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Abstract: A geometrical modification on silicon wafers before the bonding process, aimed to decrease
(1) the residual stress caused by glass frit bonding, is proposed. Finite element modeling showed
that (2) by introducing this modification, the wafer out-of-plane deflection was decreased by 34%.
Moreover, (3) fabricated wafers with the proposed geometrical feature demonstrated an improvement
for the (4) warpage with respect to the plain wafers. A benefit for curvature variation and overall
shape of the (5) bonded wafers was also observed.
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1. Introduction

Packaging in the production of integrated circuits (ICs) and micro-electro-mechanical
systems (MEMS) is carried out by exploiting different materials in order to protect the
device from the external hazards and, as a consequence, to increase the reliability and the
life time of the system. The process can be divided into three levels of effectiveness. At zero-
level wafer-level packaging (WLP), a hermetic seal is provided for the micromachined
device. At first level WLP, the amount of moisture is controlled in the device and, finally, at
second level WLP, the system is also protected from electromagnetic interference and stray
current [1]. Utilizing materials with different mechanical properties causes residual stress,
which directly affects the system reliability.

Different techniques have been exploited for the wafer-level packaging, such as direct
bonding [2], anodic bonding [3] and intermediate bonding. In the latter category, third-
party materials in between of the wafers play the role of the binding component. The binder
is deposited either on one or both wafers before the bonding process. Depending on the
device application, different types of materials can be used, such as metals (Cu-Cu or
Au-Au in thermo-compression bonding [4,5], eutectic bonding [6]), glasses (glass frit
bonding [7,8]), and polymers [9,10]. It is important to recall that the packaging cost of an
individual device can reach up to the 70% of the total cost [11] and therefore wafer-level
packaging can significantly save money.

One of the main issues in WLP is the wafer warpage induced by residual stresses.
The residual stress in the die influences the manufacturing quality in the following process
steps, mostly because the system experiences different thermal load; finally, the perfor-
mance of the device is also affected [12,13]. Moreover, by advancing the complexity of
MEMS structures and exploiting 3D integration, the residual stress due to bonding affects
the warpage of the overall stack [14]. There are several methods to measure the wafer
curvature: the main ones exploit optical methods, but other approaches has been followed,
see Chapter 14 in [15] or e.g., [16,17]. Numerical simulation is also pursued, to understand
the influence of the materials and of the layer geometrical dimensions [18].

Several studies have been carried out in order to find a design solution able to de-
crease the residual stress, and, consequently, the warpage after WLP. In [19], by utilizing
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the analysis of variance, the most effective parameters on the warpage are found to be
the substrate and the epoxy moulding compound thicknesses, while the least effective
parameter is the substrate material. Liu et al. [20] proposed a bonding process with differ-
ent temperature peaks at the cap and the sensor wafer. This thermal gradient approach
results in a significant warpage reduction for silicon to glass wafer bonding. The layer
thickness has been recognized as important also in [14], and particularly when more than
two wafers are stacked; while the warping increases with the stack, the increment of wafer
curvature reduces as the number of stack increases. In order to reduce the residual stress
effect, appropriate material choice has been suggested, e.g., for temporary bonding ma-
terials within the carrier wafer [21]. In particular, the effective Young’s modulus of the
bonding material plays an important role, the lower the modulus, the lesser the warpage.
This effect combines with the mismatch in the coefficient of thermal expansion (CTE) of
the materials constituting the different layers. In fact, during the bonding process, often
the temperature is changing by several hundreds of degrees and, therefore, the evolution
of (both thermal and mechanical) material properties during the process has to be fol-
lowed to correctly estimate the overall behavior, see, e.g., [22]. If the bonding material is
a fibre reinforced polymer, there is a mechanism of warpage orientation rotation depen-
dent on a transition temperature, in turn related to the stress relaxation of the fibers in the
polymer [14]. Polymeric bonding films, however, can have non trivial influence on warpage
evolution [23].

Warping can also be observed after the application of the moulded package, see
e.g., [24], and in processes where each single die is bonded to a substrate wafer, see
e.g., [22]; in this work, we will concentrate on glass frit, a common bonding material, exten-
sively used in the MEMS industry [7,8]. Because of the relevance of the mechanical and
thermal coupled behaviour on the warping, in Section 2, the outcome of an experimental
campaign on glass frit is summarized. The proposal of the modification in the wafer geome-
try is presented in Section 3, where numerical simulations and experimental measurements
of the wafer warping are compared, before conclusions are drawn in Section 4.

