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1. Introduction

The sealing of microsystems can become an issue, because of
the strong requirements imposed by the drive to miniaturization.
In order to shrink the overall dimensions of packaged devices,
metallic rings with decreasing planar width can be used to insulate
the cavity where, for example, inertial accelerometers or gyro-
scopes are placed at low vacuum pressures. One can wonder how
far it is possible to stretch down the dimensions of the metallic
ring, and whether features of the geometry of the rings themselves
can affect the effectiveness of the sealing. Moreover, while for
wafer-to-wafer bonding the thermo-compression process seems
particularly appealing, it is difficult to rationally interpret the link
between the final bonding strength and the variables controlling
the bonding process, such as the pressure and temperature inside
the chamber, and the roughness of the metallic surfaces entering
into contact. In these cases it has been recognised [1] that the sur-
face energy adhesion, the surface roughness and the material
deformation play key roles for a good bonding.

In a wafer-to-wafer thermo-compression process two silicon
wafers, each one with its own pattern of metallic rings, are pushed
together while the temperature is increased during a thermal
cycle. A re-crystallization process then occurs inside and between
the two metallic rings, leading to a metallurgical bonding [2–4].
There have been several studies focused on the characterisation
of the thermo-compression bonding [5–7], and nowadays refined
studies on grain growth can be pursued (see, e.g. [8]), but there
are many issues still to be clarified. Progressing on the research line
initiated in [9], we adopt here a simplified approach in the analysis,
and consider the final material in the sealing layer as a continuum,
mechanically stressed by the chamber pressure. Overall variables,
like the pressure and temperature, but also the misalignment of
the two wafers getting into contact and the roughness of the
metallic layers, are then linked to the mechanical behaviour of
the sealing through a top-down, multi-scale (three-scale)
approach. To this aim we consider in sequence, from the largest
to the smallest level: at the macro-scale, the response of the whole
silicon wafer(s) under the external compressive force; at the meso-
scale, the effects of stress concentrations arising from the metallic
ring geometry at the contact interface for a typical silicon die; at
the micro-scale, a representative volume of the metallic ring
accounting for the local surface roughness. The information flows
uni-directionally from macro-scale to micro-scale, and allows to
evaluate the quality of the bonding in terms of area entering into
contact under the truly local pressure. This approach can single
out possible bonding issues due to inhomogeneities in the local
pressure, due to different choices in the in-plane or out-of-plane
ring layouts.

In the next Section 2 the hypotheses adopted for the modelling
at each scale are described, while in Section 3 the numerical proce-
dure is applied to a typical geometry used for MEMS metallic bond-
ing. The validity of the approach is qualitatively checked against
shear test experimental results in Section 4. Final remarks are pro-
posed in Section 5.
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2. Description of the proposed approach

The rationale behind our approach initiated in [9], and already
adopted to study the reliability of inertial MEMS sensors exposed
to shocks, see [10,11], is a decoupling of the phenomena occurring
at the different length-scales. In this specific analysis of thermo-
mechanical metallic bonding, three scales are singled out: a macro-
scopic one, at the silicon wafer level; a mesoscopic one, at the
single die level; and a microscopic one, at the polycrystal level.
Within a top-down, uncoupled approach, the information flows
from the larger to the smaller scale, as we implicitly assume that
the response at the lower scale does not affect the one at the upper
scales. For sake of simplicity, we adopt a purely mechanical point
of view, neglecting the full thermo-mechanical coupling, but con-
sidering the mechanical properties of the materials involved in
the bonding process as temperature-dependent ones: hence, those
relevant to the temperature at which the bonding occurs have been
adopted in the analyses.

The macro-scale model allows for the two silicon wafers enter-
ing into contact because of a compressive force given by the
hydraulic jack in the bonding chamber. During the production
phase, this operation is actually carried out in a bonding chamber
where temperature and pressure are strictly controlled; this is
accounted for in the simulation by modifying accordingly the
mechanical properties of the materials (e.g. Young’s modulus, yield
strength). The wafers are modelled as homogeneous thin shells,
taking into account the small ratio between their thickness and
radius.

