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Microrelay design, performance, and systems

by
Ezekiel John Joseph Kruglick

Doctor of Philosophy in Electrical Engineering and Computer Science
University of California, Berkeley

Professor Kristofer S. J. Pister, Chair

Surface micromachined four terminal relays have been fabricated, tested, and pack-
aged. Therelays are implemented in afoundry process with minimal post-process-
ing. They show on resistances as low as 20mW, current carrying capacities as high

as 0.48 Amps, and lifetimes in the millions of cycles while hot switching 80mA.

These devices are thus competitive with commercial macroscopic relays.

Achieving these high performance and reliability levels required exploring the

physics and tribology of microrelays and using novel physical experiments to out-
line adesign philosophy for microrelays. This philosophy with standard macrorelay
design methods by recommending small gaps, light mechanical elements, and low

force levels. These differences from the standard relays design philosophy, how-
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ever, are supported by theory and experiment and stem from the basic physical dif-

ferences between designing at the macro scale and the micro scale.

Finally, system design is explored and computation using microrelays is demon-

strated as a new application made possible by the tiny scale of these relays.

Professor Kristofer S. J. Pister

Committee Chair
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Dedication

This dissertation is dedicated to my two grandfathers, from whom my middle
names come: John Kruglick and Joseph Lorenz. Though | did not finish graduate

school quite fast enough to share graduation with them their impact has been vast.

I will always remember Joseph Lorenz as a strongman. During the depression he
found work as a circus strongman, lifting barrels of concrete over his head and
bursting iron bands riveted around his biceps. He went on to apply hisiron will to
machining, becoming alegendary tool and die maker and craftsman with partsin
every 747 made during his lifetime and parts on every moon landing. Joseph
Lorenz was well known for making numerous parts that conventional wisdom said
could not be made. When he announced his impending retirement at the age of 79

with atotal of 67 years of machine shop experience under his belt Joseph Lorenz
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was suddenly deluged with two years worth of orders from desperate suppliers. He
continued to work hisusual 7-days-a-week 18-hours-a-day schedule until they were
done. He waskilled by an unknown driver in ahit and run accident shortly after his

retirement August 3, 1992.

During my entire lifetime Joseph Lorenz lived in his machine shop (a Quonset hut)
inside a single home-built freestanding room the exact size of two sheets of ply-
wood. Whenever | would visit him | would spend my time poking around his
machine shop and watching him work with enormous hydraulic equipment. His
stoic willpower in the face of the inevitable injuries stemming from decades of
machine shop work and the travails of living modestly in a quonset hut in Los
Angeleswere aways a source of inspiration to me. No matter how hard things have
gotten, | could always picture my grandpa Joe smiling at the situation and laughing.
It's helped. | also can’t help but suspect that my predilection for machining and

engineering come from growing up with a grandfather like Joe.

John Kruglick was the youngest of seven Jewish siblings who cameto the U.S.
fleeing pogromsin the Ukraine. As a youth from the wrong side of the tracks John
learned English and managed to get through medical school supported by one of the
elder siblings, Lewis; a grocer whom my own father was named after. John
Kruglick allowed nothing to stand in hisway and after serving in world war two he

started amedical practice, raised a number of children, and even campaigned for
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the Senate. John Kruglick impressed upon his children the opportunity and honor
represented in a good education, leading to afamily tradition of high educational
achievement. It isto this side of the family that | credit my proclivities toward
advanced degrees and | regret deeply that John will not be able to watch his grand-
son receives a Ph.D. as he watched his son get an MD. Unfortunately he was

claimed by age in October of 1998.

Do not stand at my grave and weep,
| am not there, | do not sleep.

| am athousand winds that blow,
| am the diamond glints on snow.

| am the sunlight on ripened grain,
| am the gentle autumn rain.

When you awaken in morning’'s hush,
| am the swifter uplifting rush

Of quiet birdsin circled flight.
| am the soft star that shines at night.

Do not stand at my grave and cry,
| am not there, | did not die.

From the celebration of life of John Sanford Kruglick.
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FIGURE 1.

FIGURE 2.

FIGURE 3.

FIGURE 4.

FIGURE 5.

FIGURE 6.

FIGURE 7.

FIGURE 8.

Some standard “1-Form-A” commercially available
relays. Each relay is contained in a19.6 x 16.5 x 16.5
mm non-hermetic plastic box. Minimum cost is about
US$1 (in Q41998). 3

September 1998 advertisement for relays, emphasizing
that the serial actions of coil winding, assembly, and
soldering have recently been automated. The tasks are
till done onerelay at atime. Wafer scale manufacturing
of microrelays could entirely change the economics of
relay manufacturing. 3

The microrelay described in thiswork. The thermal
actuator array on theright pulls agold crossbar across
two gold electrodes, closing acircuit. The function of
therelay isbasicaly to close an electric circuit by
closing agap with agold crossbar. 6

A closeup of the non-actuator part of the microrelay
developed here. The crossbar and el ectrodes can be seen
more clearly. The isolation structure allows for
complete electrical isolation of the actuation from the
circuit, making the device atrue four terminal relay. 7

Dozens of microrelaysfit easily into this surface mount
package. This package has four microrelays bonded to
the 14 pins (two drive pins are shared). Drive power
plus dissipated power iswell within package limits. 7
Historical relay performance chart (from [4]), with
indication of microrelay performance. The bands show
historical performance regions for el ectromechanical
relays from the 1920s to the early 1990s. The relays
presented here are shown along theright edge (time axis
value 1999). Size (including demonstrated packaging) is
lower than previous solutions by almost an order of
magnitude, asindicated by data point at lower right. The
industry efficiency metric of these relaysis higher by 5
orders of magnitude, putting it well off even this
logarithmic chart (value shown at top right). 9

Steps of therelay cycle. The operation of any relay can
be broken down into these basic four steps. 13

Slip lines and grain boundaries form “highways’ for
defects, which increases dip line motion and resultsin
defect clustering. Diagrams (@), (b), and (c) show some
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FIGURE 9.

FIGURE 10.

FIGURE 11.

FIGURE 12.

FIGURE 13.

common line formations and the path taken by defects.
Diagram (d) shows atypical line of surface features
caused by a dip line intersecting the surface. Diagram
(e) shows arow of divots as marks the passing of adlip
line below, much like a moving volcano might leave a
chain of idands. (From[9]) 16

Dependence of defect diffusion on temperature,
showing substantia difference in mobility between the
volume, grain boundaries, and the surface. Thisplot is
for steel. (From[10]) 18

Paschen curves for anumber of different gasses. Plot
shows breakdown voltage versus the pressure-distance
product. Theright side, which increases with increasing
pd, represents the conventional cascade mechanisms
discussed above. The left side, which decreases with
increasing pd, represents pd products too low to initiate
cascade and stems from other mechanisms. Labelled
point on air curve shows that the microrelays presented
here are very close to the inflection point for air.
Closeness to the inflection point reduces effects of
topology or pressure changes. (Background data from
[11]) 21

A closeup of the left hand side of the Paschen curves
from Figure 11 for various gasses. Molecular structure
can cause odd shapesin the critical field behavior (such
asin He). Choice of gas can have asignificant effect on
breakdown voltage. (Paschen curve from [11]) 22

Low-current arcing damage on a microrelay showing
that the arc did not strike at the narrowest gap point. The
microrelay dimensions are those represented by the
dashed lines on the Paschen curve charts. Thisarc
formed initially under opening with an inductive load
and presumably transitioned from Townsend arcing to
cascade arcing due to high inductive voltages. 23

Breakdown voltages for differently prepared samples at
very small gaps and atmospheric pressure. As usual
when dealing with sizes in the range of surface effects,
behavior becomes very complex and dependent on
surface quality. The plot here shows platinum contact
arcing data at low spacing for electrodes which were
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FIGURE 14.

FIGURE 15.

FIGURE 16.

FIGURE 17.

FIGURE 18.

FIGURE 19.

polished and alcohol cleaned (1), activated with
dischargesin organic vapors (2), and cleaned by
electron emission (3). In this region the theoretically
expected breakdown voltage should be 105 to 107 volts.
(From[11]) 24

Paschen curves explored by varying p then d
individually. The solid line shows an experiment done
by varying p while keeping d macroscopic, the dotted
line shows data collected at microscopic distances for a
the same materia system.(From[11]) 24

Paschen curve showing movement of operating points
in macro and micro relays as the relay closes. Macro-
relays move into alower-voltage breakdown region as
they close, often starting an arc. If amicro-relay has not
arced already, it isunlikely to arc during closing.
(Paschen curve redrawn from [11]) 26

Schematic representation of the expected voltage
behavior in an arcing relay. The so called “arc voltage’
develops due to space charge in the arcing region and
remains fairly constant over the evolution of the arc
(typically 2-20 microseconds). This behavior isvery
useful because it gives us a characteristic to look for to
diagnose arcing. 27

Surfaces which appear macroscopically flat nonetheless
make initial contact at surface micro-asperities which
then begin to deform. The deformation goes through
several behavioral zonesincluding elastic, elasto-
plastic, and plastic deformation. 29

Behavior in the elasto-plastic region where
nonrecovered deformation in the center is mixed with
deformation around the edges that recovers when force
isreduced. Capital R isthe original surface radius when
compressive force was applied, lowercase r represents
the surface asit is after the force is removed. Some area
remains in contact due to plastic deformation of the
center. (From[14]) 32

Hardness of polycrystalline electropolished nickel
versus indentation depth. As the indentation depth
approaches the crystal size the hardness increases from
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FIGURE 20.

FIGURE 21.

FIGURE 22.

FIGURE 23.

FIGURE 24.

FIGURE 25.

the empirical value (approximately 1 GPa) towards the
theoretical value of 4.5GPa. (From[17]) 34

Behavior of acontact asperity as both perpendicular and
tangential forceincrease. Point Q represents the
geometric center of the asperity, it moves as the contact
asperity deforms out into the shape represented by the
dashed lines. The tangential force increases the area of
contact by speeding the onset of plastic deformation.
(From[9]) 37

Simplified contact system for calculation of constriction
resistance. Contact electrodes are infinite half spaces,
the contact areahas radiusof a. 40

Resistance plotted versus contact voltage (to follow
relay characterization convention established by [13]).
Dashed lineistheoretical calculation of resistance
change due to temperature, solid lineisdata. 45

Thermal microscopy used to verify temperature
performance of an activerelay. The SEM at left showsa
closeup of the contact area of interest asindicated by the
small box at right. In this case the current is 30mA and
the temperature increase is about 12C, analytically
predicted value is 12.2C using dissipated power and
fitted Gt from (EQ 17). 45

Resistance of arelay upon first application and second
application of current while under constant force load.
As predicted, the resistance drops off as current
increases on the first application asthe relay softens and
the area of contact increases. Thisrelay isin plastic
deformation, so the increased contact areawill remain
until separated, thus the second current sweep
experiences alower resistance and returns up the
heating curve to the same stable point. The dashed lines
represent theoretical resistance increase with
temperature as predicted by application of (EQ 17) and
(EQ 18). Datais presented in terms of contact voltageto
conform to convention [13]. 47

Plots of relative contact pressure and absolute contact
area versus supertemperature (temperature above
ambient) for the data of Figure 24. As expected, the
contact pressure (which will be equal to theyield
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FIGURE 26.

FIGURE 27.

FIGURE 28.

FIGURE 29.

FIGURE 30.

pressure) decreases as temperature increases on the first
current application and areaincreases. On the second
current sweep the area does not increase because the
effective contact pressure remains below the yield
pressure and it does not recover (decrease) because the
deformationisall plastic. 47

Schematic representation of the process of fretting with
corrodible material. As oxide layers or other corrosion
products form on the surface they are broken off by the
fretting process and become abrasive particlesto further
enhance the process. Eventualy the relay gap can
become packed with such particles. Fretting isamain
cause of relay failure and the single most prevalent
cause of a closed relay suddenly becoming intermittent
under vibration. 51

As contacts separate fine points (on the order of a
nanometer) can be generated which will initiate
Townsend arcing. Electrons emitted from the cathode
sublimated ions from tiny spots on the anode and a
countercurrent is initiated, even in vacuum. If
conditions are right this can |ead to cascade breakdown
by providing theinitial arc (which needsfar lessvoltage
to sustain thanto form). 55

Material transfer direction and magnitudein
conventional arcsinvolves at least six conflicting
mechanisms which lead to extremely complex wear
behaviors. Thistypical plot of wear direction and
magnitude for a particular macro-relay system [21]
shows how difficult to characterize this process can be.
Microrelays which avoid most arcing face much simpler
wear issues. 56

Design flow chart for macrorelays. Starting with high
force actuators, large gaps, and large masses leads to
arcing, bouncing, and fretting. All of these issues
reinforce the tendency to use bigger and stronger
components and harder and more exotic contact
materials. 61

The microrelay design flow. Unlike macro-relay design
we begin with the assumption of small gaps and masses
with limited available force. The only arcing is
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Townsend arcing and the physical wear is minimal
(though the available wear volume is also minimal, so
this cannot be ignored). The most important factor
becomes the make and break of good electrical
contact. 62

FIGURE 31. Crosssectional representative drawings of amicromotor
fabricated by the MUM Ps process before and after
release by sacrificial silicon dioxide etching in
hydrofluoric acid. Step shapes are representative, but
approximate. (from[25]) 71

FIGURE 32. Energy diagram for a meta-stable solution. Paint A is
locally stable, point B is globally stable and has less
potential energy than A but isisolated by a potential
peak of height U. Unless a species has at least U energy
available it will be unableto go from A to B. Ucisthe
potential peak in the presence of a catalyst. To make the
solution self patterning enough heat is provided to put
the solution between Uc and U and acatalyst is
provided that only adsorbs and works on certain target
materials. 74

FIGURE 33. The setup for doing meta-stable catalytic gold plating
requires a hot plate, water bath, beaker, and
thermometer. A syringe facilitates rehydration and
solution storage. The basic recipe used at 73C is shown
at right, see the text for more details. 76

FIGURE 34. Scanning electron micrographs of die edges after meta-
stable catalytic gold deposition. The one on thetop hasa
substantial gold layer (all of thelight topography) dueto
air-carried organic contaminants, the one on the bottom
showslittle gold (only the vertical stripe) despite longer
deposition processing after being oxygen plasma
descummed. While not strictly necessary this sort of
cleaning produces chips with less collateral
deposition. 79

FIGURE 35. Scanning electron micrograph (left) and electron
backscatter image (right) of a contact gap subjected to
electroless gold addition. The SEM photo shows texture
while the backscatter image has high contrast between
materials and shows good coverage. This particular gap
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FIGURE 36.

FIGURE 37.

FIGURE 38.

FIGURE 39.

FIGURE 40.

FIGURE 41.

FIGURE 42.

FIGURE 43.

FIGURE 44.

FIGURE 45.

was left with gold bridging it by MCNCs fabrication
process. 80

EDS spectrum of electroless gold on CMOS 0.25mm
process metallization to check coverage. The CMOS
metallization (which was spectroscopically examined
separately) contained small amounts of titanium and
silicon. Both of these diffuse into gold and small peaks
of Ti and Si can be seen amongst large peaks of Au. The
absence of Al peaks shows that coverage was 100% for
this sample, which was examined within a day of
fabrication before the gold and aluminum could
interact. 80

Surface texture of electroless gold after solution has
been depleted of approximately 30% of its gold supply.
Scale bar shows Imm. 82

Surface texture of electroless gold grown from a
solution that was approximately 60% depleted. The
roughness here is too unpredictable for reliable relay
usage. Photo is same magnification as Figure 37. 83

Three dimensional gold “crystals’ grown on an
aluminum pad using a highly depleted electroless
solution. Scale bar is 10mm. 83

Microrelay structure (unreleased) with adiscontinuity in
the polysilicon support in the upper right. This
convoluted structure provides plentiful adhesion areafor
photoresist bridging and has high yield. 84
Perspective view of the photoresist bridging structure,
showing the ample surface area provided. 85

A cross section of the final processed relay, as seen
looking into a cleave along the crosshar contact
surface. 87

A die attached and fully bonded relay. 88

Two unsealed packages made by closing identical open
cavity ceramic packages together to leave a chamber in
the middle. Thereis no sealing but the method is low
temperature and provides effective protection from
incidental handling. 88

Photos of the final packaging solution. The left photo
shows the elements and a finished package after some
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FIGURE 46.
FIGURE 47.

FIGURE 48.

FIGURE 49.

FIGURE 50.

FIGURE 51.