2. Glass Frit Material for Bonding

In wafer-to-wafer glass frit bonding, a silicate or lead-silicate glass is deposited on
the cap wafer via screen printing. Through a thermal conditioning process, the solvent
and the binders are burnt out and a glazing process occurs at 425 ◦C. The cap wafer with
the glass frit paste and the sensor wafer go through an alignment process and, afterwards,
are put into the bonding chamber. The initial chamber temperature is 250 ◦C with a
nitrogen ambient pressure at the scale of some hundreds millibars of nitrogen gas. When
the temperature reaches 300 ◦C, the maximum mechanical load (about 10 kN) is applied
on the wafers and remains constant until the end of the process. In the next step, the
temperature is increased and held at 440 ◦C for 10–20 min to form the silicon–glass frit
interface. The last step consists of cooling down the chamber to the initial temperature
value; finally, the mechanical load is removed and the wafers are taken off the chamber to
reach the ambient temperature. The schematic view of the process is presented in Figure 1.

Figure 1. Schematic workflow of glass frit bonding.
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The oxides present in the glass frit material used in this study are reported in Table 1.

Table 1. Contained oxides and their percentage in the glass frit paste.

Oxide Composition Mean Percentage (%)

SiO2 10 ± 3
Al2O3 6 ± 3
MgO 1.7 ± 0.5
CaO 0.1 ± 0.05
BaO 0.3 ± 0.1
PbO 65 ± 4
B2O3 13 ± 3
ZnO 2.6 ± 0.5

Na2O 0.2 ± 0.1

A microstructural and mechanical characterization of this material under shear load
has been carried out in [25], and it is briefly summarized here.

An effective, isotropic Young’s modulus E = 87 ± 9 GPa and an effective Poisson’s
ratio ν = 0.19 ± 0.02 are obtained from nanoindentation tests. For the numerical simulation
of the bonding process, since measurements of the modulus evolution with temperature
are lacking, these properties are considered constant. Since numerical modeling requires
also the properties of the silicon–glass frit–silicon interface, for the interface shear strength,
the experimental value 1.5 × 0.3 MPa is considered (but it was never reached in the
calculations), while, for the interface strength in the normal direction, a value equal to
2 MPa is assumed. The interface model used in the simulation described in Section 3 also
involves shear and normal stiffnesses acting during an elastic response: again, for the shear
interface stiffness, the experimental value equal to 5 × 104 N/m2 is used, while, for the
normal interface stiffness, a numerical calibration led to the 1 × 105 N/m2 value. Moreover,
glass frit bonding consists of a thermomechanical cycle aimed to provide a chemical
bond between silicon and glass frit, which, in turn, leads to wafer bonding through an
intermediate medium. As intrinsic sources for residual stresses can, to a given level, be
annealed, thermal mismatch stresses are instead typically induced during the bonding
process [26]. The temperature variation in the process causes in fact an excessive stress at the
interface of each layer, especially at the cooling stage of the bonding process due to thermal
expansion coefficient (CTE) mismatch: the CTE of glass frit with respect to the silicon is in
fact significantly higher, namely at room temperature it is αglass f rit = 7.00 × 10−6 ◦C−1 and
αsilicon = 2.46 × 10−6 ◦C−1. As a first approximation, the thermal strain at the silicon–glass
frit interface can be obtained by the following equation:

εth = (αglass f rit − αsilicon)× ∆T (1)

where εth is the thermal strain, α(·) is the thermal expansion coefficient for the correspondent
material, and ∆T is the temperature difference between the different stages of the bonding.
It is worthwhile to emphasize that this linear relationship holds true when the temperature
gradient is low, as in this case, since the temperature variation rate is between 10 to
20 ◦C/min. However, during the transition, the Young’s modulus is varying as well, and
its variation curve is still unclear. Therefore, Equation (1) should be considered only as a
qualitative guess in this context, evidencing the main variables playing a role in the process,
and not (unfortunately) as a quantitative estimation.

A trivial solution to decrease the effect of CTE mismatch would be to decrease the
bonding temperature, but this idea cannot be pursued here because in glass frit bonding,
due to the film high surface roughness and in order to compensate the lack of contact
points, partial melting and viscous flow of the glass frit play an important role and they
have a direct effect on the bonding yield. In Figure 2, scanning acoustic microscopy
(SAM) images of glass frit bonding with different maximum bonding temperature are
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shown (each image has the same resolution). Regions filled in black indicate wafer bonded
parts, while, in the white regions, since there is no acoustic wave reflection, there is a
discontinuity between silicon and glass frit (i.e., no bonding). It can be concluded that the
maximum bonding quality is obtained if the bonding temperature is at or above 440 ◦C.
Moreover, decreasing the cooling rate to maintain the strain variation in a quasi-equilibrium
state is a solution not applicable, since it elongates the bonding time and it is not economi-
cally efficient.

