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To investigate the mechanical strength of the anchor—microbeam combined structure, two series of devices (bonding quality testing devices
and torsional strength testing devices) are designed and fabricated by the silicon-on-glass process. A novel array-shaped anchor scheme is
presented, which has been compared with the conventional single anchor. The experimental results have shown that the bonding quality
of the anchor degenerated severely when the bonding area became very small (<400 um?). The testing results of bonding quality testing
devices demonstrated that the presented array-shaped anchor design helped to improve the anodic bonding yield. According to the
bending fracture test of the torsional strength testing devices, the array-shaped anchor design had an almost equal torsional strength
compared with the single anchor with the same occupied area. Moreover, the torsional strength of the array-shaped anchor was even
greater when the bonding area was the same. In the fracture test, the fracture would happen in the anchor since the structure size was
small. When the structure was larger, the fracture happened in the cantilever beam, rather than the anchor.

1. Introduction: The silicon-on-glass (SOG) process, mainly using
silicon/glass wafer bonding and deep reactive ion etching (DRIE),
has become a standard process for manufacturing various
microelectromechanical systems (MEMS) devices (such as
inertial microaccelerometers and gyroscopes [1, 2]). The fixed
beam, namely the anchor—microbeam combined structure, is an
indispensable part in these capacitance-sensitive devices
fabricated by the SOG process. It provides mechanical support of
the movable sensing/actuating functional components [3]. Thus,
the mechanical strength of this anchor—microbeam combined
structure is vital to the reliability of these devices. However, the
details of these structures’ mechanical strength has not been
studied yet. The microbeam is etched by the DRIE process and
the anchor is constructed by anodic bonding. Many factors will
lead to a severe degradation of mechanical strength, such as
the particles/contaminations on the bonding surface and the
roughness/crack on the etched beam surface. Especially, when the
structure is small, the degradation of the mechanical strength
cannot be ignored anymore.

In this Letter, the mechanical strength of the anchor—microbeam
combined structure fabricated by the SOG process is investigated.
To achieve this purpose, a series of testing devices were designed.
Through bending fracture measurement, the torsional strength of
the anchor—microbeam structures with different sizes was obtained.
A novel array-shaped anchor (consisting of four identical square
sub-anchors) is presented, which has been compared with the con-
ventional single anchor one.

2. Design of testing devices
2.1. Bonding quality testing device: The cross-sectional view of the
bonding wafers is shown in Fig. 1. The silicon wafer and glass
wafer will not be in intimate contact over the whole interface
(e.g. ‘A’ interface in Fig. 1) before the bonding procedure [4-6].
Then successful bonding depends on whether the intimate contact
would happen over the whole interface during the bonding
procedure. Numerous factors will hinder intimate contact, such as
the total thickness variation of the wafer, the curvature of wafer
bow, roughness of the surface, particles and so on.

On application of a voltage across the two wafers in the anodic
bonding process, an electrostatic field is set up in the air gaps

660
© The Institution of Engineering and Technology 2014

between the two surfaces. This will generate a dominating attractive
force, which helps to pull the two surfaces into intimate contact.
The generated electrostatic force of the bonding surface is much
larger than that of the non-bonding surface (Fig. 1), so that it is
more difficult for small anchors to achieve full intimate contact.
The bonding quality will be weakened as the anchor size
becomes small. In other words, there is a critical size of the
anchor, below which the bonding of the anchor will fail.

For the purpose of investigating the extreme successful bonding
size of the conventional single anchor and the proposed array-
shaped anchor, the bonding quality testing device was designed
as shown in Fig. 2a. A similar failure-accelerating method in reli-
ability analysis was introduced here. On the one hand, the anchor
was designed to be high (anchor height of 30 um). As seen
above, with a higher anchor, the generated electrostatic force of
non-bonding surfaces would reduce. Then the bonding quality of
the testing anchor would be poorer. On the other hand, the neigh-
bouring anchor in a certain direction was designed in large distance.
This was because the farther neighbouring anchor had less assist in
anodic bonding of the testing anchor. In Fig. 2a, the testing array-
shaped anchor (top) and single anchor (bottom) had the same
bonding area. For the testing array-shaped anchors, the neighbour-
ing anchors in the downward direction were at the same distance
with the same bonding area. This design was aimed to exclude
the effect of other anchors below. Differently, the neighbouring
anchors in the upward direction were the reference anchors,
which were at different distances with the same bonding area.
From the above analysis, it could be concluded that the bonding
quality of the testing array-shaped anchor would be poorer if the
distance between the testing array-shaped anchor and the reference

Figure 1 Cross-sectional view of bonding wafers
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Figure 2 Structure of the two kinds of testing devices
a Bonding quality testing device
b Torsional strength testing device

anchor was farther. For the testing single anchor (bottom), the situ-
ation was the same.