FIGURE 52.

time at 260C. The photo on the right shows a surface
mount packaged relay die nestling among other surface
mount parts on a printed circuit board. The package
contains four working wire bonded microrelays, the
entire circuit board is not much bigger than a quarter.
Bottom photo compares a 4-microrelay package to 2
commercia single relays, the commercial relays have
similar performance except that they can conduct more
current (6-10 amps). 89

Gold bridging acrossa6mm gap. 91

A SEM showing atypical misalignment. The layout
callsfor asquare 2mm hole in the second polysilicon in
the center of a4mm square holeinthegold. 92

Nonideal electroless gold deposition caused by local
energy concentrating factors. The same structure is
shown before (left) and after (right) electroless gold
deposition. The SEMs show that the gold deposited not
only on the metal that was present (most clearly visible
on the crosshar), but also along the edges of the
actuation rod guide and the sliding guide visible near the
very bottom of the SEMswhere RIE cut edges of
polysilicon make sharp angles. 94

A pair of relays practically buried in gold. Most of the
chip had only amicron of gold deposited, thickness on
this structure appears to be approximately 3mm. The
reason for this sort of irregularity is not understood. 95

Poor wirebond adhesion was pandemic on many chips.
Here 8 wirebondsin arow pulled off of atest areamade
of the layers recommended for bond pads. The wires
themselves remain attached to the gold, it isthe gold or
other layersthat delaminate. 97

Closeup of the location of aformer bond pad. The bond
pad itself has separated from the die, taking two layers
of polysilicon and the nitride underneath with it. Given
that the nitride has peeled away in arather large patch,
thiswould seem to qualify as alayer adhesion

problem. 98

A logic latch cell where 2 out of 8 relays survived. This

sort of yield makes building large systems problematic.
The four relays oriented horizontally are locked up by
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FIGURE 53.

FIGURE 54.

FIGURE 55.

FIGURE 56.

FIGURE 57.

FIGURE 58.

misalignment, the remaining two broken relays were
overplated. Nonfunctional relays are blackened by
current overloading while conducting probe station tests
to determineyield and cause of failure. 99

Energy versus atomic separation for atomsin asolid and
some of the related values. The minimum energy
distanceis the separation the atoms will have at OK, and
at thislocation they have negative potential energy
related to free atoms by the binding energy. Higher
binding energy is equivalent to higher melting and
boiling points, 107

Atomic separation diagram with energy levels of
different temperatures. The quantum mechanical
position of the atom is spread over the resulting energy
range and the effective atomic separation is the average
position. Because of the asymmetry of the energy
diagram the average position moves outward with
increasing temperature. This particular diagram showsa
very high temperature change for clarity. 110

Comparison of unconstrained, fully constrained, and
typical realization of athermally expanding beam
actuator. Thefirst gives no force but maximum motion,
the second gives no motion but maximum force, the
third gives both in lesser amounts but doeswork. 114

Some exampl e thermal bimorph geometries, al with
equal force amplification in the linear actuation regime
for equal R/r. Two geometries change direction of
motion by 90 degrees, one by 180. 115

Linear model of actuator and load for characterizing
thermal bimorph structures. Variables used for the
various springs and the generated force are

shown. 116

A graphical representation of the thermal actuator
characterization problem and the solution used here.
The solid line represents the performance of athermal
actuator at a given power, with the completely
constrained force Fg at one extreme and the
unconstrained (zero force) motion at the other. Different
measurement springs intersect the performance at
different points, limiting their characterization vaue. If

Microrelay design, performance, and systems

XXii



FIGURE 59.

FIGURE 60.

FIGURE 61.

FIGURE 62.

FIGURE 63.

FIGURE 64.

FIGURE 65.

FIGURE 66.

multiple springs are used at the same power, however,
the internal spring constant ki can be found and the
system performance can be calculated for any

load. 117

Thermal actuator test structures with motion indicators
and gauges. Calibrated SEM measurement showed that
the drawn 2mm structures were 1.70mm wide in the
open, growing to 1.84mm as they approached anchors
or other structures. 118

Raw data from using the same test structure against 2
different external springs. Spring indicated force versus
drive voltage is shown for external springs of 0.45 and
21N/m. 119

Fg versus drive voltage, calculated from the same data
as Figure 60 using correction for internal spring Ki.
Note overlapping error ranges. It can be seen that once
the internal spring constant is known the internally
generated force behaves predictably. Conversely this
actuator can now be used with knowledge of Fg and Ki,
meaning that the force and displacement for any load
can becalculated. 120

Second order model of Fg asafunction of input voltage.
Values are computed for each voltage at which real data
wastaken. 122

A pulling array that uses spring linked thermal actuator
pairs. Each additional pair increases the force available
but also increases Ki, aslong as Ki is significantly
greater than K| the changesin Ki will not be extractable,
though the generated force will remain

predictable. 122

Deflection plots for sets of thermal actuator arrays of
varying numbers pushing against aweak Kl. Since Ki
increases along with increases in Fg as actuators are
added deflection/voltage performance remains
approximately the same. 123

Perspective view of the actuator linking structure with
the “loop” at the end for use at the probe station to free
stuck structures. 125

Power optimized single layer thermal bimorph actuator
from [41], only the section that needs to expand carries
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current, reducing power usage, and the leverage system
is more efficient for conversion to the desired

direction. 125

State of yield in elastic, elasto-plastic, and plastic
deformation regimes. The most important factor for
electrical contact quality isthat the surface should have
plastic flow, which requires full plastic

deformation. 131

Force measurement vernier spring from [42] with an
early contact crossbar design on it. This contact isflat
and wound up providing polysilicon to polysilicon
contact. 132

Raw datafor force, current, and conductance shown
with fitted constant-current lines for evaluation. Contact
was polysilicon to polysilicon. The gap in the datais
from aset of 4 bad data points. 133

A single equicurrent line from Figure 69, showing the
poor quality of fit for values of b only 10% apart. Thus
the fits give good values of b and allow observation of
the regime of operation. 134

Plot of the fitted values of exponent b. Uncertainties for
the value of b are 0.015. This shows strong experimental
confirmation of some expected behavior. 135
Transient plot of relay opening under atest voltage load.
Several zones of behavior are seen. Thefina
exponential voltage decrease may be structural necking
or it may be ametal vapor arc, theinitial straight
regimes would be expected from mechanical

necking. 140

Necking occurs as the contact point deforms plastically
before separation. This increases surface area and thus
reguires additional energy input. The cross sectional
drawing at |eft represents the appearance of a contact
asperity which has deformed to form a contact point, the
Ccross section at right shows a representative view of
what the system might look like during separation asthe
junction necks under an applied separation force. 141
Relative magnitude of surface energy force to total
separation force as a function of contact resistancein
gold. Thisassumes only a single contact point. It can be
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FIGURE 76.
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FIGURE 81.

seen that within the commonly observed range of
microrelay contact resistance the surface energy term
becomes dominant. This also emphasizes that the
surface energy term cannot be neglected. 143

Plot showing the percentage increase in contact
separation force needed as number of contact spots (a-
spots) rises above one. All calculations are relative to a
single a-spot contact and each solid line represents a
resistance from 20mw to 2W, scaled

logarithmically. 144

Direct observation of microasperities being encountered
by a closing contact and transitioning through various
ranges of behavior. Aseach isfirst encountereditisin
elastic deformation and provides less conduction, when
it transitions to plastic deformation adrop in resistance
is seen. Experimental currentisImA. 146

Mechanical overview of arelay with actuator. The
actuators pull the crosshar assembly into the stationary
electrodes. The manual pull ring isfor freeing the device
if it gets stuck down during release. 153

General purpose digital logic, thisis not required to
drive much of aload and has minimum actuation. 154
Digital logic output buffer, thisis designed to carry a
significant current load and so has alarge drive array
with very high internal spring constant to assure
separation. 154

Layout and device of the best crosshar/el ectrode design.
The curves and points are designed to reduce stiction
problems, the guidepieces are required to maintain
planarity and placed to maximize allowable

rotation. 155

Two types of lateral contact topologiesto attempt gold-
gold contact in apolysilicon based MEM S process. The
top line shows a schematic cross section of the designs,
with all major material layers labelled. The second line
shows a cross section of how each topology is designed
to look and function after chemical removal of the oxide
layers. At the bottom is a series of SEM S showing the
face of the crossbar and electrodes from each design.
The left pair of photos are from a contact perpendicular
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to motion, theright pair are from an angled
contact. 157

Views from above of different relay designs. Note that
each relay represents two contact points. Two contact
points are required for a crosshar to short out the
electrodes. The areas in the ovals correspond to the
areas shown in the SEMs of Figure 81. 158

Extender for high current, high resolution tests of
microrelays. The OPA516 was configured to drive up to
5 Amps, the instrumentation amplifier was configurable
for gains of 1, 10, or 100. Actual gains and offsets were
characterized. 163

Plot of datafrom arelay showing the effects of low
voltage quantization. The upper plot shows the raw
current and voltage output with error bars representing
only the quantization error. The bottom plot shows the
effect of division by plotting the instantaneous
resistance at each current as calculated using equation
38. It can be seen that the error bars are very large at low
currents and decrease as current increases. This problem
is more pronounced at |ower resistances where this
absolute systematic error is alarge multiple of the value
to be measured. The plots use actual relay data. 164

The effects of amoving average on the quantization
uncertainty of data. Larger, lighter error bars represent
data taken the conventional way, the circular data points
are the results of averaging and the smaller error bars
represent the best possible case for this method. The
moving average makes points by averaging a sliding
window of 8 points, reducing the error by up to afactor
of 3. This method obscures some fine detail and will
conceal sudden changesin behavior. Additionally it has
reducing returns as the window grows. 167

A dataset collected using the current extender,
amplification, and slope analysis. The wider current
range (above 100mA) can be seen. Theraw datahas a
voltage resolution of 0.1mV, which makesfor error bars
almost on top of each other. This particular run was
donein four-point mode to measure the contact
resistance with no relay - the resistanceis due to atest
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set of fixed on-chip traces. The resistanceis 0.7497W
with asigma of 9.74mW, calculated using the least
squares slope method. 169

Calculations of the resistance from figure 86 using the
conventional and the slope method with asliding
window of 8 samples, with the best derived value from
Figure 86 shown as a dotted line. Plots are in ohms, but
to different scales. Error bars could not be calculated for
the conventional method due to offset errorsin the
amplifiers. Remaining error in bottom plot is a mixture
of true measurement error and dlight heating. Fit to
heating is also drawn in and can be seen to correlate
strongly to the residual error; another strength of the
least squares fit method is that the residuals can be
analyzed to detect less significant trends. 169

Residuals from the data of Figure 86. Here each point is
from the diding slope fit of figure 87 and the resistance
and thermal effects have been subtracted out. The origin
of the oscillatory nature of these residualsis unknown.
This noise leads to a resolution floor of 5.1mW for this
sliding window size (8 V-I points per R point). 171
Slope fitting error and overall error values for different
sizes of slope fitting windows. The range of values for
the errors due to slope fitting show that the added error
(which used to be dominant), is now 2% or less of
overall experimental error which includes sources such
as quantization and amplifier noise. 171

Two similar early generation relays, one without
damage (left) and one after being burnt out with a heavy
static current load (right). Designs of the contact areas
are the same, although these devices did have afew
minor layout differences. The most recent designs have
abimaterial auto-break function which prevents such
burnouts. 174

Typical transient testing setup. The bias resistor was
usualy lessthan 300W. 175

Microsecond scale capture of relay closing across 2.75
Volts (resolution is 25ns). No arc develops and the relay
takes about 0.1mSto close fully. Thereisno

bouncing. 176
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FIGURE 97.
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Relay closing a2.25 Volt source, plot time resolution is
2.5ns, biasresistor is 750W. Timescales and behaviors
are wrong for our understanding of arcing, it is possible
that the change in slope represents an elastic-plastic
deformation transition as discussed in section 29
occurring dynamically. Final resistanceis below

3W. 177

Transient plot of relay opening under 0.9 Volt load.
Several zones of behavior are seen. the Initial straight
regimes would be expected from mechanical
deformation and necking, the final exponential voltage
decrease may be structural necking or it may be a metal
vapor arc. 177

Plot of relay closing response. Delay from drive voltage
application to transition is 12ms. The turn-on transition
took 105ns. This test was done with an angled contact
type Il relay with 6 pairs of actuators. 179

Relay opening response, same type of relay asin
Figure 95. Delay from deactivation of actuatorsto
transition is 520ms. Turn-off transition took

200ns. 179

Short-pulse relay activation. By narrowing the drive
signal to a short pulse the relay can be made to just
barely close for times on the order of microseconds.
This test was conducted with an angled type |1 relay
having 6 actuator pairs. The voltage behavior in the
transitionsis not as clean as previous tests, the cause for
this has not been determined. 180

The long term cyclic testing setup and breadboard. L eft
side photo shows the entire setup including computer
and support electronics. Right photo shows a packaged
relay under test. 181

Long term cyclic testing results for a packaged
microrelay. Theresistanceincludesall parasitics such as
the breadboard, package, and support structure. Relay
was hotswitched at 4 volts and ran 80mA with a 50W
bias resistor. Relay was verified as open and closed at
every cycle or the program would have aborted, but data
was only collected on alogarithmic basisto allow for
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file handling. Relay failure was between 5.7 and 9
million cycles. 182

A small piece of Difference Engine | built in 1834 at a
cost equivalent to that of 20 steam locomotives. The
deviceisabout 1 meter high. 187

A recently constructed full implementation of
Babbage' s Difference Engine |. Substantial debugging
was conducted. 188

Four terminal relays can bewired up to form “N” or “P”
three terminal switches. Because the gate voltageis
relative to the source voltage P and N switches use the
samelayout in reverse. Photo at right shows afabricated
implementation. 189

I-V plotsfor various drive valuesin amicrorelay.
Linearity better than 2% FS can be seen in the Vds
range shown (limited here by the voltage quantization
error), attempts to increase the VVds can require very
high currents. Device performance is symmetric so
drive voltages are shown as absolute values. Drive
voltages were converted to force for reference by using
the characterization from the actuation chapter. These
traces are for atype Il angled relay with only asingle
pair of actuators. 190

Input-Output plot for a complementary
electromechanical inverter built using relay based three
terminal devices. This device operated on a 10.5 volt
power supply and the upper parts of the trace show the
maximum 10 volt input range of the 4145b. 192

Fabricated electromechanical NOR gate and
experimentally verified truth table. 193

Circuit diagram for analysis of complementary logic
design using relays. Diagram indicates input drive
resistance Rd, contact resistance Rc, fan-in Fi, and fan-
out Fo. 194

Turn-on voltage histograms for various parts of arelay
lifetime. Top to bottom shows beginning of life, mid-
life, and end of life. When evaluated by design
equations this shows that the “wear-in" period at the
beginning of relay usage can present undesirable
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probability of errorsfor alogic system. Relay
repeatability must be high. 197

A simple ZS|logic beastiary. The“Z” elementsand “S’
elements would be alternated when implementing
logic. 201

A noninverting ZS buffer. This can be driven by arelay
with a single actuator pair but has a much lower output
impedance because of its additional actuators. While
this structure has only two relays and thus a 6% chance
of working no functional bufferswerefound. 201

A ZSlatch, with 8 relays, presently hasa 1 in 65536
chance of working. This device has two functional
relays out of 8, exactly the statistical expectation. 202

A ZSsingle bit carry-adder. The complexity is such that
yield will have to be substantially improved before this
device becomesfeasible. 203

A view of the scale of integration possible with our
microrelays. The left photo shows (left to right) a chip
with a6 relay analog system and a one bit carry-adder, a
chip with 30 relaysin test arrays, and a chip with two 6
relay systems. The right photo shows a scanning
electron micrograph of the middle chip with 30 test
relays. Thiswill give the reader afeel for potential die
sizes. 203
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CHAPTER 1

| ntroduction and
Motivation

“LessisMore’

-The most quoted design pronouncement of Ludwig
Mies van der Rohe, originator of the international style of architec-
ture.

1 Introduction

The North American relay market alone is US$1.4 billion, and the recent explosive
market share of surface mount relays (from 1.2% in 1993 to 19.6% in 1997) dem-
onstrates the value of miniaturization[1]. Within the world relay market (projected
to grow 5.3% in 1998 from US$4.99 hillion) the surface mount sector is slightly
smaller due to delays in technological promulgation[2] but still showsimmense
growth. Clearly then there are immense advantages available to engineering

designs from smaller relays.

This huge market which strongly desires smaller, cheaper, and more reliable prod-
uct is till being served by devices descended from turn-of-the century electromag-

netic solenoid relays. Tribological and MEM S based scientific examination,
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meanwhile, suggest that the actual phenomena critical to high-quality relays are
nanoscopic in scale. The purpose of this research isto explore the physicsin detail
using MEM S based experiments to get high resolution characterization and then to
use this scientific knowledge to remove the vast overdesign inherent in current
relays and transition to a more optimal design regime. If the system can be scaled
down, relays should be possible which operate with orders of magnitude less size
and power while at the same time reaping the advantages of higher speed and cheap
hermetic packaging. Once these relays are built, numerous new systems become

possible and the last part of this research is focused on these new systems.

2 Current commercial relays

Most current commercial relays rely on solenoids being used to pull two large
metal “reeds’ together, at which point they conduct. A typical relay isthe “1-Form-

A" standard, which measures 19.6 x 16.5 x 16.5 mm for asingle relay (Figure 1).
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FIGURE 1. Some standard “1-Form-A” commercially availablerelays. Each
relay iscontained in a 19.6 x 16.5 x 16.5 mm non-her metic plastic box.
Minimum cost isabout US$1 (in Q4 1998).

These relays started their evolution at the turn of the century with large (several kg)
solenoid based power switching devices, and have been growing ever smaller and

more efficient as people learned to wind smaller coils and blow smaller glass tubes
to contain the contact reeds. While the technology has shrunk well due to the bene-
ficial scaling properties of magnetic actuation this method reached a point of dimin-
ishing returns some time ago, largely because the processislargely serial and very
labor intensive. Only recently have manufacturers started to automate the process,

and the serial nature of relay manufacturing continues (Figure 2).

