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Abstract: This paper experimentally studies the effects of the conductivity of a silicon wafer and the gap height between

silicon structures and glass substrate on the footing effect for silicon on glass (SOG) structures in the deep reactive ion

etching (DRIE) process. Experiments with gap heights of 5,20,and 50p.m were carried out for performance comparison of

the footing effect. Also,two kinds of silicon wafers with resistivity of 2~4 and 0. 01~0. 03Q « ¢cm were used for the ex-

ploration. The results show that structures with resistivity of 0. 01~0.03Q * cm have better topography than those with

resistivity of 2~40 « cm;and structures with 50um-high gaps between silicon structures and glass substrate suffer some-

what less of a footing effect than those with 20pm-high gaps,and much less than those with 5pm-high gaps. Our theoretical

analysis indicates that either the higher conductivity of the silicon wafer or a larger gap height between silicon structures

and glass substrate can suppress footing effects. The results can contribute to the choice of silicon type and optimum design

for many microsensors.
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1 Introduction

The combination of silicon on glass (SOG) bond-
ing and deep reactive ion etching (DRIE) is promis-
ing for the realization of high aspect ratio structures,
which results in large proof-mass and capacitors.
Therefore, SOG is attractive for high-performance
inertial sensors, such as accelerometers and gyro-
scopest’ 1. The SGADER (Silicon Glass Anodic-
bonding and Deep Etching Release) process was de-
veloped by our lab based on this idea and widely
used'’. In the DRIE process, the etching rate is de-
pendent on geometrical patterns”® . Therefore over-
etching is inevitable when RIE lag or inverse RIE lag
occurs. When the ions reach the insulation layer after
silicon structures are etched through,they accumulate
and build up an electric field which expels and de-
flects the following etching ions from their previous
trajectories to attack sidewalls. This significant phe-
nomenon, known as the footing or notching effect,
greatly decreases the uniformity of structures and a-
rouses undesirable effects. For example, Lee et al.™
discovered undesired driving characteristics in comb
actuators induced by footing effects.

To protect devices from damage by the footing
effect, many studies related to their applications were
carried out”” """ There are also etching systems avail-
able on the market that adopt additional low frequen-
cy RF bias voltage that can depress the footing
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effect. However, these approaches are costly or diffi-
cult to realize due to excessive dependence on the e-
quipment or the operator’ s experience and skills.
However,Matsuura et al. reported a simple and easily
realizable method by patterning a conducting metal
layer onto the glass and electrically connected it with
silicon substrate to release the charges''. After-
wards. Yoshida et al.'"’ presented a more refined
version of this work. Although the work of Refs.[11,
12] provided a good anti-footing solution, the effects
of other key parameters on the footing effect were
not investigated,such as the distance between the sili-
con structures and glass substrate and the conductivity
of the silicon wafer. However, for many microsensor
designs, these parameters should be considered since
they have close relationships with the performance of
the sensors. Taking a gyroscope as an example,a lar-
ger anchor height helps to achieve higher quality fac-
tors, but the longer etching also makes silicon struc-
tures with more deteriorative uniformity. The hard-
ness of silicon single crystal is dependent on doped
13147 which means the conductivity of the
silicon wafer has an effect on the anti-shock capabili-
ty of the sensors. Although high doped impurities in-
crease the conductivity of the silicon wafer and en-
hance the efficiency of readout circuits, they might
decrease the hardness of the silicon wafer. Therefore,

impurities

the interrelationships must be understood to account
for the tradeoffs and make an optimum design for a
microsensor.
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To gain deep insight into these problems, the
cffects of the conductivity of the silicon wafer and
the gap height between silicon structures and glass
substrate on the footing effect were studied experi-
mentally. Experiments with gap heights of 5,20, and
50pm were carried out for performance comparison of
the footing effect. Also, two kinds of silicon wafers
with resistivity of 2~4 and 0. 01 ~0.03Q * cm were
used for the exploration.