The actual contact area, represented for each single die by the
metallic bonding ring, is instead modelled with a spring placed
at the centre of mass of each ring. The spring stiffness, which is a
nonlinear function of the relative out-of-plane displacement
between the two shells, aims to represent the overall behaviour
of two metallic rings attached to the die and cap wafers, when
pushed against each other by the out-of-plane force. A simplified,
piecewise linear spring response is adopted as shown in Fig. 1.
As the interaction between the two wafers is null till contact, the
force is zero up to a relative displacement amounting to the initial
gap g; at increasing displacement, the elastic behaviour of the ring
comes into play to define the overall elastic stiffness K ¼ E A

‘
, where

E is its Young’s modulus, A the contact area and ‘ the total bonding
ring thickness. Beyond the elastic regime, a perfectly plastic
response of the ring is assumed according to a von Mises yield cri-
terion [12], with force transmitted constant and equal to Fy. The
mechanical properties of silicon and metallic ring adopted in the
Fig. 1. Assumed nonlinear spring behaviour.
analysis are the following: the elastic modulus along each axis of
orthotropy of silicon is 130.1 GPa, the Poisson’s ratio is 0.28, and
the shear modulus is 80 GPa; the metallic ring is assumed as iso-
tropic and elastic perfectly plastic, whose Young’s modulus is
75 GPa, Poisson’s ratio is 0.34, and yield strength ry is 50 MPa.

The main output of the macro-scale analysis consists in the
force acting on the single spring, i.e. in the global force acting on
each die ring.

This information is next transferred to the meso-scale as a pres-
sure acting over the silicon wafers, obtained as the spring force
divided by the die area. To account for the (quasi) periodic solution
relevant to one die, at this length-scale displacements are
restrained along the lateral surfaces of die and cap in the local
direction normal to the surfaces themselves. The actual geometry
of the metallic ring is described at this length-scale, so that the
effects of the stress concentrations in regions of the contact area
can be studied, see Fig. 2. Accordingly, the ring is not lumped in
a spring but instead modelled as a three-dimensional solid. At this
level, we focus on the local out-of-plane pressure acting on the ring
surfaces getting into contact. It is therefore assumed that such
pressure is not influenced much by the imperfections of the inter-
face between the upper and the lower rings. The relevant uncer-
tainties of the aforementioned imperfections, basically linked to
the microstructure of the polycrystalline films, will be later
accounted for at the micro-scale. At the micro-scale, a representa-
tive volume of the metallic ring, with in-plane dimensions on the
order of 1 lm � 1 lm, is modelled. We describe the roughness
properties of the contact surface through an algorithm used in
[13], and based on the work of Hu and Tonder [14]: each surface
of one ring is obtained as a realisation of a stochastic process with
a Gaussian probability density function, whose standard deviation
is defined via the root mean square (rms) value. The local out-of-
plane pressure obtained with the meso-scale analysis is now han-
dled to drive the contact-induced deformation of the ring volume.
The displacements along the lateral surfaces of the representative
volume are restrained in the local normal direction, whereas top
and bottom surfaces are acted upon by the local pressure measured
at the meso-scale. The resulting contact area, defined as the per-
centage of the whole in-plane area of the two rings entering into
contact when the asperities of the upper and lower surface are
plastically deformed, is eventually adopted to measure the quality
of the sealing: the higher the contact area, the closer the mechan-
ical properties of the bonding to the reference metallic ring ones.
3. Results and discussion

In this Section we provide results relevant to the definition of
the strength properties of the metallic ring, as obtained via the
Fig. 2. Meso-scale. Overview of the metallic ring and die (cap has been removed for
clarity).