FIGURE 2. September 1998 advertisement for relays, emphasizing that the
serial actions of coil winding, assembly, and soldering have recently been
automated. Thetasksare still done onerelay at atime. Wafer scale
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manufacturing of microrelays could entirely change the economics of relay
manufacturing.

Our no—llllands
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Reed Relays
ives you
ds-down
advantages.

)

/

We took coil winding, run just about any type Truly superior quality, So, everything con-
assembly, soldering and  of reed relay, custom or with RPPM rates well sidered, if you're not
testing out of the hands standard, in just about under 100. taking advantage of our
of humans and put them  any production mode. Plus the capacity lo no-hands approach to
into the arms of robotic The results are to your  handle any volume reed relays, maybe you
machinery. advantage. Such as the requirement. should. Contact Scott

Then we automated lowest prices around. Weber for details.
everything so we could X _wonc

o,
A MLEN: .
—_—_— T &
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Phone: 920/648-3000 « Fax: 920/648-3001
1S09001/QS9000 Certified BSI# FM 35837 Website: http//www.hamlin.com ¢ E-mail: sales @ hamlin.com

Asaresult of the serial processing, relay prices are changing slowly and pricesfor a
single relay are still in the US$1 range for relays of compatible performance to the
MEMS relays presented here. The drive method (magnetic coils) also consumes
large amounts of power, 360 mW per relay for the devices pictured in Figure 1
compared to the 3-10mW per relay for the unoptimized thermal microrelays pre-

sented here.

Reliability constitutes an additional issue for macrorelay use. Failure rates for mac-
rorelays are typically around 100 PPM even after final test because irregularities

from relay to relay are great enough to reduce or eliminate the practicality of burn-
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in whereas batch fabricated relays should open up the use of burn-in and other

semiconductor reliability techniques.

The fact that most low cost relays are not hermetically sealed also imposes a sub-
stantial usage cost as many customers have to do lengthy testing and characteriza-
tion programs for each environment. Environmental testing for non-hermetic
devicesis nowhere near as standardized as one might hope; when Volvo was con-
sidering using a particular relay in cars for Sweden they had to undergo testing with
dozens of material blanksin several locations on afleet of vehiclesfor ayear[3]. If
the same relays are then to go on acar sold in California, the tests will need to be
done again in Californiato get results from the different environment. The results
of each test are a set of simulations (usually based on a series of tests from estab-
lished standardsif possible) which can be conducted in the laboratory and might be
referred to as a“ Sweden relay simulation” or a“Californiarelay simulation.”
Worse yet, this must typically be requalified fairly frequently as new relay products
come out. Cheap hermetic sealing makes MEMS relays even more attractive by
removing a massive ramp up cost to the user, once adeviceis proved hermetic
using standard tests environmental testing is almost eliminated. Instead of going
through multiple location-specific tests as discussed above, for example, adevice
which has been proven hermetic must only pass standardized temperature and

shock tests.
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3 MEMSrelays

The most visible difference between MEMS relays and current commercial relays
is, of course, size. The most commonly used relays presented here take up about
400x200 microns of die area (Figure 3, Figure 4 and Figure 5)- small enough that

packaging dominates al dimensions. The overall active volume of aMEMS relay

can be approximated at 3x10"12 m? as opposed to about 5x10°® m* for a conven-
tional relay. Thisvolume reduction of six orders of magnitude is made possible by
extensive experimental characterization and devel opment on the subject of the
actual contact point and allows design of actuation methods to start over from basic
principles with far easier requirements. The basic principle of therelay isto close

or open an electrical circuit by pulling agold crossbar across two gold electrodes.

FIGURE 3. The microrelay described in thiswork. The thermal actuator
array on theright pullsagold crossbar acrosstwo gold electrodes, closing a
circuit. Thefunction of therelay isbasically to close an electric circuit by
closing a gap with a gold crossbar.
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FIGURE 4. A closeup of the non-actuator part of the microrelay developed
here. The crossbar and electrodes can be seen moreclearly. Theisolation
structure allows for complete electrical isolation of the actuation from the
circuit, making the device atruefour terminal relay.

/

| solation
Sthructuke

FIGURE 5. Dozens of microrelaysfit easily into this surface mount package.
This package has four microrelays bonded to the 14 pins (two drive pins
are shared). Drive power plusdissipated power iswell within package
limits.

A less externally obvious but very important differenceisin the manner of actua-

tion. Whereas the traditional scaling of magnetic relays reduces closing and open-
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ing force (the most important part of actuation design), the tremendous scale
reduction here allows the efficient use of thermal actuation. Thermal actuation ben-
efitsfrom the small size by taking advantage of the reduced thermal mass and time
constants while maintaining high force levels extracted from the basic thermal

expansion of structural elements.

Simultaneously, the reduced size and components |owers the amount of extra
energy in the system and thus reduces or eliminates some effects such as contact
bounce. Since each bouncein arelay provides as much wear (or more) than a
switching cycle, thisincreases lifetimein addition to providing better performance.

Removing energy from the system hel ps reduce the wear tremendously.

Thus the new surface science perspective has allowed the construction of micro-
scopic relays which can take advantage of more appropriate actuation methods,

exhibit higher speeds, and reduce undesirable behaviors.

4 Direct comparison

A direct comparison of relay performance can be made using the relay performance
metric of [4] (Figure 6) where the metric h is computed from the number of relays

nin agiven package volume V with consideration of their maximum power Py,

and monitoring power P, (minimum power to check state). Even for the highly
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inefficient DIP packaging used for preliminary testing the package volumeis

approximately one cubic centimeter for six relays able to switch power in excess of
0.4W (based on 80mA, 5V hot switching long term reliability tests) and which can
easily be monitored with 1-2nW. This gives an efficiency number far off the scale

shown here.

FIGURE 6. Historical relay performance chart (from [4]), with indication of
microrelay performance. The bands show historical performance regions
for electromechanical relays from the 1920sto the early 1990s. Therelays
presented here are shown along theright edge (time axis value 1999). Size
(including demonstrated packaging) islower than previous solutions by
almost an order of magnitude, asindicated by data point at lower right.
Theindustry efficiency metric of these relaysis higher by 5 orders of
magnitude, putting it well off even thislogarithmic chart (value shown at
top right).
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CHAPTER 2

Contact Desgn Issues

“Inthefinal analysis, every engineering material is rubber.”

-Sir Henry Royce (of Rolls Royce)

6 Introduction

Astheimmortal words of Sir Henry Royce remind us, every material is mutableto
some degree. Within relay contacts this becomes critically important as the core
behavior within arelay isthe plastic contact deformation of micro-asperitiesto
form tiny conducting contact areas. These points are very small (often on the order
of nanometersin radius) and almost independent of the apparent surface area but
nonetheless critical for relay performance. The primary job of arelay isto pressand
form these contact points and then to separate them again when contact is no longer
needed. Designing relays to accomplish thistask, and do so efficiently for alarge
number of cycles, requires numerous other characteristic behaviors to be under-
stood and considered. This chapter serves to outline the important physical phe-

nomena of microcontacts and describes numerous experiments performed to
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establish regimes of behavior and develop a microrelay design philosophy. Phe-
nomena are also presented that are common in macrorelays but not microrelays so

that some of the important differences between the two can be illustrated.

7 Therelay cycle

The phenomena going on inside an electric relay are varied and complex. During
each cycle from open to closed and back again there are literally dozens of mecha-
nisms that contribute to wear and performance. Each mechanism typically has
numerous contributing factorsthat determineits effectsaswell. In order to properly
design and evaluate arelay all these factors and the associated phenomenawhich
draw from materials science, tribology, surface science, electromagnetics, plasma

physics, and more must be understood.

Asaway to structure the discussion of characterization and design the relay cycle
will be presented step by step first (Figure 7). Performance in limited functional
environments, characterization, testing, and implications for design will be dis-
cussed later. First the relay cycle will be explored step by step and discussions will
be made of the physics during each step. The engineering parameters for each fac-
tor of each step will be discussed aswell asthe relative importance and some of the

control methods available for both micro and macro relays.
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FIGURE 7. Stepsof therelay cycle. The operation of any relay can be broken
down into these basic four steps.
Stepsof therelay cycle:

1. Relay sitting open (“Relay sitting open”
on page 13)

2. Relay closing (“Relay closing, contact
being made” on page 25)

3. Relay closed (“Relay closed, current
being conducted” on page 39)

4. Relay opening (“Relay opening” on
page 53)

d b dDb

d D dvd

7.1 Relay sitting open

Often overlooked during the early stages of design, many failures of relays actually

start during the time the relay is sitting open and not conducting current.

7.1.1 Open relay wear
Although surfacesthat are not in direct physical contact are not typically said to

“wear,” many failures due to processes that take place in open relays are ascribed to
“wear” simply because the material changes that cause them are similar to conven-
tional physical wear. In reality the main mechanisms are material diffusion, creep,

and dealloying. While these mechanisms al so happen during other parts of the relay

cycle they arerelatively lessimportant then and are primary sources of wear when
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the relay isopen. All of these mechanisms are Arhennius based. That is to say that
they occur at arate exponential with temperature and thus may be accelerated by

increasing temperature during failure analysis and accel erated aging tests.

7.1.1.1 Chemical diffusion

The materials used in conventional relays are often mixtures of metals and semi-
metals made by powder metallurgy. These mixtures wereinitialy developed to
decrease arc wear or for other specific purposes and include such interesting combi-
nations as silver tin-oxide[5] and silver iron-oxide[6] (silver cadmium-oxide wasin
wide use afew years ago before environmental regulations required its elimina-
tion). Long term studies of these material systems have begun to recognize that the
oxides tend to congregate out into small “nodules’ which can have detrimental
effectg[ 7]. This congregation presumably comes from the competing forces of dif-
fusion and aggregation. Diffusion forces tend to separate and distribute the differ-
ent materialsinto each other while aggregation forces tend to pull together and
congregate materials of similar charge properties. Thus evenly distributed insul at-
ing particles of oxide within ametal matrix would be expected to congregate into
certain sized particles at which point a steady state is reached. This mechanism cor-
responds well to observed data [7] and predicts that the phenomenon isintrinsic to

metal -oxide combinations.
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Nodules of oxide within ametal are highly undesirable because they can not only
perform as spacers that hold contact surfaces apart but can also rip and tear into
opposing metal surfaces to generate particles and arcing protrusions. As the oxides
are harder than the raw metals they act as an abrasive, wearing the metal back
around other oxide particles until the metals cannot touch because of all the oxide

projections.

Chemical diffusion also appearsin relays where the contact uses a thin coating. If
gold is plated over tin, for example, some limited amount of diffusion takes place.
Whilethisresultsin only impure gold (not abig issue) later corrosion (oxidation) of
the tin resultsin agold tin-oxide mixture at the surface and continued diffusion
flow of tin into the gold now that theinitial tin is gone. Now oxide aggregation/dif-
fusion balance takes place as well and the result can be a pebbly oxide-studded sur-
face on what was originally pure gold. Thus the choice of understructure can be
crucial. Theidea understructure should bind well to the metallic contact layer but
have avery low interdiffusion tendency. During macrorelay design this consider-
ation is usually suborned to the need to harden the surface by making the under-
structure out of a harder material, resulting in the scenario discussed above. A
typical failure generated thisway might see the tin-oxide abraded out of the gold so
that failure analysis would find tin-oxide “sand” on what was originally thought to

be agold contact.
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Micromachining material control provides a good way to build contact layers. The
contact layers used for the devices presented in this dissertation typically use poly-
silicon understructure with a chromium adhesion layer/diffusion barrier and a pure
gold contact surface. The polysilicon has low interdiffusion with the metals. The
chrome adheres well to the polysilicon but has very low diffusion into either of its
neighbors (which is good because chromium does form an oxide). And the gold
does not oxidize, collect surface layers, or diffuse into the chromium. Materials
problemsin MEM S may be addressed easily because of the high purity super clean
depositions done, and at the same time the low volumes of material mean that if a
relay does have materials problemsit will be found out quickly. The low volumes

also remove cost barriers that might otherwise discourage use of noble metals.

7.1.1.2 Defect diffusion

Contact design cannot be predicated on the assumption that a contact will closein
the same shape asit wasin at separation. As two surfaces come into contact numer-
ous defects and defect features are generated. Additionally, defects migrate while
the contact is open. Point defects (generated in large numbers during relay closing)
migrate along slip lines to the surface and accentuate the effects of dlip lines on sur-

face topology as well as collecting to form dimples (Figure 8).

FIGURE 8. Slip linesand grain boundariesform “highways’ for defects,
which increases dlip line motion and resultsin defect clustering. Diagrams
(a), (b), and (c) show some common line formations and the path taken by
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defects. Diagram (d) shows a typical line of surface features caused by a
dlip lineinter secting the surface. Diagram (€) shows a row of divots as
marksthe passing of a dlip line below, much like a moving volcano might
leave a chain of islands. (From [9])
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The migration of defects, combined with generation during each closure, implies a
constantly changing contact surface. Like chemical diffusion, defect diffusionis
dependent on temperature (Figure 9), so defect diffusion based aging can also be

accelerated by high temperature conditions.
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FIGURE 9. Dependence of defect diffusion on temperature, showing
substantial differencein mobility between the volume, grain boundaries,
and the surface. Thisplot isfor steel. (From [10])
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7.1.1.3Creep

Relays are typically expected to operate in varying temperature environments, and
the large structure of macrorelays combined with variable temperature rates of
expansion tend to leave long term stress on many parts. Because of this, material
creep has been recognized as a contributing factor in certain long term performance
changeq[8]. It is unclear how this will effect MEMS relays. The reduced material
count seems to indicate much lower stress levels would exist to initiate creep, how-

ever it isnot uncommon for MEM S layersto contain substantial built-in stress. One
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beneficial consideration is that the stress levelsin MEM S devices can often be
designed for a purpose while macroscopic relay manufacturing issues generally

preclude such pre-stress based design.

7.1.1.4 Dealloying

Although generally aminor concern, contacts made of unstable or meta-stable
alloys do experience the effects of aging and this can’t be ignored if compound

metals are to be used.

7.1.2 Corrosion

Corrosion is the most commonly considered and widely feared of the open-contact
reliability reduction mechanisms. Testing for corrosion is often donein salt water
spray and elevated temperature and humidity over time. Thisis amajor factor
because only afew expensive macrorelays can have their bulk hermetically sealed.
Since our MEMS relaystypically do not have corroding materials and the intention
isto hermetically seal them in an inert atmosphere, corrosion is not a concern,

removing alarge cost and convenience obstacle.

7.1.3 Holding voltage

The most dynamic consideration for an open relay is the difference of potential it
can withstand without allowing arcing to occur. Holding voltage can be discussed

in terms of the maximum transient voltage that can be put across arelay before an
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arc beginsto strike. Thisis one of the design facets that has different physicsin
microrelays than in macrorelays. To understand what is going on requires consider-

ation of arc initiation and the Paschen curve.

In open macrorelays arc initiation typically takes place when the electric field gets
high enough that free electrons which find themsel ves between the contacts (by
thermal or photoemission, for example) are accelerated to a sufficient energy to
free more electrons from atoms they hit. Each electron then can experience more
than one collision and free more than one electron before reaching the anode, a sit-
uation which results in large numbers of free electrons passing current in the gap.
Once this critical value of electric field has been reached positive feedback (due to
the resultant ions forming additional current and higher emission fields at the
anode) builds current rapidly and a stable arc initiates which can survive lower
fields and can thus be difficult to quench. The limiting field depends on how readily
an electron can accelerate and free other electrons and thus on the gas composition,
voltage, and mean free path. The mean free path between electron impacts affects
the critical field because the electrons lose room to accelerate. Since the limiting
electric field/mean free path needed is constant for a given gas the breakdown volt-
age increases linearly with separation and pressure for a given gas as long as there

are sufficient electron mean-free paths for the cascade to build. Thus macrorelays
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get open-relay arcs across the narrowest part of the gap (Figure 10) because this

will be the point of highest field concentration.

FIGURE 10. Paschen curvesfor a number of different gasses. Plot shows
breakdown voltage ver susthe pressure-distance product. Theright side,
which increases with increasing pd, represents the conventional cascade
mechanismsdiscussed above. Theleft side, which decreaseswith increasing
pd, representspd productstoo low to initiate cascade and stemsfrom other
mechanisms. L abelled point on air curve showsthat the microrelays
presented herearevery closeto theinflection point for air. Closenesstothe
inflection point reduces effects of topology or pressure changes.
(Background data from [11])
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Asthe gap gets smaller, however, other mechanisms [11] begin to become more

important as insufficient opportunities exist for electronsto build up energy and ini-

tiate further electron release. Figure 10 shows that the relays described here operate

right around the inflection point between the classical arc methods described above

and more local non-continuum arc initiation causes.

Asthe gaps get smaller and there is insufficient space for mean free paths to multi-

ply the number of electrons present the voltage across the gap hasto risein order to

Microrelay design, performance, and systems

21



The relay cycle

establish an arc by mechanisms that don’t benefit from positive feedback. The
importance of the electron re-emission decreases slowly and is complicated by par-
ticularities of multi-atomic gasses so that the bottom and left hand side of the

curves exhibit some significant topology (Figure 11).