2.2. Torsional strength testing device: Horizontal movement is the
most common operation mode for the capacitance-sensitive
devices fabricated by the SOG process. Thus the conventional
measuring methods [3, 7-9] of strength cannot directly reflect the
strength of the anchor-microbeam combined structure in practical
applications. To research the mechanical reliability of this
anchor-microbeam combined structure in MEMS devices, a
simple torsional strength testing structure was utilised (as seen in
Fig. 2b). The testing structure was composed of an anchor—
microbeam structure (to be measured) and the measuring scale.
The specific measuring process went as follows: (i) apply force to
the flank of the cantilever beam by the probe of the probe station;
(i) increase the displacement of the probe gradually and record
the displacement when the bonding surface fractures; (iii) use the
displacement [from step (ii)] to calculate torque by finite element
analysis. This torque would be utilised to evaluate the mechanical
strength of the anchor-microbeam combined structure.

3. Experimental results and discussion

3.1. Experimental results: Both the above testing devices were
fabricated by the SOG process. The process primarily consisted
of reactive ion etching and anodic bonding, as shown in Fig. 3.
The anchor height of the bonding quality testing device was set
to be 30 um with a beam thickness of 45 pm. As for the torsional
strength testing device, the anchor height was 4 um and the beam
thickness was 70 um.

Fig. 4 shows the scanning electron microscope (SEM) photo-
graph of the two series of testing devices. The bonding quality
testing devices can be seen in Figs. 4a—d, whereas the other two
(Figs. 4e and f) are about the torsional strength testing devices.
The anchor (both array-shaped and single anchor) and the glass sub-
strate bonded successfully when the bonding area was larger than
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Figure 3 Basic flow of the SOG process
a Defining anchor by RIE
b Forming interconncts by lift-off process

¢ Anodic bonding
d Releasing by DRIE
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400 pm? (Fig. 4a), whereas the detachment happened frequently
when the bonding area was small (e.g. 196 um? in Fig. 4b). In add-
ition, another two conclusions can also be drawn from Fig. 4b. One
is that the detachment situation of the single anchor is more severe
than that of the array-shaped anchor, and the other one is that the
testing anchor with a farther neighbouring reference anchor has
poorer bonding quality. For the purpose of obtaining the bonding
yield of different size anchors, 100 anchor—microbeam structures
at each bonding area were selected by an optical microscope and
their detachment situations were observed.

The statistical result is shown in Fig. 5. It can be seen that the
bonding quality of the array-shaped anchor was higher than that
of the single anchor when the anchor size was small (as for the
array-shaped anchor, both the gap between the sub-anchors and
the side length of the sub-anchors was half of the side length of
the single anchor). The bonding yield increased as anchor size
increased and the bonding yield achieved 100% when the anchor
size was bigger than 484 um>.
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Figure 4 SEM photographs of bonding quality and torsional strength
testing devices

a—d Bonding quality testing devices
e, f Torsional strength testing devices
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Figure 5 Statistical relationship between bonding yield and bonding area

By the bending fracture test for the torsional strength testing
devices, the correlation between mechanical strength and anchor
size was obtained, as shown in Fig. 6. In our experiments, the pre-
sented array-shaped anchor has been compared with the conven-
tional single anchor of both the same bonding area and the same
occupied area. In the case of the same bonding area, both the gap
between sub-anchors and the side length of the sub-anchor for
the array-shaped anchor was half of the side length of the single
anchor; in the case of the same occupied area, the gap between sub-
anchors was 4 um, so the side length of the sub-anchor was 2 um
smaller than half of the side length of the single anchor. From
Fig. 6, it can be concluded that the mechanical strength of the array-
shaped anchor with the same bonding area is greater than that of the
single anchor (Fig. 6a), while with the same occupied area, the
array-shaped anchor and single anchor has the almost equal mech-
anical strength (Fig. 6b). Fig. 7 shows the fracture morphology of
the anchor—microbeam combined structure. It can be seen that the
fracture would happened in the anchor when the anchor size was
small. As the anchor was larger, the fracture would happen in the
cantilever beam, rather than the anchor.
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Figure 6 Correlation between torsional strength and bonding area for the
two kinds of anchor design