Figure 2. Scanning acoustic microscopy images of glass frit lines at different temperatures during the
bonding. Thicker lines correspond to better bonding surfaces.

Mechanical constraints applied on the silicon wafers during the bonding by means
of bond tool clamps also affect the residual stress. These clamps are shown in Figure 3:
they help with maintaining the silicon wafers fixed in the alignment process as well as
transporting them into the bonding chamber. These clamps are placed along the radial
direction of the wafers. As it can be guessed and as a finite element model of glass frit
bonding shows, see [25], wafers experience a high stress level during the bonding process
at the regions fixed by these clamps.

Figure 3. Lateral view and zoom of the wafer system gripped with tool clamps.
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3. Modification of Wafer Geometry

Reducing the effect of CTE mismatch by changing the involved materials is out of
scope; therefore, to diminish the wafer warpage, the effect of mechanical grips shown in
Figure 3 must be decreased. As it is done typically in other compressed circular plates,
a workaround to mitigate the severity of residual stress consists of adding a hole at the
center of the wafer because this boundary condition would offer a free path to the silicon
thermal expansion.

In order to study the effect of the above-mentioned hypothesis as well as to obtain the
optimal geometrical parameters, the new geometry is introduced into the finite element
model of glass frit bonding. Two (001), 725 µm-thick monocrystalline silicon wafers with
anisotropic elasticity are considered. They are put into contact, while the bottom surface
of the lower wafer is in turn at unilateral contact with a titanium bond tool. The upper
wafer is also limited by another tool, made of stainless steel (Figure 4a). Titanium and
stainless steel temperature-varying properties are taken from [27,28]; the silicon properties
are instead obtained from [29,30]. The glass frit intermediate layer is modeled by means of
zero-thickness interface finite elements. Additional details can be found in [25]. A pressure
is applied to this tool and the mechanical load is transferred to the top surface of the upper
wafer. Mechanical clamps, as mentioned in Section 2, restrain the wafer along its diameter.
A temperature history similar to [31] is applied to the bond tools and is transferred to
the wafers.

3.1. Numerical Results

To investigate the effect of the central hole, a cylindrical volume with the diameter
ranging from 2 to 8 mm is removed from the wafers (Figure 4b); then, the bonding sequence
is simulated for the system, in terms of thermomechanical loads and constraints. As shown
in Figure 5, the optimal diameter, i.e., inducing the minimum out-of-plane deflection,
corresponds to 6 mm. In addition, this modification shows a beneficial effect in terms of
stress reduction for the wafers regions under the bond tool clamp (Figure 6).

However, a simple central hole appears not feasible because it would cause depressur-
ization (i.e., the suction of the wafer towards the bond tool, necessary during the alignment
process and obtained by removing air underneath the wafer, would be made impossible)
and it would prevent the wafer from sticking to the bond tools; without this restraint,
the wafer could instead slip during the motion from the alignment stage to the bonding
chamber. Conversely, if a simple thickness reduction at the center is implemented, then a
similar result could be expected. Henceforth, a reduced-thickness region at the wafer center
is defined with a circular shape, and it is applied on both sides of all of the silicon wafers
which are supposed to be bonded. The isometric view of the wafers with this geometrical
feature as well as the finite element mesh for this particular geometry are presented in
Figure 7.

The geometry reduction diameter is chosen according to the results of the aforemen-
tioned parametric analysis (6 mm) and the thickness is 425 µm. In this case, the maximum
deflection is reduced from 89 to 58 µm (see Figure 8), decreasing the wafer warpage after
the bonding process of about 34%.
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(a)

(b)

(c)

Figure 4. FE model of the geometrical modified silicon wafers under the glass frit bonding process.
(a) Bonding chamber model configuration; (b) Wafers with central hole; (c) FE of wafers with central
hole geometry.
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Figure 5. Out-of-plane deflection vs. the diameter of central hole.

(a)

(b) (c)

Figure 6. Map of maximum principal stresses, in MPa, at the wafer clamped region. (a) Position of clamps with respect to
the central hole; (b) Wafers without central hole; (c) Wafers with central hole (6 mm diameter).
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(a)

(b)

Figure 7. Geometrical model of two wafers with the reduced-thickness configuration. (a) Wafers
with reduced thickness zone at center; (b) FE mesh for reduced thickness silicon wafers.