FIGURE 11. A closeup of theleft hand side of the Paschen curves from
Figure 11 for various gasses. Molecular structure can cause odd shapesin
the critical field behavior (such asin He). Choice of gascan have a
significant effect on breakdown voltage. (Paschen curve from [11])
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These figures show that the cal culated breakdown voltage increases as the gap
becomes smaller beyond a certain point. This means that small microrelays may
have open-relay arcs across the widest part of the gap or at some surface feature
which provides alocal field concentration. In the case of the relays we have here
the openings can span the minimain the Paschen curve (Figure 10) at atmospheric
pressure in air so open-relay arcs can tend toward some mid point of therelay. An
arc observed in amicrorelay while opening an inductive load occurred at a mid-

point (Figure 12).
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FIGURE 12. Low-current arcing damage on a microrelay showing that the
arc did not strike at the narrowest gap point. The microrelay dimensions
arethoserepresented by the dashed lines on the Paschen curve charts. This
arc formed initially under opening with an inductive load and presumably
transitioned from Townsend arcing to cascade ar cing dueto high inductive
voltages.
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Low gap arcing often stems from electric field concentrations at microasperities
and sharp points[11]. Therefore theideal plots of Figure 10 and Figure 11, based
on theoretical conditions, often do not reflect the practical reality. Data collected at
very low gaps using surfaces of varying quality can show awide range of break-
down voltages (Figure 13). Thisisarecurring theme of microcontact design - asthe

scale shrinks behavior becomes much more complicated and must take surface sci-
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ence into account. A set of measurements conducted in [11] to explore the low pd
region of the Paschen curve by varying first p then d in amodel relay system pro-
duced substantially different results for thetwo trials (Figure 14), but such behavior
has not been observed here. The main lesson to take from these plotsis that the Pas-
chen curve isaguideline at best and must be experimentally explored for agiven

material system.

FIGURE 13. Breakdown voltagesfor differently prepared samplesat very
small gaps and atmospheric pressure. Asusual when dealing with sizesin
therange of surface effects, behavior becomesvery complex and dependent
on surface quality. Theplot her e shows platinum contact arcing data at low
spacing for electrodes which were polished and alcohol cleaned (1),
activated with dischargesin organic vapors (2), and cleaned by electron
emission (3). In thisregion the theoretically expected breakdown voltage

should be 10° to 107 volts. (From [11])
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FIGURE 14. Paschen curves explored by varying p then d individually. The
solid line shows an experiment done by varying p while keeping d
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macr oscopic, the dotted line shows data collected at micr oscopic distances
for athe same material system.(From [11])
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Additionally, experiments have shown[12] that complex electronegative compound

gasses such as SF¢ can extend the arc point by afactor of two or more by polarizing

and therefore “absorbing” some of the potential drop.

7.2 Relay closing, contact being made

7.2.1Closingarc
Asthe two contact surfaces get closer together the electric field between them
increases and the distance decreases. Thisis equivalent to an operating point mov-
ing to the left on the Paschen curve plots and is shown graphically in Figure 15 on
an ideal Pachen curve. While it may appear that arcs should only happen above
about 300 voltsfor aclosing macrorelay the practical caseisthat arcs are com-
monly observed at much lower voltages. The “engineering” value of the Paschen

curve can be as much as afactor of ten lower for practical cases due to nonideal
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conditions such as finite surface roughness. The result of thisisthat an arc almost
always occurs during macrorelay closure at moderate voltages and yet would not be
expected during closure of amicrorelay, at least not due to the mechanisms repre-

sented on the Paschen curves shown here.

FIGURE 15. Paschen curve showing movement of operating pointsin macro
and micro relaysastherelay closes. Macro-relays move into a lower -
voltage breakdown region asthey close, often starting an arc. If amicro-
relay hasnot arced already, it isunlikely to arc during closing. (Paschen
curveredrawn from [11])
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As the surfaces come very close, of course, various forms of emission can still be
expected to occur but these have time scales much shorter than arcing. In experi-
ments conducted closing the relays presented here, below arcing voltage there was
no detectable arcing behavior. Twenty-five experiments were carried out with time
resolutions from 10mns to 2.5ns and although some transitional behavior was
observed it did not have the characteristic behavior of an arc (it was presumably

contact point formation). Similar experiments with macrorelaysinvariably produce
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an arc[13]. It should be noted here that the characteristics generally associated with
aclosing “arc” inthe literature are the rapid formation of a stable voltage difference
before closure followed by an exponential climb to some overshoot voltage before
returning to the true voltage; this behavior is associated with the physical phenom-
ena of developing a space charge of positive ionsin the gap due to electron strip-

ping and is described in more detail in [13].

FIGURE 16. Schematic representation of the expected voltage behavior in an
arcing relay. The so called “arc voltage” develops dueto space chargein
the arcing region and remainsfairly constant over the evolution of thearc
(typically 2-20 microseconds). Thisbehavior isvery useful becauseit gives
usacharacteristic to look for to diagnose arcing.
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Thus we have both atheoretical basis and some experimental evidence that arcing,
by far the worst wear source of macrorelay operation, is not afactor during the clo-
sure of microrelays. It is possible that there is something more fundamental going
on as well, given that macrorelays are often reported as experiencing closing arcs

even in the 1-2 volt range, a phenomena which is not observed with these microre-
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lays. Sufficient to say, for now, that less arcing is expected and less arcing is

observed.

7.2.2 Impact energy and contact bounce

Asarelay closes the parts involved develop kinetic energy. Asthe relay surfaces
comeinto contact part of thiskinetic energy goes into deformation of theimpacting
surfaces and forming a metallic contact patch. If the energy |eft over after this (and
taking into account losses for damping) is enough to separate the two surfaces they
will bounce apart and then (if the driving force is still being applied) ram together
again. It is not uncommon for a 1-Form-A relay to bounce 3-10 times on agiven

closure.

Contact bounce does more than just make it difficult to characterize the perfor-
mance of the relay; each bounce causes the relay to go through the entire close,
deform, and opening parts of the relay cycle again. A macrorelay that bounces 5
times, for example, would then experience 6 closing arcs, 6 surface deformation
cycles, and 5 opening arcs. Thus a non-bouncing microrelay that does not suffer
from closing arcs or bouncing will experience only a single opening arc instead of
the 11 various arcs in a macrorelay. Given the arc dominated, and especially clos-
ing arc dominated, nature of relay wear this gives an important advantage to micro-

relays.
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7.2.3 Surface defor mation and contact area

As any two surfaces come into contact they touch first at surface asperities which
project above the average surface (Figure 17). These contact pointsfirst go through
aninitial elastic bending period during which the deformationis entirely reversible.
As stress gradients build plastic deformation begins first below the surface, sur-
rounded by aregion of elastic deformation. Thisis known as the “ elasto-plastic”
transition region. Eventually the plastic deformation reaches the surface and the
entire contact area goes into plastic deformation which does not reverse when the

forceisreleased.

FIGURE 17. Surfaces which appear macroscopically flat nonetheless make
initial contact at surface micro-asperities which then begin to deform. The
deformation goesthrough several behavioral zonesincluding elastic, elasto-
plastic, and plastic defor mation.
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7.2.3.1 Basics of surface contact
Hertzian theory has established that the relation of areato force F during elastic

deformation can be expressed as:
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Area = kF?™ (EQ 1)
where the proportionality constant k is dependent on material properties such as
hardness. To further complicate the situation the true yield stress of a material
under pressure is a“hydrodynamic” quality, which isto say that as flow fields and
slip lines begin to move the bulk material below and even lateral to the pressure
contribute compressive force to support against the deformation. This can be visu-
alized as pressing against an infinite three dimensional grid of interconnected
springs. The overall yielding at a point will be influenced by springs far away and
to the sides as well as those directly beneath the point of force application asthe
overall deformation of the solid is resisted. This leads to an expression for the true
stress relative to the yield stress:

s = 2uhyypaEa g (EQ2)
33 eSsyrﬂ%
which relates stress s under a microcontact point to the yield stress s, Young's
modulus E, radius of contact area a, and radius of the contact asperity r. Thisrela-
tion serves as a bridge from the elastic to the plastic regime for a spherical indenter
pressing into aflat surface. The most important aspect is that plastic deformation

beginsto occur at s = 1.1s,, and doesn’t reach full plastic deformation until s =
2.8s,, for anon-strain-hardening material (reaching 3.3 for maximum strain harden-

ing materials) with some variation for area of contact and radius of the indenter.
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These numbers are only approximate for nonideal cases but the important lesson
that plastic flow initiates at about three timesthe yield stressin most metalsremains

approximately true and very useful.

Asthe force increases, then, any rigorous analytical treatment must consider the
pressure (or stress) under each portion of the contact areain relation to the local
stress relative to the yield stress. When the stress at any point passes the yield
stresses of a given incremental area, that areawill yield. The usual mathematical
approximation is that the asperities are hemispherical, and complete theoretical
pressure/deformation maps are provided by Hertz theory[15]. Due to the lack of
supporting material the edges have alower yield stress (may be thought of as
“softer”) than the center and so move more easily but, because the yield stress does
not decrease as much as hardness, the center of the contact areaisthe first to pass
into plastic deformation. Thuswhen an asperity is pressed against a surface, but not
enough to plasticize the entire contact area, reduction in force allows recovery
around the edges -- a behavior typical to the elasto-plastic region (Figure 18).
While it may seem strange to talk only in terms of hardness and force of deforma-
tion athought experiment shows that two rough surfaces of infinite hardness will
meet at only three infinitesimal points. The same would be true of two surfaces

meeting with truly zero force, but both are a practical impossibility since materials
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have finite hardness and even in the absence of agravitation field Van der Waals

forces are adequate for deformation.

FIGURE 18. Behavior in the elasto-plastic region wher e nonrecover ed
deformation in the center is mixed with deformation around the edges that
recoverswhen forceisreduced. Capital R isthe original surface radius
when compressive for ce was applied, lower caser representsthe surface as
it isafter theforceisremoved. Some arearemainsin contact dueto plastic
deformation of the center. (From [14])

The overall message to take from the discussion of elastic deformationisthat itis
complicated but can be approximated by (EQ 1) with some value of k. This approx-
imation isthe usual approach since analytical analysis of any but the simplest, most

ideal systemsis prohibitively difficult.

Once the force reaches the fully plastic deformation regime things get simpler.
Once the force is high enough the area of contact can be approximated simply as

the arearequired for the hardness to offset the pressure:
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F
A = —
rea w (EQ3)
where H is the hardness in appropriate units. This can be seen simply as the area
which satisfies the yield criteria of (EQ 2):

F

which givesrise to the definition of the so called “ universal hardness’ of a material

= =H (EQ4)
expressed as newtons per meter squared. The universal hardness correlates well to

most other hardness measurements.

What all of this complex behavior really means for relay design, however, is prima-
rily that force determines area of contact and that the behavior isfar more predict-
ablein the plastic deformation region. Characterization done hereto aid in relay
design showed that in the 10-25 mN force range contacts involving gold and poly-
silicon heat themselvesinto plastic deformation at about 0.8 mA [see the chapter on
characterization]. This testing also shows, for the first time, experimental observa-

tion of the transitional behavior between elastic and plastic deformation.
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7.2.3.2 Three dimensional origins of hardness

The material property of hardness is defined as the resistance of a solid to indenta-
tion. This definition can be easily applied to macroscopic experimentsinvolving an
amost ideally hard indenter and alarge pure block of a substance. The origins of
hardness become important as the deformation scal e approaches the thickness of

the material or the crystalline grain size.

Basic materials theory describes how plastic failure, manifesting at the microscale
in dislocations and dlip, initiates at grain boundaries and other imperfections. These
imperfections can reduce the strength of amaterial from its atomically derived the-
oretical value by afactor of up to ten[16]. Asthe indentation size shrinksto the size
of asingle crystalline grain, however, the effects of these imperfections vanishes

and the strength of the material approaches its theoretical value (Figure 19).

FIGURE 19. Hardness of polycrystalline electropolished nickel versus
indentation depth. Astheindentation depth approachesthe crystal sizethe

Microrelay design, performance, and systems

34



The relay cycle

hardnessincreases from the empirical value (approximately 1 GPa)
towardsthetheoretical value of 4.5GPa. (From [17])
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Another factor which affects the hardness, even in macro-relays, is the fact that
hardnessis a bulk phenomenon and thus the hardness of athin film can be influ-
enced by the hardness of its substrate. A classic case of thisis the observation that
hardness of athin layer of gold on a hard substrate is closer to the hardness of the
substrate than to the hardness of the gold. Thisis because full plastic deformation
of radiusr isinfluenced by the hardness of the material within a distance of approx-
imately 3r in each direction (including depth)[17]. This meansthat given the size of
deformation region in most macrorelays the hardness of the material must be
assumed to be close to that of the film substrate (often steel) with only slight soften-
ing due to any surface material. This reduces the effectiveness of macrorelays
somewhat, but usually only in cases where an extremely low contact resistanceis
needed (and thisiswhy such applications often fall to solid gold or mecury relays).

Additionally the influence of the support backing reduces the motivation to use soft
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materials and thin gold surface layers are often hardened with ruthenium or nickel.
Since the resistance range we're targeting here is well above the region where this
factor becomes important it is mentioned only as a secondary consideration and

example of how macrorelay designs end up with hard metals.

7.2.4 Angle of contact

If the contact visualization presented in Figure 18 is considered along with the con-
sideration that hardness is dependent on the material to a depth of 3r from the con-
tact point, we might wonder what the effect would be of forces tangential to the
surface. The empirically observed result is that tangential forces typically see a
lower effective hardness than perpendicular force. To quantify this we first con-

sider the standard vector failure criterion:

2

Sy

= st2 + sg (EQ5)
where s, istheyield stress, s, isthe tangential stress, and s, is the perpendicular
stress. Upon inspection this equation can be seen to assert that failure occurs when
the maximum stress vector in any direction is greater than the yield stress and this
equation can form the basis of integral volume analysis for bulk materials. When
used for two surfaces that are coming into contact, however, the topology and its
effect on the effective tangential yield stress must be taken into account. The

expression in (EQ 5) doesn’t take into account the fact that it is easier to push a
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mountain than crush it because there is nothing supporting it in the tangential direc-
tion. When the yield point is empirically observed the results are typically

expressed:

2

2 2
Sy = as; +s, (EQ 6)

where the term a represents the relatively low hardness seen in the tangential direc-
tion at an asperity. An a of 2, for example, means that force applied in the tangen-
tial direction will be twice as effective at inducing plastic deformation as
perpendicular force by causing the contact asperitiesto “wipe” out in their weakest

direction (Figure 20).

FIGURE 20. Behavior of a contact asperity as both perpendicular and
tangential forceincrease. Point Q representsthe geometric center of the
asperity, it moves asthe contact asperity deforms out into the shape
represented by the dashed lines. The tangential force increases the area of
contact by speeding the onset of plastic deformation. (From [9])

This softening in the tangential direction occurs because surface asperities don’t

have the structural support behind them in the lateral direction that they do in the
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vertical direction. As addressed during the discussion of hardness, the behavior of

the material is very dependent on what is supporting it.

Various authors have reported the value of a anywhere from 2 to 60 depending on
the conditions of the test (such as force levels, roughness, and material). The issue
is further complicated by the fact that as area of contact isincreased by wiping

action the perpendicular load must increase to maintain s, otherwise astateis

reached where decreasing perpendicular stress offsets increasing tangential load in
theyield criterion (EQ 6). From these elements an optimal contact geometry can be
derived if a isknown and characterized for a given material. To be optimal this
must be done in aforce regime where the hardness determining region is entirely
within the surface layer, so MEMSisideal to explore thistribological phenomena.
Once solid datais available an optimal geometry can be calculated, thus giving
improved performance without any increase in force, area, or complexity. Obvi-
oudly such datais highly desirable. To date the data remains unavailable and the
geometry of the contacts presented in this dissertation, while angled to take advan-

tage of the existence of a, may be suboptimal.
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7.3 Relay closed, current being conducted

7.3.1 Constriction resistance
The resistance in ametal-metal contact areais properly known as “constriction
resistance,” as opposed to contact resistance. Thisis because the true cause of the
apparent resistanceis not the presence of some resistive film but rather the effect of
the increased current density required to get current through small areas of contact.
We can derive the constriction resistance using the approximation that contact area
isasingle circle (which allows one to use the closed form area calculations given
above) and that the metal interconnects leading up to the contact are infinite. We
thus represent the system as shown in Figure 21 (after [13]) where the contact sur-
face has been replaced by a contact sphere of radius a and infinite conductivity. The
current then comes toward this contact point in radial lines perpendicular to spheres

of equipotential as shown.
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FIGURE 21. Simplified contact system for calculation of constriction
resistance. Contact electrodes areinfinite half spaces, the contact area has
radius of a.
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A single side of the contact can be analyzed by integrating the incremental resis-
tance between hemispheres with radii r and r+dr. If r isthe resistivity of the mate-

rial the resistivity of the unit cube in spherical coordinatesis:

dR = ﬂ (EQ7)

2pr
and the value of resistance on one side of the contact can be integrated out to infin-

ity:
o1 ddr _ r
=5 Q 5 = 2pa (EQ 8)
which makes the constriction resistance of the entire contact:
r
R=t— (EQ9)
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where atemperature factor t has been added. And while this general calculation
assumes a single circular contact spot (or “a-spot” as referred to in the electrical
contact literature), the change due to multiple spot contact can also be calculated. I
we divide the area of contact from one spot of radius a into two spots of radius b

then the geometric relation is:

b=2& (EQ 10)

J2
and by (EQ 9) the resultant parallel resistance is approximately 70% of what it
would be with a single spot. Unfortunately thisis not typically very useful in deter-
mining the number of contact points after a contact has closed because their is no

way to measure a static resistance and determine whether it represents a single con-

tact point or the collected effects of numerous smaller points.