2 Fabrication process

Figure 1 is the SGADER process used in our lab,
in which the method reported by Matsuura et al. "
was adopted for improving the footing effect. First,
200nm-deep shallow trenches are etched by BHF
(NH,F : HF=5 : 1) on a glass wafer using photore-
sist as the mask,where a Ti/Pt/Au layer about 240nm
in thickness is sputtered using a SFI(Sputtered Films,
Inc.) physical vapor deposition(PVD) sputtering sys-
tem to define electrodes by lift-off process,and the e-
lectrically conducting layer to evacuate build-up char-
ges formed on the glass surface simultaneously. Then,
steps 5pym in height are made with the STS Multiplex
ICP ASE System in a silicon wafer to define anchors.
Phosphorus ion implantation follows,using a Varian-
Extrion CF-3000 implanter to obtain ohmic contacts
with electrodes after the photoresist is removed. Af-
terwards,the glass wafer and silicon wafer are bonded
using a EVG 501 bonder under the 10 minute anodic
process under the conditions including 350C tempera-
ture, 1000V voltage, 1000N force, and 3 X 10~? mbar
pressure. Then, the silicon substrate is thinned to a-
bout 85ym by KOH. Finally, movable structures are
released with the STS Multiplex ICP ASE System u-
sing aluminum as the mask.

Fig.2 Schematic view of comb fingers

3 Experiments and results

Figure 2 is the schematic view of comb fingers in-
vestigated in this study for the performance compari-
son of the footing effect. Since it is periodic in the y-
direction, only a unit is illustrated. The starting
length, width,and depth of comb fingers are 44,5,and
80pm, respectively, and the overlap and gap between
two neighboring combs are 22 and 4um, respectively.
The gap height between comb fingers and glass sub-
strate is varied for the investigation. The silicon wa-
fers are n type with (100) orientation, double-side
polished, 4 inches in diameter, and 400pm in thick-
ness. Pyrex 7740 glass wafers 520pm thick are bonded
with the silicon wafer because of its approximate co-
efficient of thermal expansion with silicon. In the ex-
periments, the ICP system of STS and Bosch DRIE
process were used. The detailed etching parameters
are shown in Table 1. The passivation/etching time
configuration was 7s/7s at the beginning and changed
to 6s/7s after 30min.

In the experiments, five samples of each species
were randomly chosen for study,and the topography
of structures of comb fingers was investigated by opti-
cal measurement. The topography of every five same-
species samples agrees well with each other. Figures 3
and 4 show the SEM (scanning electron microscopy)
pictures of upside-down comb fingers with resistivity
of 2~4 and 0.01 ~0.03Q + cm after three minutes
and five minutes overetching, respectively. Their gap

Table 1 Recipe of ICP DRIE process

Cycle Coil Platen Pressure  Gas flow/sccm Time Over-run
power/W power/W /mTorr  SFs C4Fs O /s time/s
Etching 600 13 15 130 0 195 7 1
Passivation 600 0 15 0 100 0 7 0.5
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Fig.3 Comb fingers with different resistivities overetched for

three minutes (a) 2~4Q + cm; (b) 0.01~0.03Q * cm

heights between silicon structures and glass substrate
are both 20pm. Figure 5 shows the SEM photos of
comb fingers with gaps of 5,20, and 50um between
silicon structures and glass substrate after three mi-
nutes overetching, respectively. Their resistivities are
all 2~40 « cm. The results reveal that either a higher
conductivity silicon wafer or a larger gap height be-
tween silicon structures and glass substrate can help to
improve the footing effect.

4 Discussion

Local electric fields and ions scattering effects
were found responsible for the footing effect by
Hwang and Giapis'®' using Monte Carlo simulation
and they achieved good agreement with the experi-
mental results. Similarly,these two factors are consid-