Figure 8. Numerical simulation: out-of-plane deflection (in mm) after glass frit bonding for wafers.
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3.2. Experimental Results

To verify the numerical results and the beneficial effect of the reduced thickness
region on residual stress in glass frit bonding, 8-inch monocrystalline (001) silicon wafers
with the reduced thickness region with the dimensions described in the previous section
were fabricated (see Figure 9) by a micromachining process and bonded through glass frit
(hereafter called reduced specimen). In addition, a set of plain silicon wafers were bonded
by the same process in order to set a reference to study the effect of micromachining process
on the residual stress (hereafter called reference specimen).

(a)

(b)

Figure 9. Silicon wafers fabricated with the reduced thickness geometry. (a) The reduced thickness
area on the supposed to be the microsystem wafer; (b) The reduced thickness area on the cap wafer
(with glass frit lines).

After the bonding process, the out-of-plane deflection is measured both for reduced
and reference specimens at 49 different points on the bonded wafer surface. These ex-
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perimental values were obtained by using a laser beam that retrieved the height of the
points on the wafer with respect to a reference plane. The coordinates of these points are
presented in Figure 10.

Figure 10. Coordinates of the points where deflection is measured.

By interpolating the out-of-plane deflection data, a silicon wafer virtual surface after
the glass frit bonding is created. Figure 11a,c depict the bonded wafer surface with respect
to the zero-stress state plane and Figure 11b,d show the isoline contour plots of the out-of-
plane deflection for the reference and for the reduced specimens, respectively.

(a) (b)

Figure 11. Cont.
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(c)
s

(d)

Figure 11. Out-of-plane experimental measurements. (a) Wafer surface for the reference specimen; (b) Isoline contour
of out-of-plane deflection for the reference specimen; (c) Wafer surface for the reduced specimen; (d) Isoline contour of
out-of-plane deflection for the reduced specimen.

As obtained in the numerical model, experimental results also show a warpage de-
crease in the reduced specimen, especially in the central regions.
By focusing on points 15–20, 26–28, 30–32, see Figure 10, which are outside of the reduced
thickness region, the out-of-plane deflection has been reduced up to 32 µm, see Figure 12.
Therefore, the experimental data confirm the trend shown by the numerical model and
the advantage of a reduced thickness region on decreasing the residual stress imposed by
mechanical constraints.

Figure 12. Difference in out-of-plane deflection between the reference and reduced wafers for
selected points.
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Moreover, the new geometrical feature guarantees another gain, related to the overall
shape of the bonded wafers. As presented in Figure 11a,b, the surface of the reference
specimen shows significant curvature variations along the surface; on the other hand, the
curvature of reduced specimen remains more uniform, see Figure 11c,d. The qualitative
comparison of the overall wafer shapes is shown in Figure 13.

Figure 13. Overall shape comparison for reference and reduced specimen.

It is worthwhile to emphasize that the depth of the trench in this work is chosen
as a conservative value, in order to avoid any rupture in the wafer during the bonding
process. By assuming that the diameter of the region as constant, the deeper the trench,
the more space available for silicon to release excessive stress. Previous studies show that
the mechanical properties of silicon is highly dependent on two factors: thickness and
roughness [32]. Since the reduced thickness region is introduced by dry etching, the surface
of the region would be at its best. Hence, the depth could be increased as long as the
material in this region can bear the mechanical loads and deflections during the bonding
process.

Finally, it is worthwhile to mention that, since the elastic stiffness of monocrys-
talline silicon is generally different along different directions, the optimal shape of the
reduced thickness would be elliptical, considering the anisotropic mechanical properties of
the wafer.

4. Conclusions

In this paper, first, the sources and parameters causing the residual stress in glass
frit bonding, one of the renowned methods in MEMS vacuum encapsulation, are recalled.
A geometrical modification to decrease the effect of mechanical constraints is then intro-
duced. Numerical model results show about 34% warpage reduction for wafers having this
feature after bonding. Modified wafers according to the proposed idea are fabricated and
compared with a plain silicon wafer after glass frit bonding. Experimental data confirm the
beneficial effect of the geometrical modification, as well as an improvement on the overall
shape of wafers in terms of the uniformity of the wafer curvature. The outcome of this
research suggests a trade-off between losing devices at the central part of the wafer and
gaining dies with less residual stress and shape distortion.
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