Fig. 4. Macro-scale analysis. Local maximum principal stress distribution (in MPa)
in a portion of silicon wafer.
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proposed top-down approach. Such results will be then qualita-
tively validated in Section 4 against the outcomes of a shear test
carried out on a representative device. Main features of the solu-
tion at the sealing ring level are discussed in what follows at the
meso- and micro-scales only. At the macro-scale, as already said,
the whole wafers (or a part of them, allowing for possible macro-
scopic and mesoscopic, i.e. at die level, symmetries) are modelled
as thin or moderately thick shells. The interaction between the
two plates, and the resulting stress state, is only governed by the
nonlinear properties of the spring modelling the metallic ring(s)
of each die. Accordingly, the space discretization has been designed
so as to resolve the stress state in the silicon wafers. To provide a
figure of the computational burden tied to this macro-scale analy-
sis, it suffices to say that one quarter (due to symmetries) of each
wafer has been discretized with around 65,000 shell finite
elements.

Under the action of the out-of-plane compressive force pro-
vided by the hydraulic jack, the local stress distribution in silicon
appears as depicted in Fig. 4, with a quasi-periodic pattern due
to the relevant geometry of the rings here considered.

At the meso-scale, a die of dimensions 1580 � 1390 � 1454 lm
has been considered. The metallic ring, whose geometry is as
reported in Fig. 5, has a width of around 50 lm, and a total thick-
ness of 4 lm. To discretize its bulk, and attain a rather accurate
evaluation of the stress field inside it, 500,000 tetrahedral finite
elements have been adopted.

As detailed in Section 2, the axial force in the spring modelling
the metallic ring is adopted at this scale as a compressive force act-
ing over the die and cap. The two rings in between are hence
pushed against each other, and the pressure in the direction per-
pendicular to the substrate (once again, in the out-of-plane direc-
tion) is monitored to assess the efficiency of sealing.

Stress concentrations across the width of the ring and along the
whole longitudinal axis of the ring itself may appear, as reported in
Fig. 5. Such concentrations are primarily due to the different
widths of the two rings attached to die and cap, purposely adopted
to cope with possible misalignments of the two wafers during the
(a)

(b)

Fig. 3. Micro-scale. Examples of digital models with (a) low surface roughness,
rms = 10 nm, and (b) high surface roughness, rms = 50 nm.

Fig. 5. Meso-scale analysis. Sketch of the pressure field (in MPa) over the contact
surface between the two metallic rings, and notation concerning the regions where
the stress field is monitored.
thermo-compression process. Besides this effect, additional fluctu-
ations of the pressure field can be due to the local geometry of the
ring. Accordingly, close to corners stress enhancement can be
accompanied by a levelling off of the stress field in neighbouring
regions, which are likely to provide a reduced strength of the
sealed ring and, therefore, a premature failure under the external
actions.

We specifically focus the attention to the five regions, or loca-
tions identified in Fig. 5. For the considered geometry, while the
solution in terms of the pressure p acting on the contact surface
is symmetric about the vertical axis of symmetry of the geometry,
some scattering between the upper and lower regions turns out to
be related to minor differences in die and cap geometries to accom-
modate the pads. This is further reported in Fig. 6, which shows a
non-dimensional graph of p across the width of the contact surface
in all the regions checked, pmax being the maximum value of p all
over the ring. These plots show quantitatively what discussed here
above: stress enhancement occurs along the lateral borders of the
sealing surface, due to the interaction of the two corners of the
lower ring (here attached to the die) with the flat surface of the
other, wider ring (here attached to the cap); in a central part of
the bonding ring (amounting to about 60–70% of its total width)
the pressure gets reduced, to a value of about 25% of the peak
one. This is expected to be the weakest link of the whole bonding,
where possible failure processes can be triggered.



Fig. 6. Meso-scale analysis. Evolution of the pressure field acting along the contact
surfaces across the ring width, at the five locations identified in Fig. 5.