When (EQ 9) is used in conjunction with (EQ 4), (EQ 3) and (EQ 1) we can
develop ageneral relationship between force F and conductance G. We start by

using the area of a contact spot:

A= pa2 (EQ 11)

where A isthe total area. This gives a constriction resistance from (EQ 9) of:

R=t1_ = Lp02 (EQ 12)

JoA  Jp
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From this point on it is easier to express values in terms of the conductance G; thus
we first convert (EQ 12) to:

G = @Al“z.

tr (EQ13)

From this point we can plug in the area equation for elastic deformation from (EQ
1) to get:

G = %’(sz"s)l“2 = %(kF)“G (EQ 14)
asthe relation between force and conductance in elastic deformation. To get the
relation for plastic deformation we plug (EQ 3) into (EQ 13) and get:

_ o8
G = e (EQ 15)
Both (EQ 14) and (EQ 15) aretypically simplified to use a single leading constant,

atemperature coefficient, and aforce term:

G =-F (EQ 16)

where k is a constant dependent on microstructure of the contacting zones and the
material. Coefficient b is afunction of behavior which we expect to be 1/3 in the
elastic regime from (EQ 14) and 1/2 in the plastic deformation region from (EQ
15). These behaviors have been directly observed and measured in the relays pre-

sented here.
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If thereisaresistive film in the relay causing a parasitic resistance (as opposed to a
constriction resistance) the value of b istypically observed as 1. This state behaves
empiricaly asif thereisafilm being squeezed linearly by the compression
force][13]. While F has alarger exponent in thisregime, k is generally several
orders of magnitude lower because of the resistive film, so performance decreases.
Many macro-relays must operate in this regime, however, because they need hard
metals which grow films and operate in uncontrolled environments due to the cost
of hermetic sealing for large electromechanical systems. Thisis another factor that

often drives the massive force demand of macrorelays.

Thus the three operating regimes are elastic, plastic, and compressive. The plastic
regime has the lowest conductance change with force and also typically hasafairly
low maximum current. The compressive regime (also known as the “ contaminated”
regime) has a high conductance increase with force but the parasitic resistance
responsible istypically unacceptably large. Neither elastic nor compressive
regimes are desirable for relay operation. The plastic regime, however, has anice
combination of current range and shows the lowest resistance of all three regimes

and is thus the desirable behavior for relay design.
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7.3.2 Supertemperature

While the constriction resistance in a contact may stem from the repulsion of like
charges it nonethel ess dissipates power. The resulting steady state temperature
increase with current is simply the temperature rise needed to dissipate the input

power through the thermal conductance of the system:

(EQ 17)
Where DT is the supertemperature (defined as the temperature rise above ambient

within the constriction), P is the dissipated power, G, is the thermal conductance

away from the contact points. The terms have been expanded using (EQ 9) to show
the feedback which occurs due to the temperature dependence of resistance. The
value of the temperature term can be calculated using the same spherical integrals
that were used to generate (EQ 9) because each equipotential will also be an iso-

therm:

» [1 + gl DT] (EQ 18)
wherethis| isthetemperature coefficient of resistance within the metal being used

for contact. Derivation of thisis presented in [13].

We can use (EQ 17) and (EQ 18) together to cal culate the temperature and the
expected resistance due to current at any given nominal resistance and current level

according to the material properties. Figure 22 shows such a calculation fitted to
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data from the relays presented here. The only fitted value here is the thermal con-

ductance, which means we can use the method not only to cal cul ate temperature but

also to extract the thermal sinking ability of a given structure in actual operation.

FIGURE 22. Resistance plotted ver sus contact voltage (to follow relay
characterization convention established by [13]). Dashed lineistheoretical
calculation of resistance change due to temperature, solid lineis data.
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The open design of the relays presented here also allows for direct measurement of

the temperature by infrared microscopy (Figure 23). The direct observations con-

firm the values calculated by combination of (EQ 9), (EQ 17), and (EQ 18) so this

method can be used to extract temperature data from current and resistance plots.

FIGURE 23. Thermal microscopy used to verify temperatur e per formance of
an activerelay. The SEM at left shows a closeup of the contact ar ea of
interest asindicated by the small box at right. In thiscasethe current is
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30mA and thetemperatureincreaseis about 12C, analytically predicted
valueis 12.2C using dissipated power and fitted G; from (EQ 17).
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7.3.3 Temperature induced softening

While current is passing through the constriction point the temperature is elevated
and the Y oung’s modulus decreases [18]. The decrease occurs as the temperature
increases separati on between atoms and therefore reducesinteratomic potential gra-
dients [more information pertaining to this appears in the thermal actuation sec-
tion]. This decrease in Y oung’s modulus directly reduces the yield stress of the
material asindicated in (EQ 2). Astheyield stress decreases the area of contact
must increase proportionally (in the plastic deformation regime) if the force
remains constant (EQ 4), causing the contact to experience negative thermal feed-
back as the thermal softening increases the area of contact and therefore decreases
resistance and thermal power dissipated. This process results in stable thermal soft-
ening behavior which leads to increased contact area and decreased resistance

(Figure 24).
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FIGURE 24. Resistance of arelay upon first application and second
application of current while under constant forceload. Aspredicted, the
resistancedrops off ascurrent increaseson thefirst application astherelay
softens and the area of contact increases. Thisrelay isin plastic
deformation, sotheincreased contact areawill remain until separated, thus
the second current sweep experiencesa lower resistance and returnsup the
heating curve to the same stable point. The dashed linesrepresent

theor etical resistance increase with temperature as predicted by
application of (EQ 17) and (EQ 18). Datais presented in terms of contact
voltage to conform to convention [13].
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Calculations using (EQ 9) applied to the data of Figure 24 can be used to directly
observe the physical behavior in the contact being tested. And since the theoretical
predictionsin Figure 24 agree so well with the data, we can plot these relative to the

predicted supertemperature at the contact point (Figure 25).

FIGURE 25. Plots of relative contact pressure and absolute contact area

ver sus supertemper atur e (temper atur e above ambient) for the data of
Figure 24. As expected, the contact pressure (which will be equal to the
yield pressure) decr eases as temperatureincreases on thefirst current
application and area increases. On the second current sweep the area does
not increase because the effective contact pressureremainsbelow theyield
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pressure and it does not recover (decrease) because the deformation isall
plastic.
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Thisbehavior isvery important in that it shows how the operating point can be very
influential in determining performance. Thus typical relay specifications can be
somewhat misleading. A relay which says*“0.1 ohm, 10 Amps’ may very well
exhibit aresistance several orders of magnitude higher at low currents after each
closing action, only to exhibit resistance an order of magnitude lower at low cur-
rents after being exposed to high currents during the same cycle. Failure to under-
stand this principle can lead to use of the wrong relays or poor design of an
application-targeted relay. This effect is dramatic despite the relatively low temper-

ature increases as seen in Figure 25. Typical temperature increases range from the
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tens of degrees for milliamps to hundreds of degrees for significant fractions of an

amp.

A range of detailed tribological information is available from current/voltage
sweeps. Combined with the low force techniques of MEM S and various techniques

to improve resol ution, these equations allow new characterization experiments.

7.3.3.1 Thermal aging

Many of the phenomena that have been discussed here are strongly temperature
dependent, including the various types of diffusion, tarnish film formation, creep,
and corrosion. All of these happen faster at the critical points of contact when the
temperatureis elevated by the supertemperature and this must be considered during
longevity consideration. The amount of time spent at a raised temperature can be a
determining factor in failure mechanisms otherwise considered to be environmental
or cyclic, and al of these can be accelerated by spending long time periods with

heavy current loads.

7.3.4Welding

Considerable discussion has been given to the nature of contact area and the types
of deformation involved. Emphasis should be placed on the fact that these contact
areas, if they are quality metal-metal contacts, represent areas where the two con-

tacts have joined. No division remains and the metal can be considered structurally

Microrelay design, performance, and systems

49



The relay cycle

continuous through the contact area. Thus contacts are said to “weld” at the point of
contact and if this contact areais greater than that which can be torn apart by what-
ever actuation will be separating the contacts the failure is called a“weld-failure”

or simply a“weld.”

Y et while the surfaces do form a structurally continuous unit the plane of contact
does have a disproportionate number of cracks and imperfections. Since these
“cracks’ (actualy just the space between the contact points) amplify separation
forces along the plane where the materials first met, contacts often seem to snap

apart cleanly without material transfer.

Whatever happens during separation it isimportant to note that since relays are typ-
ically run in plastic deformation welding isacritical and normal part of relay oper-
ation. The challenge in relay design is to weld and then separate the contacts

repeatably.

7.3.5 Fretting
Fretting is the phenomena of vibration induced microscopic wear motion in touch-

ing macrorelay contacts. The two contact parts experience cyclic rubbing motion
which causes direct physical wear and allows for the growth and fracture of surface

tarnishes -- thus generating particles (Figure 26).
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Because of the large and separate parts inherent in most relays, ambient vibration or
sound is very efficiently coupled to microscopic motion of the contact junction.
Numerous studies on typical relays determined that the typical amplitude of motion
in macro-relaysisin the range of 10 microns with frequenciesin the tensto hun-

dreds of Hertz [19].

FIGURE 26. Schematic representation of the process of fretting with
corrodible material. As oxide layersor other corrosion productsform on
the surfacethey arebroken off by the fretting process and become abr asive
particlesto further enhancethe process. Eventually the relay gap can
become packed with such particles. Fretting isa main cause of relay failure
and the single most prevalent cause of a closed relay suddenly becoming
intermittent under vibration.

»

Contact points where rubbing generates hard oxide particles

A relay interface beginning to fill with oxide grit due to fretting

The results of this fretting can be minimal to disastrous and in most practical appli-
cations fretting competes with arcing to be the most severe source of relay wear.
Fretting generates numerous particles as surface films form and then are rubbed off

and these particles, as oxides, are typically harder than the underlying contact mate-
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rial. If the materials used in macrorelays were ideal and tarnishless there would be
few ramificationsto fretting. Unfortunately thisis not the case and tarnish/corro-
sion formation at the surface is amplified by fretting as the fretting breaks off chips
of corrosion products; the newly revealed surface begins to corrode as the loose
chips form an abrasive driven by fretting to accel erate the process. Under these
conditionsthe relay is soon filled with hard, abrasive, and typically non-conductive

chips of corrosion products -- disabling the relay (Figure 26).

Even in relays made with non-tarnishing metals (such as gold) fretting vastly accel-
erates wear by generating grains of strain hardened metal which are harder and

therefore abrasive.

Fretting typically does not occur at al in truly microscale relays. The minute
masses of the parts (typically nanograms versus many grams for the smallest mac-
rorelays) reduces the coupling of vibration to negligible levelsin microrelays, elim-
inating fretting effects. The relays presented here have never shown the
characteristic scratches or intermittent contact that would accompany fretting. This
tremendous advantage inherent in scaling eliminates a scourge which has been the
subject of thousands of relay research papers and which is still aprimary cause of

wear in macrorelays.
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7.4 Relay opening

7.4.1 Contact adhesion and separation

Dueto the welding effect discussed earlier the contact can be assumed to simply be
two blocks of material joined by connections the size of the contact areas. Asthe
relay is opened the contact areasresist plastic flow until the stress exceeds the yield
stress, at which point the material necks down significantly. Failure is then
enhanced by the many cracks along the contact interface. This separation is very
similar to a standard bar-pulling test, and the yield stress for separation can be
obtained in similar ways [10]. Since the yield stress is lower than the hardness by
about a factor of 3 the opening forceistypically lower than the closing force and
the ratio of the two, often called the “adhesion coefficient” istypically less than
one. Due to differences in mechanisms and surface energies adhesion coefficients
are substantially different for different materials at extremely low loads. Once plas-
tic deformation is entered the values of the adhesion coefficients of different con-
tact metals become approximately equal at one third (the ratio of yield stressto
hardness) if surface energy terms are ignored. For macrorelays thisis afairly safe

assumption, although it must be more thoroughly explored for microrelays.

Thermal softening can complicate the issue substantially. As we have already seen
in section 7.3.3 the effects of current include increased temperature and increased

area of contact due to thermal softening. This area counts as welding area and must
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be added to the contact area. Thus many studies of adhesion coefficient which use
different currentsto measure the resistance (in order to determine area of contact by
(EQ 9)) produce different results for similar materials. Additionally any contact
which has passed current will require increased force to separate it, and by this

mechanism the force to separate a contact can exceed that required to close it.

These basic mechanisms are the important elements of macrorelay contact separa-
tion. Microrelays, with their lower force operation, turn out to be somewhat more
complicated and a more complete development of design guidelinesfor microrelay
separation requires substantial characterization of plastic transition point and sur-

face energy forces.

7.4.2 Particle generation

A full analysis of the requirements for particle generation in metal-metal contact
can be found in [20] and depends on finding the balance between the energy of
newly created surface and the energy stored in deformed material during closing.
The important point isthat for gold, the contact material used here, particle genera-
tion requires a minimum force of 250mN, well above the force levels used in our

microrelays. Thisis another advantage for low force usage.
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7.4.3 Opening arc

As contact points are separated they can pull and neck out into points. These points
are ableto initiate an arc by methods completely different than the electron cascade
mechanism discussed earlier in association with the Paschen curve. As the points
first separate they are extremely close together and extremely sharp, leading to
direct electron field emission (also sometimes referred to as ballistic emission).
These electrons flow from the cathode to the anode, where they form atiny spot of
great temperature due to energy dissipation and electric field due to a generated
space charge of ions. This high energy region continues stripping and liberating
ions from the anode to form an ionic counter current. This discharge mechanism,
onceinitiated, isfairly stable and survives extension to severa timesitsinitial
length. This process by which an arc is always formed in an opening current under
load (even in vacuum) is often referred to as the “metal vapor arc” or “Townsend
arcing.” In atmosphere and when sufficient mean free paths are available the metal
vapor arc typically servesto initiate a conventional electron cascade arc and the
system transitions into conventional arcing if the conditions areright. Thisis pre-

sumably what happened in Figure 12.

FIGURE 27. Ascontacts separ ate fine points (on the order of a nanometer)
can be generated which will initiate Townsend arcing. Electrons emitted
from the cathode sublimated ions from tiny spots on the anode and a
countercurrent isinitiated, even in vacuum. If conditions areright this can
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lead to cascade breakdown by providingtheinitial arc (which needsfar less
voltage to sustain than to form).

I on§l*

+—
€

Unlike the conventional electron cascade arc (Figure 28) the metal vapor arc has

predictable wear behavior, the material transfer of the metal ions goes from anode
to cathode and isrelatively minimal. Thisis another dramatic advantage of
microrelays, since proper design can eliminate all but the metal vapor arc. Macrore-
lay design, contrastingly, typically does not worry much about metal vapor arcing

because it isinconsequential compared to cascade arcing.

FIGURE 28. Material transfer direction and magnitude in conventional arcs
involves at least six conflicting mechanismswhich lead to extremely
complex wear behaviors. Thistypical plot of wear direction and magnitude
for a particular macro-relay system [21] shows how difficult to
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characterizethis process can be. Microrelays which avoid most arcing face
much simpler wear issues.
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The predictable nature of the Townsend arc materia transfer also demonstrates

another reliability issuein that it always occurs from anode to cathode. Thusrelays
will be worn out faster when switching DC in auniform direction and for cycle test-
ing microrelays should be tested in asingle direction to generate the most rapid fail-

ure.
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8 Considerations for microcontact design

8.1 Materialsfor contacts

From the discussion of defects and long term material behavior it isevident that the
ideal contact material should be something stable over the long term, preferably

with minimal defects and controllable grain size. Grain size control isimportant

because it affects microhardness and defect transport. MEM S is well suited to this
task as MEM S films are often super high purity and of controllable structure. This
compares favorably with conventional contacts which are usually made with pow-
der metallurgy using powders with a maximum of 99.95% purity and large, unpre-

dictable numbers of defects and grains.

If the designer has a controlled environment without alot of overly large forces a
soft material isalso preferableto ahard one. A soft material makesit easier to make
and break contact. The primary disadvantage is that a softer material is generally
more susceptible to fretting. Historically this has led to harder materials for larger
relays and softer materials for smaller relays. For our microrelays fretting is not a

significant factor and soft materials can be used.

Having chosen uniformity and softness as initial constraints the issues of thermal

stability and surface film formation can be considered. Gold has one of the highest
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melting points of soft metals and does not form surface films, making it the pre-

ferred choice when all design criteria are considered.

