
And Equation (4)
BB @
Vi3 V12
With:

Vpi: volume fraction of Pt.
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Vysg: volume fraction of USG.
Vpt, VusG : Poison coefficients of Pt and USG.
Shear modulus Equation (5):
E,
Gp=7+1"—= 5
12 30 T vpy) ®)
With:
E;: Equivalent Young’'s modulus.
v1p: Poisson’s ratio.
And Equation (6):
Es
Gp3=Gpn=—7—"—— 6
13=63= 77705 (6)
With:

E3: Equivalent transverse Young’s modulus.

v13: Poisson’s ratio.

We used the expression proposed by Shapery et al. [19] to calculate the coefficient of
longitudinal thermal expansion Equation (7):

dip — Ep¢apt Ve + Eusc ocusg Vusa
’ Ep¢Vpt + EusgVusg

@)

With:

oy: coefficient of equivalent longitudinal thermal expansion.

Ept, Eusg: Young’s moduli of Pt and USG, respectively.

apt, oysG: coefficient of thermal expansion of Pt and USG, respectively.
Vpt , Vusg: volume fraction of Pt and USG, respectively.

The transverse thermal expansion is estimated as Equation (8):

(Euscvrt — Eptvusc)
EptVpt + BEusg Vusg

o3 = (xusgVusg + aptVpt) + Vusc Vpt(owsg — apt) 8)

The properties of the homogenized material are listed in Table 2.

Table 2. Equivalent material properties.

Pt (100 nm) Pt (150 nm) Pt (300 nm)
E1, E» (GPa) 110.600 116.660 129.430
E; (GPa) 103.740 107.800 117.924
V12, V13 0.214 0.23 0.26
Va3 0.2 0.212 0.23
G12,G3 (GPa) 45,551 47.430 51.360
Go3 (GPa) 43.225 44.472 47.930
xq, 00 (10767 °QC) 3.22 4.02 5.47
a3 (107°/ °Q) 431 4.96 6.08

3. Results and Discussions
3.1. Validation of the Loading Simplification

To examine the accuracy of the numerical results obtained using the last step of the
thermal cycle, we compared them with the results obtained using the complete thermal
cycle and experimental measurements of the deflection. Figure 5 shows the wafer warpage
obtained by applying a complete thermal cycle for three Pt films thicknesses (100, 150, and
300 nm). The U2 displacement values are taken at a distance of 68 mm from the center of the
wafer in order to be able to compare the results obtained numerically with those measured
experimentally. Note that the curvature measuring machine takes measurements at this
location [3]. Figure 5 shows an increase in the deflection as the thickness increases. The
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results obtained by applying the full thermal cycle have a negligible difference compared
with the results obtained by the last stage of the complete thermal cycle shown in Figure 6.
The measured deflection values were compared to those obtained numerically. Figure 7
shows the high degree of agreement between the two numerical approaches. It should be
noted that an average difference of 19% existed between the numerical and experimental
results. This difference is mainly caused by ignoring the intrinsic stresses induced in the
thin layers during processing. Therefore, it can be concluded that the simplification of the
complete thermal cycle of loading into a simplified cycle involving only the last cooling
phase has virtually no impact on the numerical results.

=
+1241e-02 P&=200nmM .
[ 1135602
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Figure 5. Warpage of the Si/USG/Pt stack using the full thermal cycle load.

u,u2
+t ueng Pt=100nm Y
+1.128e-0
[ +1.023e-02 L .

+
+
+74
+6.016¢-03
3303
- +2.858¢-03 At 68mm,U2=10.19pm
+1.805¢-03 M H
+7.522e-04 |
+3.005e-04

1

vz u,u2
4 Pt=150nm ., +7.155¢-02 Pt=300nm v
+26126.02 iien
beiie] i, B issmen Ly
~ s st
— L T
=R e
taety b iassienz At 68mm,U2=58.88um
15707003 At68mm,U2=22.10 [ 12385002 T

e L RS .
+ e | y

300304 (=301 0 |
(e .

Figure 6. Warpage of the Si/USG/Pt stack using the last step of the full thermal cycle.
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Figure 7. Numerical results and experimental measurements [3] of Si/USG/Pt warpage.
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3.2. Validation of the Homogenization Approach

We have developed an axisymmetric 2D model that consists of a 500 um Si substrate
on which a homogeneous film is deposited, which represents the two thin films (USG + Pt)
with the properties listed in Table 2. The imposed thermal load represents the last stage
of the complete thermal cycle (cooling from 450 to 22 °C). The results obtained using the
homogenized model are shown in Figure 8. The evolution of the defect as a function of the
Pt layer thickness obtained by the homogenized model was compared with that obtained
by the heterogenized model (Figure 9). It can be observed that the two curves have similar
shapes. A 5% discrepancy was found between the warpage obtained by the homogenized
model and that of the heterogeneous model for the 100 nm Pt layer. For the 150 nm Pt layer,
the difference between the two models is approximately 11.53%, which increases to 19.63%
for the models with a Pt layer of 300 nm. It can be seen that the difference between the
warpage obtained by the two models increases with increasing Pt thickness. The mean
difference between the homogenized model results and the heterogeneous model was
12.05%. It can be concluded that the homogenized approach presented in this study is
reliable for small layer thickness. For thick layers, it was necessary to develop a formula for
the transverse thermal expansion coefficient.

U, u2
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+1.150e-02 Pt 100nm Y
L +1,043¢-02
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L +7.211e-03
+6.138¢-03
+5.065¢-03
+3.992¢-03
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¥

U, U2
+2.340e-02
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]
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Figure 8. Warpage of the homogenized stack.
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Figure 9. Warpage obtained using the homogenized /heterogeneous model.

4. Conclusions

In this study, a method for simplifying the numerical estimation of warping at the
level of silicon platelets coated with two thin layers was developed and validated. The first
simplification replaces the complete thermal cycle with the last phase of the thermal cycle
in the loading case. The second simplification is the use of the homogenization method to
replace the two thin films with a single film with equivalent properties.

The obtained results can be summarized as follows:

- Thereplacement of the complete thermal cycle with the last cooling phase had virtually
no effect on the numerical estimates of the warps.

- The evolution of warping as a function of the thickness of Pt obtained numerically
presents the same appearance as that measured experimentally.

- Increasing the thickness of the metal film increased the warping.

- The difference between the numerical and experimental results is mainly owing to the
non-inclusion of intrinsic stresses in the numerical approaches.

- The homogenization technique made it possible to reliably estimate the wafer warpage.
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