Fig. 7. Micro-scale analysis. Micro-contact area at increasing out-of-plane pressure
level from top to bottom. Left column rms = 10 nm, right column rms = 50 nm.
Down to this length-scale, stochastic effects have not been con-
sidered. At the micro-scale, representative volumes of the two
rings are modelled with a side length of 1 lm. As already discussed
in Section 2, roughness is parametrically described by the rms
value. At this scale, to accurately resolve the stress state in the bulk
of the film, around 200,000 tetrahedral finite elements have been
adopted in the analysis.

By progressively increasing the local, out-of-plane compressive
force measured at the meso-scale, the asperity of the two surfaces
get flattened and the micro-contact area increases. Needless to say,
the higher the rms value (the higher the roughness) the higher the
compressive force required to attain a target value of the contact
area/representative volume surface ratio. The red spots, progres-
sively spreading all over the surface in Fig. 7, represent the afore-
mentioned micro-contact effective area. The relevant evolution is
mainly governed by the yielding of the metallic material inside
the two ring volumes modelled; due to the geometry of the asper-
ity, as shown in Fig. 3, such yielding occurs initially close to the
contact surface and, only when the micro-contact area fraction
approaches values higher than 80–90%, spreads inside the bulk of
the ring.

The value of the fraction micro-contact/total areas can eventu-
ally be adopted as a measure of the effectiveness of sealing.

4. Results validation: shear test

To validate the proposed multi-scale approach to define the
properties of the sealing ring, we report here results of a shear test
(adapted from the MIL-STD-883E-2019 standard [15]) carried out
on a single device, as shown in the schematic of Fig. 8. Due to
the set-up of the test, the stress field in the metal ring can be
claimed to be actually shear-dominated; to feature a pure shear
stress field in the whole ring, the cap would need to be appropri-
ately constrained to avoid a rocking-type displacement. Accord-
ingly, in this Section we provide only a qualitative assessment of
the results through the comparison of experimental data with
numerical estimations of the sealing response to the lateral load.

The effect of the load is to induce first an elastic response, fol-
lowed by a plateau due to the perfectly plastic behaviour of the
ring, see the exemplary numerical results shown in Fig. 9. An ana-
lytical estimate of the ultimate load is given by the in-plane area A
of the ring amplifying the effective shear strength T�y of the ring
itself, as induced by the thermo-mechanical bonding process. The
value of T�y is defined as the weighted average one all over the
meso-scopic contact surface, according to T�y ¼ 1
A

R
A aTy dA, where

Ty is the strength of the perfect bulk metal, and a is the local, space
varying ratio between the micro-contact area and the total
surface area, as obtained with the micro-scopic analysis of the
multi-scale approach. From Fig. 9 it appears that numerical simu-
lation relevant to the low roughness case is consistent with the
experimental results. When the surface roughness is low, in fact,
the applied local pressure on the ring turns out to be sufficient to
involve a very large contact area; this is confirmed by the value
of the estimated shear strength, which is reasonably close to the
experimental value (affected by a �5% uncertainty indicated by
the cyan shaded area in Fig. 9). When the high rms case is instead
considered, the contact area decreases dramatically for the applied
pressure values, and the estimated shear strength leads to a very
weak bond.
5. Conclusions

A top-down, uncoupled, multi-scale numerical approach has
been proposed to estimate the quality of the sealing in a wafer-
to-wafer thermo-compression bonding.



Fig. 8. Schematic of the shear test used for validation.

Fig. 9. Shear test. Comparison of numerical and experimental shear forces.
The transition from the wafer length-scale to the local scale on
the metallic ring level, is implemented through three models, each
one describing a target region of the wafers or of the rings. The pro-
posed procedure allows to estimate the percentage of contact area
as a function of the mean surface roughness and of the applied
pressure. This result is a first step to understand how the local
geometry of the metallic rings may affect the quality of the
bonding; it would also allow to study the role of mis-alignments
of the rings attached to the die and of other geometrical defects.

This method will be completed in the future with the full
description of the thermo-mechanical coupling effects, and with
a statistical evaluation of the overall contribution of surface rough-
ness through, e.g., Monte Carlo simulations.
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