8.2 Force and mass consider ations for contact
If thereisasingle greatest advantage inherent in MEM S based microrelay design it

isin the elimination of excessforce and mass. The minute masses and forces almost
completely eliminate the inertial effectstypically present in even the most carefully
actuated macro-relay because mass decreases as dimensions cubed. This eliminates
bounce on contact by reducing the kinetic energy in the moving parts. In dozens of
transient tests observed on timescal es from 10 microseconds to 2.5 nanoseconds
during thiswork no bounce was ever observed. This is tremendously important
because each bounce sends the relay al the way through the relay cycle again. A
bounceless relay capable of 10 million cycles might be rated at only 1 million
cycles with areasonable average of 10 bounces. The reality can be even worse than
this since the bounces happen close together and dramatically increase the time

spent in arcing and high temperature conditions.

Additionally, the elimination of excess force reduces the defects generated at each

closing. Thisin turn leads to more tractable surface behavior.
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8.3 Eliminating arcs

To eliminate arcs for microcontacts we must consider only two types of arcing,
maximum hold off voltage breakdown and the opening arc. Operation in vacuum is
one solution available to microrelays but not easily to macrorelays which deals
nicely with both issues. Thelack of any gasat all dramatically increases the hol doff
voltage in amicrorelay by moving the operation point farther to the left on the Pas-
chen curve. Vacuum also rapidly quenches the opening arc right after the metal-ion
stage. Unfortunately it also slows the response of the thermal actuators which are
used almost exclusively here. A few macroscopic relays have been vacuum pack-

aged but it dramatically increases cost.

Electronegative gasses (or appropriate choice of gas from Figure 11) minimize arc-
ing while at the same time conducting heat; the pressure can then be set to the low-
est value practical for operation of the thermal actuators. It should be recognized

that thisis the opposite advice than would apply to macrorelays regarding pressure
since on the right-hand side of the Paschen curve increasing pressure increases hold

off voltage.
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9 Comparison of macro- and micro-relay design
paradigms

Having enumerated many of the issues surrounding relay contact design it isworth-
while to compare the design of macrorelays and microrelays. Such a comparison
helps to illustrate the dramatic differences in design and eliminate many of the per-
sistent yet incorrect intuitive tendenciesin relay design; following design intuition

based on macrorelays can easily lead to non-functional or unreliable microrelays.

FIGURE 29. Design flow chart for macrorelays. Starting with high force
actuators, large gaps, and lar ge masses leadsto ar cing, bouncing, and
fretting. All of theseissuesreinfor ce the tendency to use bigger and
stronger components and harder and mor e exotic contact materials.

Large High force actuators,
masses large gaps

N <
=D

Make it bigger
and tougher!

The design cycle of macro-relays (Figure 29) feeds back into making larger and
bulkier devices. The large masses inherent in a macro-relay promote fretting and
bouncing, which cause substantial physical wear and encourage the use of harder

contact materials and thicker starting materials. The large gaps cause very damag-
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ing closing arcs, which are magnified tremendously by the bouncing caused by
high forces and masses. The arcing, like the physical wear, encourages the use of
exotic and hard materials and thicker starting electrodes. While some of this might
be mitigated by using lower forces, high forces are needed to get good performance
out of the harder contact materials and reducing the force faces diminishing returns
because the masses and gaps cannot change much with macro-machined relays. All
of thistogether forms a design feedback that encourages higher forces and stronger
subassemblies. The resulting contact metal choices (which often involve suspended
oxide particlesto increase hardness) lead to theissues of diffusion and wear particle
generation discussed earlier - areliability problem that is often addressed by apply-

ing more force or larger contact areas (so that at |east some area will prove viable).

Microrelay design, on the other hand, beginswith adifferent set of assumptions and
heads in a completely different direction (Figure 30). The tiny masses involved
(nanograms in this work) eliminate fretting. The combination of these tiny masses
with relatively low force levels (micronewtons in this work) eliminates bouncing.
The small gaps eliminate closing arcs so the only arcs causing wear are the rela
tively benign Townsend arcs that occur each time the relay opens, which isequal to

once each relay operation since there is no bouncing.

FIGURE 30. The microrelay design flow. Unlike macro-relay design we
begin with the assumption of small gaps and masses with limited available
force. Theonly arcingis Townsend arcing and the physical wear isminimal
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(though the available wear volume isalso minimal, so thiscannot be
ignored). The most important factor becomes the make and break of good
electrical contact.

Small Small
Low force levels
gaps masses
\
Little/no
arcing -

Optimize for good
contact. Characterization
needed for arcing
and wear

The main issue, then, is one of characterization to discover how low the values of
force can go while still providing adequate contact and separation. Substantial char-
acterization is required, for example, to discover the plastic transition point of a
micro-relay so that the regime of operation can be established and the proper design
equations used. While it might seem trivial to simply plug material propertiesinto
the equations presented earlier the complexities of surface science complicate
things dramatically: the degree of work hardening going on at the surface interface
will dramatically affect behavior, as will the number of actual contact points since
the equations presented above generally use a continuum approximation of asingle

contact point. Once a couple of important establishing experiments have anchored
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the behavior, however, designs should be possible which take advantage of all the

different behaviors of micro-relays.

10 Conclusion and caveat

The principle conclusion from contact physics considerations is that macrorelays
and microrelays are completely different devices. Microrelays have masses small
enough to eliminate bounce and gaps small enough to eliminate closing arcs. This
low mass and non-arcing geometry is the definition of microrelay that will be used
here, and is auseful definition in that it prescribes when to use the macrorelay
design philosophy (Figure 29) and when to use the microrelay design philosophy

(Figure 30).

One caveat which needs to be mentioned is that the information presented here has
been presented in a microrelay centric fashion. The contact physics are presented
such that if one wantsto alter arelay presented in thiswork for larger holdoff volt-
age, for example, it will be clear that vacuum or different gaps can be applied and
that wider gaps would introduce closing arcs. Meanwhile little information has
been presented covering some of the ingenious solutions that have been applied to
macrorelays to get around some of the problems presented here. In applications
where zero bounce is required (such as super high reliability relays for spacecraft),

for example, relays sometimes have dedicated PID controllers which apply care-
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fully controlled driving impulses that cause the relay to close softly and remain
anchored. These solutions have drawbacks in size, cost, and complexity and such

methods are considered outside the scope of this analysis.
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CHAPTER 3

Fabrication

“ Should various misfortunes assail thee, perseverein patience of
body, speech, and mind.”

- Buddhist Scripture

12 Process selection

The discussion of contact physics established a number of criteriafor building a
successful and efficient relay. Working through the design considerations showed
that if we can expect some flexibility and options in actuator design the desirable
qualities for contact design are minimal mass, soft metal contact, availability of
good contact metal chemical isolation, and preferably some mechanical versatility

to allow characterization and creative implementations (such as bistable relays).

In thiswork one more criteria was added: foundry availability. This was desirable
not only to maximize repeatability and technology transfer possibilities but also to
establish a cost baseline and reduce the amount of effort that must be expended in

process devel opment.
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Given these criterion and the fact that many actuation methods have been devel-
oped for the available foundry processes we used the MCNC MUMPs process[22]
for avariety of reasons. The desirability for low massto eliminate excess force (and
thus bounce and excess wear) strongly suggests surface micromachining, and while
ahybrid surface-bulk device offers intriguing advantages such processes are not
currently foundry available except on a bulk undercut basig23]. CMOS (with
undercut post-processing) and MUMPs are the only processes that provide foundry
surface micromachining. After some unsuccessful switch construction efforts using
CMOS [24] the gold on chrome on polysilicon contact materials available in
MUMPs were determined to be very advantageous and capable of making true 4-
terminal relays; chromeisan excellent diffusion barrier and has low intermixability
with both of its neighboring materials and the gold is an ideal low-force contact

material.

Thetwo major disadvantagesin the MUMPs process are that there are no insulating
structural layers, which makes drive/signal isolation very difficult, and the thinness
of the gold, which makes lateral contact design difficult and can lead to low life-
times. Both of these required additional processing on the MUMPs dice once they
had been returned from the foundry but methods were developed that allowed both
additional stepsto be done with one mask and no equipment more complicated than

acontact aligner, spinner, and hot plate.
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The entire process used for fabrication is summed up in Table 1, where it can be
seen that most of the fabrication occurs at afoundry. Only three steps, using one
mask, are done as postprocessing to enable the relays to have electrical isolation
and increase durability.

TABLE 1. Fabrication process overview for microrelays

1. Commercia foundry does MUM Ps process,
dice returned to user.

2. Electroless gold deposition: no mask, thickness
controlled by time.

3. Photoresist patterning to allow nonconductive
mechanical connections. one mask.

4. HF release and air or critical point drying

13 The MCNC M UM Ps process

13.1 Thebasic fabrication process
The standard MUMPs process is quoted here from the MCNC MUM Ps process

web page [25], most of the figures have been removed for brevity but two images
from the same site showing a cross section before and after release have been

included at the end:

“The MUMPs processis athree-layer polysilicon surface micromachining process
derived from work performed at the Berkeley Sensors and Actuators Center
(BSAC) at the University of California. Several modifications and enhancements
have been made to increase the flexibility and versatility of the process for the
multi-user environment. The process flow described below is designed to intro-
duce inexperienced usersto polysilicon micromachining. Thetext is supplemented
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by detailed drawings that show the process flow in the context of building atypical
micromotor.

“The process begins with 100 mm n-type (100) silicon wafers of 1-2 ohm-cm
resistivity. The surface of the wafers are first heavily doped with phosphorusin a
standard diffusion furnace using POCI3 as the dopant source. This helps to reduce
or prevent charge feedthrough to the substrate from electrostatic devices on the
surface. Next, a 600 nm low-stress LPCVD (low pressure chemical vapor deposi-
tion) silicon nitride layer is deposited on the wafers as an electrical isolation layer.
Thisisfollowed directly by the deposition of a500 nm LPCVD polysilicon film-
Poly 0. Poly O is then patterned by photolithography, a process that includes the
coating of the wafers with photoresist (Figure 1.2), exposure of the photoresist
with the appropriate mask and devel oping the exposed photoresist to create the
desired etch mask for subsequent pattern transfer into the underlying layer (Figure
1.3). After patterning the photoresist, the Poly 0 layer is then etched in an RIE
(Reactive lon Etch) system (Figure 1.4). A 2.0 nm phosphosilicate glass (PSG)
sacrificia layer isthen deposited by LPCVD (Figure 1.5). Thislayer of PSG,
known as First Oxide, isremoved at the end of the process to free the first mechan-
ical layer of polysilicon. The sacrificial layer islithographically patterned with the
DIMPLES mask and the dimples are transferred into the sacrificial PSG layer by
RIE, as shown in Figure 1.6. The depth of the dimplesis 750 nm. The wafers are
then patterned with the third mask layer, ANCHORL, and reactiveion etched (Fig-
ure 1.7). This step provides anchor holes that will befilled by the Poly 1 layer.

“After etching ANCHORYL, the first structural layer of polysilicon (Poly 1) is
deposited at athickness of 2.0 nm. A thin (200 nm) layer of PSG is deposited over
the polysilicon and the wafer is annealed at 1050C for 1 hour (Figure 1.8). The
anneal dopes the polysilicon with phosphorus from the PSG layers both above and
below it. The anneal also servesto significantly reduce the net stressin the Poly 1
layer. The polysilicon (and its PSG masking layer) is lithographically patterned
using amask designed to form the first structural layer POLY 1. The PSG layer is
etched to produce a hard mask for the subsequent polysilicon etch. The hard mask
ismore resistant to the polysilicon etch chemistry than the photoresist and ensures
better transfer of the pattern into the polysilicon. After etching the polysilicon
(Figure 1.9), the photoresist is stripped and the remaining oxide hard mask is
removed by RIE.

“After Poly 1 isetched, a second PSG layer (Second Oxide) is deposited (Figure
1.10). The Second Oxide is patterned using two different etch masks with different
objectives. The POLY1 POLY2_VIA level providesfor etch holesin the Second
Oxide down to the Poly 1 layer. This provide amechanical and electrical connec-
tion between the Poly 1 and Poly 2 layers. The POLY1_POLY2_VIA layer is
lithographically patterned and etched by RIE (Figure 1.11). The ANCHOR2 level
is provided to etch both the First and Second Oxide layers in one step, thereby
eliminating any mis-alignment between separately etched holes. Moreimportantly,
the ANCHORR2 etch eliminates the need to make a cut in First Oxide unrelated to
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anchoring aPoly 1 structure, which needlessly exposes the substrate to subsequent
processing that can damage either Poly 0 or Nitride (see Section 2.3.3). The
ANCHORR2 layer islithographically patterned and etched by RIE in the same way
asPOLY1 POLY2 VIA.

“Figure 1.12 shows the wafer cross section after both POLY1 POLY?2_VIA and
ANCHOR? levels have been completed. The second structural layer, Poly 2, is
then deposited (1.5 nm thick) followed by the deposition of 200 nm PSG. Aswith
Poly 1, the thin PSG layer acts as both an etch mask and dopant source for Poly 2
(Figure 1.13). The wafer is annealed for one hour at 1050C to dope the polysilicon
and reduce the residua film stress. The Poly 2 layer islithographically patterned
with the seventh mask (POLY 2) and the PSG and polysilicon layers are etched by
RIE using the same processing conditions as for Poly 1. The photoresist then is
stripped and the masking oxide is removed (Figure 1.14).

“Thefina deposited layer in the MUMPs processis a 0.5 nm metal layer that pro-
vides for probing, bonding, electrical routing and highly reflective mirror surfaces.
The wafer is patterned lithographically with the eighth mask (METAL) and the
metal is deposited and patterned using lift-off. The final, unreleased structure is
shown in Figure 1.15. The wafers are diced, sorted and shipped to the MUMPs
user for sacrificial release and test. Figure 1.16 shows the device after sacrificial
oxiderelease. Thereleaseis performed by immersing the chip in abath of 49% HF
(room temperature) for 1.5-2 minutes. Thisis followed by several minutesin DI
water and then alcohol to reduce stiction followed by at least 10 minutesin an oven
al110C

FIGURE 31. Cross sectional representative drawings of a micromotor
fabricated by the MUM Ps process befor e and after release by sacrificial
silicon dioxide etching in hydrofluoric acid. Step shapesarerepresentative,
but approximate. (from [25])

2nd Oxide 1st Oxide

Beforerelease

Silicon Substrate
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14 Electroless gold deposition

Asdiscussed in the design of the lateral contact geometries, it would be very desir-
ableto add additional gold to therelays, preferably in such away that it would hang

over the edge of the contact structures.

There are anumber of available techniques that could be used to add gold to the
contacts. Evaporation and other patterned techniques are undesirable in that they
tend to eliminate or minimize lateral growth and overhangs, which are exactly what
wewant in order to get agood lateral contact. Electroplating isgood in that the gold
experiences approximately isotropic growth (leading to good overhangs), but bad
inthat it requires all the gold to initially be wired together. While others have dem-
onstrated methods for wiring together structures temporarily and using mechani-
cally breakable or fusible links to separate them after electroplating [26] it can
quickly be seen that applications requiring large numbers of relays combined with
the many partsin arelay leads to chips dominated by fusible link layout and very
complex fusing routines. Thusit is highly desirable to have amethod that adds gold
isotropically without requiring wiring and biasing. The method used here combines
ameta-stable solution of gold salts with a catalyst that activates at sites with an ini-

tial metal layer to accomplish maskless electroless plating.
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14.1 Basic types of electroless plating

Electroless plating solutions can be grouped into two general categories: chemical

replacement solutions and meta-stable solutions.

Many chemical replacement solutions, including some typicaly referred to as
“electroless gold” [27], contain metal complexing solutions which can transition to
alower energy state by exchanging the gold they contain for a baser metal liketin
or lead. These solutions are typically used for gold coating printed circuit boards or
connector pins and accomplish the task very well by stripping off several microns
of the metal present and depositing gold in its place (the processis self diffusion
terminating at a depth of about 6 microns). As an experiment aMUMPs die was
placed in the solution to observe the effects; the result was that the solution stripped

the gold off the MUMPs die.

Meta-stable solutions, on the other hand, are supersaturated in at least one compo-
nent and deposit it wherever conditions are right to propagate the appropriate reac-
tion. Super-saturated electroless nickel solutions are an example of this, but super-
saturated gold solutions are typically unstable. Thus, more complicated chemistry

is needed.
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14.2 Chemical meta-stability
Meta-stable solutions can be visualized with Figure 32. Point A may belocally sta-

ble but the solution would be at lower energy at state B, this creates a drive for the
reaction from A to B to proceed. In this situation the state A is said to be in an ener-
getic potential well or “col” and the depth of the col isU. Until aspecieshas at |east
U energy it will be unable to exit the col and proceed from A to B, therefore the
reaction does not proceed without outside energy even though, if each point were

individually considered, it is energetically favored.

FIGURE 32. Energy diagram for a meta-stable solution. Point A islocally
stable, point B isglobally stable and has less potential energy than A but is
isolated by a potential peak of height U. Unless a specieshasat least U
energy availableit will be unableto go from A to B. Ucisthe potential peak
in the presence of a catalyst. To makethe solution self patterning enough
heat isprovided to put the solution between Uc and U and a catalyst is
provided that only adsorbs and workson certain target materials.