Fig.4 Comb fingers with different resistivities overetched for

five minutes (a) 2~40Q ¢« cm; (b) 0.01~0.03Q * cm

ered as the probable explanation for our experimental
results as well. In Figs.3 and 4,the comb fingers with
resistivity of 2 ~40Q ¢ cm are more damaged than
those with a resistivity of 0. 01~0.03Q « cm. A plau-
sible reason for this phenomenon is that the potential
difference between two sidewalls is larger in the for-
mer case than that in the latter. In the etching
process, the sidewalls of the trenches accumulate the
charges. Additionally,after the movable structures are
etched through,the ions reach the surface of the con-
ducting layer and the charges are transferred to sili-
con structures. The charges are mobile in the silicon
and will reach equilibrium. However, they can not
build up an equilibrium distribution immediately due
to their limited mobility in silicon and will produce a
potential difference between the two sides of the sili-
con structures. When the ions pass through this in-
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Fig.5 Comb fingers with different gap heights between silicon

structures and glass substrate  (a) 5pm;(b) 20pm; (¢) 50pum
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Fig.6  Schematic drawing of charges transferring in silicon
substrate and ions scattering (a) 2~4Q ¢« cm; (b) 0.01 ~
0.03Q + cm

duced electric field, they are bent to attack the side-
walls,leading to passivation failure and surface rough-
ness. A higher conductivity silicon wafer is more effi-
cient to transfer charges and reach equilibrium faster
than lower conductivity silicon. Thus, higher conduc-
tivity silicon decreases the number of bending ions at-
tacking the sidewalls and improves the footing effect.
Figure 6 is the schematic drawing. In Fig. 6 (a), the
difference of accumulated charges between two sides
of the silicon structures is much larger due to lower
conductivity and lower charge-transfer efficiency,and
results in a stronger electric field than that in Fig. 6
(b). Thus, more ions are forced to deviate from their
vertical trajectories to attack the structures,including
the diffuse reflected ions.

In Fig. 5, the comb fingers with 5u.m-high gaps
above glass substrate are more overetched than those
with 20pm-high gaps and 50pm-high gaps after three
minutes overetching. The comb fingers with 20pm-
high gaps are overetched more than those with 50pm-
high gaps. A possible reason is that more rebounded
ions from the glass reattack the structures in the for-
mer case. When the ions hit the surface with a certain
velocity, they rebound up like balls rebounding from a
wall. The rebounded ions may undergo a complicated
path,such as colliding with the subsequent downward
etching ions,changing their previous trajectories, and
then colliding with others. Although they loose their
kinetic energy gradually and slow down, some ions
with large initial velocity may still get through the
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Fig.7 Schematic of charges buildup on glass where is not cov-
ered by metal layer

collision,and physically bombard the bottom and the
sidewalls of released structures. The schematic draw-
ing is shown in Fig. 6 (a). If the gap height between
the silicon structures and glass substrate becomes lar-
ger,the attack on the bottom of silicon structures can
be improved. Because longer paths produce more col-
lisions, it is more efficient to loose kinetic energy and
decrease the number of re-bombarding ions,therefore
improving the footing effect. From this discussion, we
predict that either a higher conductivity of the silicon
wafer or a larger gap height between silicon structures
and glass substrate can improve footing effects.

The two endmost combs are more overetched
than the other ones in Figs. 3,4,and 5. This is because
the two combs are above the edge of conducting metal
layer and not covered completely. Charges are built up
on the other side of surface of Pyrex 7740 glass,and
then arouse footing effects. The schematic is shown in
Fig. 7. Details on this point can be found in Ref.[11].

5 Conclusion

In this paper, the effects of the conductivity of
silicon wafer and gap height between silicon struc-
tures and glass substrate on the footing effect for SOG
structures in the DRIE process are experimentally in-
vestigated. Experiments with gap heights of 5,20,and
50pum were carried out for performance comparison of
the footing effect. Also, two kinds of silicon wafers
with resistivity of 2~4 and 0. 01~0.03Q * cm were
used for the exploration. The results show that the
structures with a resistivity of 0. 01~0. 03Q * cm have
better topography than those with resistivity of 2~40Q
+ cm; and the structures with 50um-high gaps be-
tween the silicon structures and glass substrate suffer
somewhat less of a footing effect than those with

20pm-high gaps,and much less than those with 5um-
high gaps. From the qualitative theoretical analysis
based on the experiments, we deduce that either a
higher conductivity of the silicon wafer or a larger
gap height between the silicon structures and glass
substrate can improve footing effects. Comparing the
results of samples with different conductivity can con-
tribute to the choice of silicon type; and comparing
results of samples with different gap-heights can be
contribute to the tradeoff between quality factors and
etching uniformity for the optimum design of a mi-
crosensor.
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