a Same bonding area

b Same occupied area

662
© The Institution of Engineering and Technology 2014

Figure 7 SEM photograph of fracture morphology
3.2. Discussion: As mentioned before, the chemical bond between
the silicon and glass surface forms only after intimate contact is
achieved during anodic bonding. When the anchor size is very
small, the electrostatic force is not strong enough to pull the two
surfaces into intimate contact. Thus, the detachment happens
frequently for both the single anchor and array-shaped anchor
(Fig. 4b). However, the situation of the array-shaped anchor is
much better than that of the single anchor with the same bonding
area. It is assumed that they bear the same electrostatic force
during the bonding procedure. The authors of [10, 11] have
demonstrated that the smaller bonding wafers had a bigger initial
area of intimate contact during anodic bonding. This means that
bonding with a smaller area would achieve intimate contact more
easily. Hence, when the single anchor is divided into four
identical sub-anchors (array-shaped anchor), the bonding quality
would be improved because of the easier growth of the intimate
contact under the same electrostatic force.

For the capacitance-sensitive devices fabricated by the SOG

process, the anchor-microbeam structure bears a horizontal bending
moment. Fig. 8 shows the stress distribution of the anchor obtained

b

Figure 8 Stress contour plot of anchor under torsional load
a Single anchor
b Array-shaped anchor
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by ANSYS when the anchor-microbeam structure is under bending
moment. From Fig. 8a, it can be seen that there is a low-stress
region in the middle of the single anchor (Fig. 8a). In the anti-bending
process, the high-stress region is more essential than the low-stress
one. Thus, although the area in the middle of the anchor to be
bonded is lost when the single anchor is divided into the array-shaped
anchor, the mechanical strength of the array-shaped anchor is still
almost equal to that of the single anchor with the same occupied
area (Fig. 6b). From Fig. 8b, it can be seen qualitatively that the pro-
portion of the low-stress area is less than that of Fig. 8a. It can be con-
cluded that the array-shaped anchor utilises the bonding area more
effectively than the single anchor when bearing torque.

From the fracture morphology of the samples (Fig. 7), it can
be seen that the fracture happens in the silicon or glass, rather
than the bonding interface. This proves that the bonding strength
of the anodic bonding is as large as that of the bulk silicon or
glass (if the bonding is successful). When the anchor—microbeam
structure is small, the fracture will happen in the anchor, which
can be seen from the first four pictures of Fig. 7. This means that
the mechanical weakest part of the anchor-microcombined struc-
ture is the anchor when the whole structure is small. As the
anchor size is larger than 50 um x 50 um, the weakest part
changes from the anchor into the root of the cantilever beam
(Fig. 7). This is because the anti-torsion strength of the anchor
is proportional to the cube of the side length of the anchor,
whereas the anti-bending strength of the beam is proportional
to the square of the width of the beam. Thus, the anchor
becomes stronger than the cantilever beam when the size of
the whole structure is increased.

4. Conclusion: To investigate the mechanical strength of the
anchor—microbeam combined structure, two series of devices (a
bonding quality testing device and a torsional strength testing
device) were designed and fabricated by the SOG process. By the
bending fracture test, the torsional strength of the anchor—
microbeam structures with different sizes has been obtained. A
novel array-shaped anchor is presented, which has been compared
with the conventional single anchor. From the obtained results, it
can be concluded that:

1. The bonding quality of the anchor degenerates severely when the
anchor size becomes very small. The presented array-shaped anchor
improves the bonding quality.

2. The mechanical strength of the anchor-microbeam increases
quickly as the anchor size increases. The array-shaped anchor
has almost equal mechanical strength as the single anchor with
the same occupied area, while even larger with the same bonding
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area.
3. The anchor is the weakest part of the anchor—microbeam com-
bined structure when the whole structure is small, whereas as the
structure size increases (e.g. when the anchor is larger than 50
um x 50 pm in our experiments), the weakest part will move into
the root of the cantilever beam.
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