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Bistable structure design

First stable position, as etched without internal stress
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Second stable position after snap through
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Double-Beam
geometry:
Initial apex height dO, thicknesst,

length L, width(normal to paper) b.
Moment of inertial 1= b*t3/12

Modeling:

Force-displacement(f-d) of the beam

center determined by the beam
buckling mode analysis.

Key parameter:
Q=d0/t

When Q>2.35, structure is bistable;
when Q>6, f-d characteristics
asymptotes to a closed form.



Double-beam f-d curve
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Double-beam fab. and test

. o 1. Theory curve for t=10um

2. Theory curve for t=6.0um
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* DRIE through etch a490 um wafer.

» Thickness variation along the etch direction

* Average t=6um, smaller than mask value 10um.
» Measurement agrees very well with the theory

42um
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Thermal bender design and modeling

Anchor
% Hot beam
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Cold beam
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Mechanical modeling: Nonlinear equations for two axially-loaded beam
connected at the tip solved numerically.

Mechanical efficiency: If the hot beam is thin, upward buckling of the hot beam
would significantly lower the expansion difference. So we avoid the thin hot beam
design.

Joel heating differential: Induced by coated metal.

Thermal efficiency: Temperature difference would be very low after reaching
thermal equilibrium, so we design the actuator to be athermally transient one.
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Thermal bender driving circuit

functional
generator

driving
voltage
o

thermal
bender 1

up digital | pulse| op. | switch | transistor
ramp”| chip Amp | signal’| switch
€L

square | down | digital | pulse,| op. | switch| transistor
wave ramp | chip Amp | signal switch
1L

thermal
bender 2

One bender to push the bistable structure down, the other to push it up.
Timing controlled by the up and down ramps of the square wave.
The pulse width controlled by R and C in the digital chip circuit.
The amplitude of the actuation pulse controlled by the driving voltage.



Relay contact design

Connelt to bistable structrue

Soft
spring

\ Cross bar j

Relay Relay

/ contact 1 \ / contact 2 \

Flat-flat contact to ensure
maximum contact area.

Spring coupling balances the
force on two contacts. And with
compliance in the paper depth,
It helps two taper shaped
surface contact better.

The gap between crossbar and
contacts determined by soft
spring stiffness and bistable
structure characteristics.



Process devel opment

Shadow wafer bonding as a metalization mask.

Cleaning/edge-rounding process for better
metalization on sidewalls of DRIE etched
structures.

Anti-footing process for good relay contact.

Technigues to enhance the effective fracture stress
of DRIE structures.



Shadow wafer as hard mask

A through-etched shadow wafer could be
temporally bonded to the device wafer by
following the fusion bonding procedures but
without the annealing step.

« Shadow wafer could be easily separated in water
after Au metalization.

« But with high temperature process, e.g.
tungsten(high melting point) e-beam, the bond is
hard to separate.
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Processes matrix study for metalization

100um deep channels are etched by DRIE,
SF6 etch and Asher O2 plasma for cleaning the Teflon from the DRIE,

Oxidation for further cleaning and for rounding off the edge between the
wafer surface and its sidewall,

HF for removing the oxide and further rounding off the edge,
Angled e-beam and sputtering for coating the metal,

wafer die sawed in adesigned way to control the current path in two
resi stance measurements,

Full channel test current path: wafer surface — sidewall — channel bottom —
sidewall — wafer surface,

Half channel test current path: wafer surface — sidewall —wafer surface.
The measured R indicates the metalization quality.
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Metalization processes matrix and R
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DA1l |yes [yes |yes |yes |yes |yes 0.026] 0.21
DA21 |yes [yes |yes |yes yes 0.129] 0.31
DB11 |yes |[yes |yes yes 0.226| 0.29|some peel
SA21 |yes |yes yes yes 0.069| 0.44|some peel
SAll |yes |yes yes |yes |yes 0.097|N/A |peel off
SB11 |yes |yes yes 0.353|N/A |peel off
SB12 |yes |yes yes |N/A |N/A
DB12 |yes [yes |yes yes |N/A 2.7
DA12 |yes |yes |yes |yes |yes yes |N/A 15.7
DA22 |yes [yes |yes |yes yes |N/A 34.9
SAl2 |yes |yes yes |yes yes |N/A 43.5|some peel
SA22 |yes |yes yes yes |N/A 51.7

Best: sputtering with all cleaning/edge-rounding steps.




Anti-footing techniques

backside shallow etch

frontside through etch

Almost no footing

bl

Significant footing

» Footing effect

1. Weak etch power resulting in
incomplete etch at the bottom

2. Reflected ion erodes silicon

Bad for

1. Relay contact: the wide bottom
structure makes point contact.

2. Stress concentration.

The backside recess
etch (~20um)
effectively alleviates
the footing problem.
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Fracture stran enhancement

Effective fracture strain(EFS) is determined by material and process.
EFS affects the reliability of device and is akey design constraint. The bistable double-
beam’s sizeis determined by the EFShy L=m?* 37.6/ (e4°) * Eb* Q* f,,,
Thermal Oxidation increases EFS by smoothing the sharp edge from DRIE and footing.
The EFL would be lowed with the BOE removal of oxide, but it is still higher than
before the oxidation.

The transparency mask has a zigzag shape along the edge of features, it has lower EFS

than with the real mask.

The anti-footing technique also would increase EFS by much, data to be collected.

Rea mask, Cheap mask, Left + thermal left + BOE With anti-
DRIE, SF6 DRIE, SF6 Si02 0.5um footing tech.
etch 20sec etch 20sec

EFS 0.18% 0.1% 0.2% 0.15% TBD

foop / L 1.2mN/mm 0.38mN/mm 1.5mN/mm 0.88mN/mm TBD

Q=6,

b=300um
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Plan view of therelay
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A prototype relay with transparency
mask

Transparency mask is used, with minimum feature size ~20um, the
relay is designed bigger than it would be with areal mask.

Low receptivity ~0.01ohm*cm wafer is selected for: lower thermal
bender actuation voltage; little diode effect with probe.

300um thick wafer is used to save DRIE time and also ensures that
10um thick resist is athick enough mask.

Double-beam size: 8mm long, 20um thick, 120um apex height. It can
apply 2mN on each contact.

Thermal bender size: 1.2cm, 125um thick, 50um gap. With 200K
degree temperature, it has maximum force of 15mN, stroke of 200um.

All device feature is drawn on mask with a halo gap of 50um.
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Main fabrication steps

Handle wafer: e-beam coat Ti and Cr double side, etch pit
~100um by HF.

Device wafer: backside recess etch, front side through etch,
grow 0.5um thermal oxide, AMES5000 remove the top oxide.

Shadow wafer: Through etch, as a hard mask for metalization.

Bonding: anodic bonding, bond shadow wafer with device
wafer without annealing.

Sputtering 1um Au, separate the shadow wafer from device.
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Some pictures of the prototype relay
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Test results of the prototype relay

On resistance ~0.3ohm.

R doesn’'t decrease with more contact force
applied manually.

Cold switching max current, ~1.5A.

Hot switching 100mA for several cycles, before
metal fails.

Cycle test 100,000 times, when metal on thermal
bender fails(evaporated).

Max voltage when off: >200V.
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Future work

More process and design improvement to achieve better
contact resistance and lifetime etc, e.g. an annealing step
after metalization to ensure good adhesion.

Use stepper to have 10:1 size reduction transparency mask.
Thiswill decrease the mask waviness alot, and increase
EFS and contact quality.

Devel op packaging process.

Finally use the real mask to build a compact relay with
super functional specs.
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