Energy
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14.3 Catalytic meta-stable gold deposition

If the value of U is below the available energy (typically thermal and interfacial)
the A to B reaction proceeds spontaneously. This is often the case for supersatu-
rated solutionsinvolving gold, rendering them too unstable to use. If the value of U
is above the thermal energy by a small enough valueto allow surface energy to sup-
ply therest, the A to B reaction will only occur spontaneously at theinterfaces. This
is often the case for electroless nickel or supersaturated sugar solutions and thus
more nickel or sugar will grow in the presence of appropriate nucleation initiators
like acrystal of the appropriate material. The larger number of free atomic bond
sites at sharper edges causes these to be encouraging growth sites, similarly once a
crystal beginsto grow favorable sites are in the directions along which the crystal
|attice has the most additional sites available -- and thisiswhat causes dendritic

growth.

The solution used for gold electroless plating in this work is potassium aurous cya-
nide (KAuU(CN),) and potassium cyanide (KCN) in a highly basic solution (KOH
and water); this solution has a high U value and requires borane dimethylamide
((CH3),NH:BH3) as a catalyst, increased temperature, and interfacial energy to
allow the reaction to proceed. Previous work from which this solution was derived

[28] did not reveal al the ingredients used but the formulas rederived for the
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present work are quite effective and deposition rates well above the maximums

reported in [28] were achieved.

The stability of the potassium aurous cyanide solution is such that even with the
catalyst (dimethylamide borane or DM AB) the temperature needs to be maintained
above 60C in order for the gold to precipitate out as a coating on existing gold and
other surface features with appropriate atomic energy functions. The processing is
carried out within ateflon beaker sitting in a heated water bath, but other than peri-
odic rehydration to combat evaporation no other processing is needed (Figure 33).
Therecipe given in Figure 33 shows that the molarities used in this solution can be
fairly flexible and the specific amounts added for atypical successful solution give
good starting points for further development. The order in which these ingredients

are added are NOT arbitrary and should be followed.

FIGURE 33. Thesetup for doing meta-stable catalytic gold plating requiresa
hot plate, water bath, beaker, and thermometer. A syringe facilitates
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rehydration and solution storage. The basic recipe used at 73C is shown at
right, seethetext for more details.

= s===== Additive gold bath ingredients in the appropri-
= ate order for adding to solution. Molarities are
in parenthesis, quantities for the specific solu-
tion discussed in the text are in brackets:

1. KCN (0.01-0.02) [3.3mg]

2. KOH (set pH 13.5) [173mg]

3. Water [5ml]
4

. Potassium aurous cyanide (0.01-0.02)
[14.4mq]

5. DMAB (0.07-0.15) [20.6mg]

{
@
| 2
lwun\l
/
/
\
|

g

After the water is added it is best to wait until &l the solids have dissolved before
adding the gold salt to prevent premature precipitation. Once the first two ingredi-
ents are fully dissolved the solution is very stable. After adding the gold salt the
solution is still exceptionally stable and can be heated or stirred to any extent
desired. The depth of the potential well is such that even after the DMAB is added
the solution isfairly stable and requires el evated temperature and appropriate sur-
faces to deposit. The reaction will still proceed at avery slow rate within tempera-
tures encountered around the lab, however, so storage in asealed inert container is
recommended. A syringeisvery handy for handling and storing these small
amounts of liquid. Theliquid itself is not particularly dangerous (other than being a
strong base) but some of the ingredients are and handling of the DMAB, at least,
should be done under a fume hood or in ahigh air flow area. Mixing the solution

with acidsis also to be avoided asiit can release the cyanide in gaseous form.
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The 5ml of solution made using the exact recipe in Figure 33 coated 3 chips thor-
oughly (including around the edges of two) before being sacrificed by running a
process with some graphite dust mixed in to precipitate out as much gold as possi-
ble - the solution was found to still contain plentiful gold. The solution is tremen-
dously reusable since aimost 70% of the gold salt mass (many mg) is gold and the
dice consume only micrograms each to coat although, as described below, it is not

advisable to use agold starved solution.

Deposition rate can be increased by increasing temperature, DMAB concentration,
or pH. The pH stops increasing deposition rate above 13.5 so this was chosen as the
operating point here. The DMAB has been shown to have linear proportional effect
on the deposition rate up to at least 0.17 molar. Increasing DMAB concentration,
however, also appeared to lead to rougher surfaces so it is not used extensively

here.

Increasing the KCN molarity decreases the deposition rate until about 0.07 molar,
and increases deposition roughness significantly (apparently by adhering to the sur-
face and decreasing the reaction rate). It is also a necessary component, though, and

cannot be eliminated entirely. Minimum molar balance quantities are suggested.

It is known that chops exposed to atmosphere devel op organic contaminant layers.

These appear to increase deposition probability. Chips processed with and without
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oxygen plasma descumming showed increased deposition probability in dice with-
out plasma descum. Die without cleaning grew substantial gold on the die side-
walls, die fresh from a plasma descum grew very little sidewall gold while
descummed die again grew plentiful sidewall gold if allowed to sit for aweek in
dehumidified but unfiltered air (Figure 34). From thisit is clear that good cleaning

isimportant if minimal collateral deposition is desired.

FIGURE 34. Scanning electron micrographs of die edges after meta-stable
catalytic gold deposition. The one on the top has a substantial gold layer
(all of the light topography) dueto air-carried or ganic contaminants, the
oneon the bottom showslittle gold (only the vertical stripe) despite longer
deposition processing after being oxygen plasma descummed. While not
strictly necessary this sort of cleaning produces chipswith less collateral
deposition.
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As shown by scanning electron microscopy in Figure 35, the gold deposition from

the exact recipe listed in Figure 33 (first die using this solution) isfairly smooth and

conformal and provides a continuous gold layer over the edge and into the contact
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gap. Thiswas achieved without masking and with minimal equipment, nicely

achieving the original goals for this processing step.

FIGURE 35. Scanning electron micrograph (left) and electron backscatter

image (right) of a contact gap subjected to electroless gold addition. The
SEM photo shows texture while the backscatter image has high contrast

between materials and shows good coverage. This particular gap was left
with gold bridging it by MCNCs fabrication process.

The purity of the gold deposited using this method was checked using energy dis-
persive X-ray spectroscopy (EDS) in an SEM. Asthe electron beam is scanned
across a surface the el ectrons stimulate emissions of X-rays from the atoms
impacted at wavelengths characteristic of the atomic elementsinvolved. EDS spec-
trawere done on gold deposited on both relays and CM OS aluminum metallization,
the latter because metals are more easily detected by low energy EDS and this pro-

vided an excellent way of checking surface coverage.

FIGURE 36. EDS spectrum of electrolessgold on CMOS 0.25mm pr ocess
metallization to check coverage. The CMOS metallization (which was
spectroscopically examined separ ately) contained small amounts of
titanium and silicon. Both of these diffuse into gold and small peaks of Ti
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and Si can be seen amongst lar ge peaks of Au. The absence of Al peaks
showsthat cover age was 100% for thissample, which was examined within
a day of fabrication beforethe gold and aluminum could interact.
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From the mention of deposition of gold deposition onto CMOS auminum it should
be obvious that gold is not the only metal which this solution deposits onto. Asa
sidenote it is worth mentioning that the process goes much faster with aluminum to
plate and upon dropping a CMOS chip into the solution presented thereis violent
bubbling and immediate plating, within tens of seconds the aluminum surfaces will

be heavily plated and the bath at least partially depleted.

The rapid reaction of gold solution with aluminum also gives away to deplete the
bath, and so characterization was done to establish the changes in gold deposition
asthe gold in the bath is depleted to check the effect this might have on relay prep-
aration. Measuring the deposition rate was somewhat problematic due to the tem-
perature instability of the plating bath and the high dependence of plating rate on

temperature, but in general the plating rate did not vary enough to notice during the
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depletion tests. The big change was in surface texture of the deposited gold. From
the left side photo in Figure 35 it can be seen that the gold from a fresh solution
bath was very smooth. After what was cal culated to be approximately a 30% gold

depletion the surface texture became more rough, Figure 37.

FIGURE 37. Surfacetexture of electroless gold after solution has been
depleted of approximately 30% of its gold supply. Scale bar shows 1mm.

-, -

After another 30% depletion the solution grew gold with an extremely rough sur-
face texture (Figure 38). Thisled to the decision to use solution only within thefirst
30% of itslifeto makerelaysin order to keep roughness from varying significantly.
Extremely depleted solutions can lead to some very interesting gold growth struc-

tures, especially when grown fast on aluminum (Figure 39).
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FIGURE 38. Surfacetexture of electroless gold grown from a solution that
was approximately 60% depleted. The roughness hereistoo unpredictable
for reliablerelay usage. Photo is same magnification as Figure 37.

. .
- s "

FIGURE 39. Three dimensional gold “crystals’ grown on an aluminum pad
using a highly depleted electr oless solution. Scale bar is 10nmm.
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15 Insulating mechanical bridges

Since the MUM Ps process builds structures exclusively out of conductors, addi-
tional processing must be done to provide electrical isolation between relay elec-
trodes and the actuators. Isolation was provided by using photoresist mechanical
bridges to connect the crossbar structure to the actuators (Figure 40). The bridges
wererealized by breaking the actuation drive line with a convoluted interwoven set
of double-poly beams. When photoresist is spun on it connects the beams and pro-

vides mechanical connection without electrical connection.

FIGURE 40. Microrelay structure (unreleased) with a discontinuity in the
polysilicon support in the upper right. This convoluted structure provides
plentiful adhesion area for photoresist bridging and has high yield.
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FIGURE 41. Perspective view of the photoresist bridging structure, showing
the ample surface area provided.

Special care must be taken with the photoresist processing to enable the photoresist
to survive the HF release step which follows. The surface was first cleaned with
water and isopropyl alcohol followed by a dehydration bake at 120C. OCG 825
photoresist was then spun on at 4000rpm for 30 seconds. A prebake was done at

90C for 18 minutes. Exposure takes from 9 to 15 seconds in an I-line contact

aligner, dosage was about 203.2 mJcm? at 28% relative humidity, decreasing by
35% as humidity goesto 32% (both at 21C). The sensitivity of the patterning in this
step required monitoring of the environment and running test chips before each
batch of device dice. The pattern was developed for 2 minutesin 2:1 OCG 934
developer, then rinsed in DI water and isopropy! acohol. After aquick oxygen
plasma descum the photoresist was cured at 170C for 10 minutes. Photoresist pre-

pared this way survives HF release without degradation.
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16 Dicing and sacrificial release

After the photoresist is patterned the dice are ready to be further diced and released.
Any required dicing was done using a DISCO wafer saw by placing the dice on
Blue Sticky Tape and dicing 90% of the way through the 1cm dice received from

the foundry. The chips were then separated using teflon tweezers.

Release was done by soaking the chipsin HF for 2 minutes followed by three or
more water dips with agitation to dilute out the HF. If critical point release was
desired the chips were next moved to methanol and moved to the critical point
machine [29]. For air drying the last dip was isopropanol and the chips were dried
standing on end on an absorbent clean-wipe with dry nitrogen blowing over the sur-

face.

17 Thefinished product

The final result of this process is shown before release in the cross section of

Figure 42.
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FIGURE 42. A cross section of the final processed relay, as seen looking into
a cleave along the crossbar contact surface.

Substrate

uce 23KU

Yield, however, is an issue that needs to be addressed before any assertions can be

made as to the viability of these relays for use in integrated systems.

18 Packaging

Packaging takes places as a series of steps. Die attach was done with colloidal sil-

ver paste, which dries at room temperature. Wire bonding was done with aluminum
wire in a Westbond 800 thermosonic bonder and was extremely problematic as the
pads had very poor adhesion to the substrate. Dozens of good relays had to be taken
to the wire bonder to get a couple of bonded relays, although somewhat higher suc-

cess rates were achieved with very high looping bonds (Figure 43).
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FIGURE 43. A die attached and fully bonded relay
- — R s

Once the dice were attached and bonded some method had to be found to package
the devices with their high looping bonds. The first method was ssimply to invert a

similar open cavity package over the first and tape them together (Figure 44)

FIGURE 44. Two unsealed packages made by closing identical open cavity
ceramic packagestogether to leave a chamber in the middle. Thereisno
sealing but themethod islow temperatureand provides effective protection
from incidental handling.
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A more elegant and efficient method can be performed using commercialy avail-
able lead frames and caps [30] as shown in Figure 45. In order to use this method
care must be taken to procure packages which have a open cavity top, in this case
the white ceramic tops also have arim of high temperature epoxy which reflows
and bonds above about 250C. Before packaging the silver paste die attach must be
dehydrated, however, and this was done by an overnight exposure to vacuum (dif-
fusion pump) in the Berkeley microlab “vacpack” machine, followed by a 30
minute dehydration at 150C. This method has been previously shown to yield long
term operation at 2ntorr [31] despite the outgassing tendencies of silver paste so it
was used here to dehydrate before sealing. In this case the sealing was performed
by clipping the package together with a paperclip and placing it on a260C hotplate
for 20 minutes. Microscopi c examination seemsto indicate that the epoxy reflowed
all the way around. A packaging experiment showed that the RTA could also gen-
erate sufficient temperatures to seal packages so if the packaging were donein the
RTA the package could be filled with nitrogen or argon, although not enough chips
reached this stage to test the effects of such packaging. The resultant surface mount
package is strong enough to survive flinging around the lab; light, and tiny enough

to make it hard to handle without tweezers (Figure 45).

FIGURE 45. Photos of the final packaging solution. The left photo showsthe
elementsand a finished package after sometimeat 260C. The photo on the
right shows a surface mount packaged relay die nestling among other

surface mount partson a printed circuit board. The package contains four
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wor king wire bonded micror elays, the entire circuit board isnot much
bigger than a quarter. Bottom photo compar es a 4-micror elay packageto 2
commer cial singlerelays, the commercial relays have similar performance
except that they can conduct more current (6-10 amps).

19 Yield and process stability analysis

19.1 Step 1, commercial foundry processing

19.1.1 Gold bridging
Because the MCNC process uses a lift-off processit is not unusual for gold to
remain bridging gaps that should be cleared of it. Thisisavery common occur-
rence and population counting shows that it happens to approximately 30% of the

gaps, even when design rules are followed. Both gapsin agiven relay must be clear
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for the relay to work because the bridges are sufficiently strong to cause angle
lockup (see the mechanical design chapter), leaving arelay surviva rate for this

mechanism of 49%.

FIGURE 46. Gold bridging across a 6nm gap.

19.1.2 Misalignment

The MCNC foundry process uses a large single mask containing the patterns of all
the dice on a given run and contact lithography. Achieving high quality alignment
across such alarge area with contact alignment can be very difficult and from a
practical point of view their performance is very good. Nonetheless the typical
layer to layer offsets, especially angular, can be very high relative to what most
designers are used to in semiconductor processing. Designing structures to survive
these misalignments is a necessity. Even with these design efforts, however, fabri-

cation misalignment mortality is approximately 20% (this number is difficult to be
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certain of because it is difficult to be certain that a failure should be blamed on mis-
alignment). This number is down from early designs which had misalignment mor-

tality ratesin excess of 90%.

FIGURE 47. A SEM showing a typical misalignment. The layout callsfor a
square 2mm hole in the second polysilicon in the center of a 4mm square
holein the gold.

2nd Polysilicon

28KV X54080
There aso tend to be certain misalignments which, if greater than the thickness of
the second oxide, cause all structuresin acertain orientation (horizontal or vertical)
tofail. On chips with this sort of misalignment all devices oriented a certain way
will fail, meaning that system design within the MCNC process can require placing
all devicesin parallél orientation and fabricating two orthogonal copies. This sys-
tematic misalignment has accounted for approximately 6% of the failures of the
newer designs, usually in systems which were not laid out with all devicesin paral-

lel orientation. This number is somewhat lower than the actua failure rate because
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oncethissort of failureisidentified the devices oriented to fail tend not to get tested

and don’'t become part of the failure statistics.

19.1.3 Destructive overetch

During patterning of the polysilicon layers the plasma etching is run longer than
would be needed to cut through the nominal thickness of the polysilicon. Thisis
done to cut through thicker areas where polysilicon goes over topology, but also
resultsin plasma etching under the photoresist which thins beams. While MCNC
does bloat their polysilicon masksin an attempt to compensate a nominal 2nm
drawn beam was observed to vary from 1.70 to 1.89nm over three runs. Occasion-
ally there will be a section of a chip (usually no more than a quarter of the
1cmx1cm die) where beams of 3mm or below will be overetched so badly that they
are no longer usable. When this happens it destroys relays because the actuators
wither and adhere to the surface when driven. This only happens on afew dice and

so accounts for approximately an 8% failure rate overall.

19.2 Step 2, electroless gold deposition

19.2.1 Unwanted gold deposition
Although flexible and simple the electroless gold deposition technique is not with-
out its flaws. The use of a catalyst which adsorbs to metals makes the energy of

deposition lower for metals and thus causes selective deposition on the metal sur-
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faces. From a practical point of view this means that ideally with a system-wide

energy level above U, but below U in Figure 32 deposition will only occur on sur-

faces already patterned with metal. Unfortunately the energy distribution over the
surface of the chip is not constant and contaminants, junctions between materials,
and angles in material (which present increased surface energy concentrations) all
can act to cause deposition where it is not wanted by raising thelocal energy levels.
Typically this means that extra deposition happens at the edges of cut polysilicon
where it meets other materials as shown in Figure 48. This happens even on chips
which have been carefully cleaned, and can occasionally cause mechanical difficul-
tiesif the particles jam guides or short actuators, leading to amortality rate of about

10%.

FIGURE 48. Nonideal electroless gold deposition caused by local energy
concentrating factors. The same structureis shown before (left) and after
(right) electroless gold deposition. The SEM s show that the gold deposited
not only on the metal that was present (most clearly visible on the
crossbhar), but also along the edges of the actuation rod guide and the
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sliding guide visible near the very bottom of the SEM swhere RI E cut edges

“W Unwanted
gold

After

Be0%  10.0U MSHE

19.2.2 Single structur e massive over plating

Another phenomenon observed with the electroless gold growth is massive over-
plating of single structures. In this behavior a single connected structure somehow
grows gold at a massively enhanced rate. The mechanism is unexplained although
sinceit typically effects large areas of electrically interconnected devices and may
not affect a structure within the effected areawhich is electrically isolated the cause
is presumably electrochemical in nature. This phenomenon causes a mortality rate

of approximately 21%.

FIGURE 49. A pair of relays practically buried in gold. Most of the chip had
only a micron of gold deposited, thickness on this structure appearsto be
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approximately 3mm. Thereason for thissort of irregularity isnot
under stood.

19.3 Step 3, photoresist processing

19.3.1 Generation of “goop”
The involvement of photoresist at this late stage of processing, and especially the
generation of photoresist designed to withstand HF, tends to |eave some unintended
photoresist around the chip. This photoresist can stick down or hold open arelay

and accounts for a 2% mortality rate.

19.3.2 Poor lithography

Poor alignment and over or underexposure typically accounts for less than a 1%
failure rate. This number is very low because many dummy samples are run each

day before any real samples and any time the lithography looks bad it is stripped
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and redone. To be blunt: there are so many other failure mechanisms earlier on that
this step had to be developed to avery high yield level before functional samples

could be made with reasonable regularity.

19.4 Back end - Bonding and packaging

19.4.1 Bond pulling
One problem that seems pandemic to certain fabrication runs through MCNC isthat
wirebonding gets a miserable successrate. In the structures tested here is was not

unusual to have 80% of wire bonds pull up during bonding.

FIGURE 50. Poor wirebond adhesion was pandemic on many chips. Here 8
wirebondsin arow pulled off of atest area made of the layers
recommended for bond pads. The wiresthemselvesremain attached tothe
gold, it isthegold or other layersthat delaminate.
""?4») S

The problem is more serious when it is considered that the failure is not the typical

type where abonded wire pulls off the metal. Rather the failures usually occur very
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destructively as the entire bonding area separate from the die, often taking large

surrounding areas with it.

FIGURE 51. Closeup of the location of aformer bond pad. The bond pad
itself has separ ated from the die, taking two layer s of polysilicon and the
nitride under neath with it. Given that the nitride has peeled away in a
rather large patch, thiswould seem to qualify asa layer adhesion problem.

T

Original pad

outline \

I
Original wire ¥
bond area _t\_

19.5 Overall yield and yield improvement

Combining al these factors we get a non-systematic before-bonding yield for cur-
rent devices of about 24% versus 6% for earlier designs that weren't so fault toler-
ant. Even without the orientation dependent failure mechanisms (so assuming the

correct direction is chosen of that multiple orthogonal copies are made) a24% yield
rate means that a system of only 4 relayswill work only 0.33% of the time, or about

once for every 300 full systems fabricated.
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FIGURE 52. A logic latch cell where 2 out of 8 relays survived. Thissort of
yield makes building lar ge systems problematic. The four relays oriented
horizontally arelocked up by misalignment, the remaining two broken
relays wer e over plated. Nonfunctional relays ar e blackened by current
overloading while conducting probe station teststo determine yield and
cause of failure.
W= -

Wit

Some methods to improve this are suggested by the descriptions of the problems
themselves. Going to stepper based lithography should reduce the misalignments
and eliminate the angular lockup failures typical of whole wafer contact lithogra-
phy. Changing the gold deposition from lift-off followed by postprocessing to a
single step evaporation based deposition with a planetary mount followed by chem-
ical etch may eliminate not only the electroless deposition difficulties but also
much of the bridging, although this requires some process development. Even using
very conservative estimates for the improvements, yields of 70% seem possible

with these changes. Thiswould change survival rate of afour relay system from 1
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in 300 to 1 in 4 with fairly minor process changes. Further development would be

needed to get yields appropriate for much larger systems.

20 Conclusion

In conclusion we can say that although much useful process development has been
done, much more needs to be done to provide higher yields and enable larger sys-
tems. While the steps used here are versatile and quick, lending themselvesto
research applications, they also lack much of the stability of amain line fabrication

process and therefore the yield.

Two of the process steps, electroless gold plating and photoresist insulating
bridges, were devel oped to overcome deficiencies in the capabilities of the avail-
able foundry processes for building relays. Both achieve their goals with minimal

added difficulty, although yield issues remain for the electroless gold plating.
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CHAPTER 4 Actuator Dedign

“..it'sautomatic; it's SYStematic; it's HYDROMATIC!”

-from the movie Grease

22 Theimportance of actuator performance

The choice and implementation of actuator must be driven by the properties of the
contact physics problem. It's also highly desirable to have a structure which can be
driven by conventional electronics without high voltage adaptation. One of the
most important factorsfor this experimental work, however, is simply robustness --
itisvery difficult to troubleshoot a system if the actuation is only marginally ade-
quate. For the purposes of developing micro-relay technology providing low power
actuation has been completely ignored in favor of robustness and an ability to deter-
mine the appropriate design trade-offs. From previous discussion of the properties
of microcontact two elements stand out which become primary design drivers for

MEM s actuator design.
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Thefirst design goal isto produce raw force. We have seen that contact perfor-

mance is directly influenced by the force applied. From this and basic calculations
applied to the design equations (EQ 3) and (EQ 9) with the resistivity 2.3x108 Wm
of gold and the approximate universal hardness 174x107 N/m? (1.74 GPa) we can

calculate that a micronewton of force (if it causes plastic deformation) setsaresis-

tance of one half ohm. Thus we need forces in the micronewton range to establish

contact of the quality desired for conventional relay usage.

The second design goal is an actuator which will apply a greater force to separate
the contacts than to close them. Contact separation force will often be approxi-
mately athird of the closure force(EQ 2), thermal softening and the surface energy
force (EQ 34) can require more force to open arelay than was applied to closeit. In
this sense many actuation designs become insufficient due to the low return force
provided by biasing springs. Until we have designed and thoroughly characterized
the actuators we can’t do the appropriate experiments to determine the relative
importance and the exact separation force we should expect, but from the first we

know that the separation force will sometimes be greater than the closing force.

These main considerations must be coupled with the design requirements to remain
within the microrelay regime of low mass (to avoid bounce) and small gap (to avoid

arcing).
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Since we wish to use a standard foundry process without any assembly we will only

consider electrostatic and thermal actuation.

23 Choosing an actuation method

23.1 Electrostatic actuation, basic consider ations

Electrostatic actuation is common in MEMs. The high force requirements for
microrelays, coupled with the desire for small masses in the actuators, makesit dif-
ficult to solve the problem with any electrostatics other than gap-closing actuators
operating at pull-in. Even with electrodes in pull-in, large arrays such asthosein
[32] would be needed to apply sufficient forceslaterally. In most available foundry
processes such structures typically have significant problems with stiction. Single
large electrostatic plates can be used to provide adequate force, and have beenin
previous work such as[33] and [34]. These large parallel platestend to increase
mass and may result in bouncing as well as proposing a significant challengeto

design such that assembly is not a problem.

An additional concernisthat electrostatic structures lack any way to propel them-
selves apart, amd so separation must be done by a bias spring. While such bias
springs do not have to be weaker than the closure forceiit is a considerable exercise
in design and operation to provide a system with greater separation force than clo-

sure force.
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Thisis not to say that electrostatic actuation cannot produce microrelays! Some
such devices were built during this work. Designing such actuation simply places
more design requirements on the devices being designed and typically leads to

larger layout, lower yield, and lesser performance.

23.2Thermal actuation

23.2.1 Basic considerations
Thermal actuation has been shown to provide more than enough force to meet our
design goal of tens of micronewtonsin multiple foundry processes and in areliable
fashion [35]. The actuators in question are typically compact and low in mass as

well.

Additionally, thermal bimorph structures have a useful asymmetric force applica
tion profile. As heat isintroduced thermal actuation overcomesinterna springsto
provide force to the relay. Asthe system cools the separation forceis equal to a
recovery force as strong as the applied force due to heating plus the internal spring
force which was overcome to close the relay in the first place. While many actua-
tors have some sort of built in return spring, the linear response of thermal actuators
combined with built-in returning springs ensures that the return force will always
be greater than the closure force (unlike possible pull-in scenarios with electrostat-

ics). Thisis accomplished with compact structures that have low mass.
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Thus thermal actuators appear to meet our initial requirements. In depth analysis
and testing, however, isrequired to verify linear behavior, characterize reliability,

and determine what forces will be involved in the contact.

23.2.2 Origins of thermal actuation

Thermal actuation has numerous advantages. It gives a high force with predictable
and linear behavior at the cost of high power required to heat up the system. In
order to establish linearity throughout the system to justify later characterization,

we must begin with the basic origins.

The two primary energies related to atomic separation distancer are the repulsive

energy:

1
Erepulsive H I’_m (EQ 19)

where mis approximately ten, and the attractive energy:

1
Eattractive H F (EQ 20)

which dominates at long range. A plot of the overall energy of two neutral atomsin
asolid with respect to separation (discarding gravitation, which isinsignificant) can

be made by summing these two forces (Figure 53).

FIGURE 53. Energy versusatomic separation for atomsin a solid and some
of therelated values. The minimum ener gy distanceisthe separation the
atomswill have at OK, and at thislocation they have negative potential
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ener gy related to free atoms by the binding energy. Higher binding energy
isequivalent to higher melting and boiling points,

|
S | E repulsive Binding energy
2 \
S \ Atomic Separation
LICJ N EtotaJ
= —
5 ¢/ ==
o —
[a N -
/
| E attractive

Minimum energy distance, b

This plot can tell us alot about a substance]36]. The binding energy, for example,
gives adirect measurement of the energy required to disassociate a solid and as it
increases the melting and boiling points increase. We can also use this plot to
derive the elastic modulus of amaterial by using the fact that forceisthe gradient of
energy with displacement. In order to find the value of potential energy V (from
Figure 53) with respect to displacement one can use a Taylor expansion:

Dy + 12VO

_ Vs 2
+ = + &Y .
V(ry+ Dr) V(ro) Sar e, ZeQ_drz Dr=+HOT (EQ 21)

where HOT refersto the presence of higher order terms. Assuming that the value of

Dr is“small” (a 1% strain or Dr/r of 0.01 makes nonlinear terms insignificant and

yetisalso avery large deflection, so “small” is an appropriate assumption) we can

Microrelay design, performance, and systems

108



Choosing an actuation method

discard the higher order terms. We also note that dVv/dr = 0 at r=r so for deriving
the elastic modulus we can rewrite (EQ 21) as:
158°v0

2
= + = - .
V(Dr) Vro ZeQ_dr > 0Dr (EQ 22)

And since the atomic force is the negative of the slope of the potential energy we
can get the force F directly by:
dv(Dr) _ @&®°Vv0

F = = = Dr (EQ 23)
d(Dr) _gdﬁqo

and we can see that the force F islinearly related to the displacement Dr. When this

atomic elastic modulus (-(d?v/dr?)) is integrated over an area being deformed it
formsthe Y oung’s Modulus E, which is used extensively for macroscopic analysis
of the thermal actuators. We will see how thisisimportant in section 24 after we
have derived more behavior of thermal expansion, for now it is enough to establish

that alinear term can be used to characterize this behavior.

Thermal expansion can be intuitively visualized by considering that increasing tem-
perature adds kinetic energy to each atom. In order to visualize this within the con-
text of Figure 53 we must remember that the atomic position is a probability

governed by quantum mechanics; as the energy level increases the average separa-
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tionishigher because the probability of being farther apart increases faster than the

probability of being closer together (Figure 54).

FIGURE 54. Atomic separation diagram with energy levels of different
temperatures. The quantum mechanical position of the atom is spread over
the resulting ener gy range and the effective atomic separation isthe

aver age position. Because of the asymmetry of the ener gy diagram the
aver age position moves outwar d with increasing temperature. This
particular diagram shows a very high temperature change for clarity.
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Thus we expect to see most of the important responses of a material from its
atomic energy diagram. A deep, sharp plot has a high stiffness, low temperature
coefficient of expansion, and high melting point. A shallow, gentle curve hasalow
stiffness, high temperature coefficient of expansion, and low melting point. This
can be generalized and means that if one has some of the numbers available for a
material, others can be estimated. We can al so see that the thermal expansion of
materialsis a basic principle stemming from quantum mechanics and may be con-

sidered anew “natural length” which resists any deformation with the full material
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modulus (which is effected by temperature). Thisiswhy mechanical expansion

analysisis based on relative temperature changes and not absolute temperature.

23.2.3 Design consider ations of thermal expansion

Thermal expansion has a number of important advantages stemming from its func-
tional mechanism. Since the expanded condition can be considered a natural length
the material exertsall of its elastic modulus against any restraint, this meansthat for
the design scales and materials available to MEM S we can easily produce forcesin
the millinewton range - far higher than by most electrostatic actuation. Addition-

ally, thisforce can be generated in avery small area.

Perhaps more important is the fact that when the heat is removed thermal actuators
return to their previous shape with all the considerable force that they originally
used to deform. Indeed, practical applications use biasing springs which typically
act against the actuation such that initial actuation is the thermal force minus the
internal spring forces and return actuation is the thermal force plus the internal
spring forces. On apractical level this means that thermal actuators for relays by
nature have a somewhat higher opening force than closing force, and this difference
can be tailored. From the relay design point of view thisis very convenient and in

the work presented here thermal actuation is used as the mechanism of choice.
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The main disadvantage of thermal actuationisthat it isvery power inefficient. The
process of heat generation using current is relatively smooth, but the amount of
input power required is very high and the thermal energy is dissipated to the envi-
ronment, requiring constant energy input. Additionally, there is alengthy cooling
time associated with releasing a thermal actuator which defines the speed at which

athermally actuated relay can operate.

24 Thermal actuator design and
characterization

24.1 Thermal actuator design

The empirical performance of various polysilicon thermal actuators have been con-
sidered in a number of different places, notably by Comtois[35] (section 3). Most
thermal actuators employ the same basic principle of using heat induced material

expansion to provide force and displacement.
Unconstrained macroscopic thermal expansion can be expressed by the relation:

DI = | xk xDT (EQ 24)

where Dl isthe change in length, | isthe overall length of the element in question, k
isthe material’ s thermal coefficient of expansion (derived from the previously
described quantum behavior and normally indicated with g, k is used here to avoid

conflict with the surface energy g), and DT is the change in temperature over which
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the elongation is measured. This lengthening comes directly from the increasing
space between the atoms of the material. The interatomic length increases as the
increasing thermal energy changes the equilibrium point between the long range
attractive and short range repulsive atomic forces; and therefore ideal thermal

expansion is completely elastic [37].

The exact opposite case, fully constrained thermal expansion, can also be consid-
ered. Since the atomic expansion is entirely an elastic phenomena constrained ther-
mal expansion can be considered as a simple compression of the material by the
same distance DI. Thus the force exerted by a perfectly constrained heated bar will

be:

F = | xk xDT xA XxE = A xE xD| (EQ 25)

where F isthe force and the A and E are the area of the bar and the Y oung’ s modu-

lus of the bar respectively.

Unconstrained thermal expansion, however, is of limited use since it provides
motion but no work. Fully constrained thermal expansion, if practically realizable,
would be similarly limited because it provides force but no motion. In most practi-
cal systemsthe reality is somewhere in between and in order to do meaningful
design an understanding of the force/motion trade-off is required (Figure 55). By

alowing the thermally expanded beam to provide force against some sort of spring,
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both force and deflection are extracted from the heating power, converting it to use-

ful work.

FIGURE 55. Comparison of unconstrained, fully constrained, and typical
realization of a thermally expanding beam actuator. Thefirst givesno
force but maximum motion, the second gives no motion but maximum
force, thethird givesboth in lesser amounts but does work.
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Complications arise when attempting to predict the output force and deflection of a
practical thermal actuator. Typical thermal actuators use different materials
(bimetal, bimaterial actuators) or differently heating geometries (bimorphs) in the
design of acompliant structure that converts the thermal expansion to longer travel
but weaker force[38]. Many of these devices are based on lever or moment princi-

ples (Figure 56) and can be generalized to networks of simpler structures [39].
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FIGURE 56. Some examplethermal bimorph geometries, all with equal force
amplification in thelinear actuation regime for equal R/r. Two geometries
change direction of motion by 90 degr ees, one by 180.
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24.2 Characterization for implementation

Asapractical matter, then, the realized “thermal actuator” as described in [36] has
itsown internal parasitic springs as part of the structure that turns small motion into
larger motion. Theseinternal springs areimportant because if they are stronger than
the external spring they determine the motion, and at best represent a parasitic load
on the system. Thus, force measurements to date using external reference springs
provide a measurement of an available force/deflection point in a complicated
design space and not measurements of an absolute force production level. This can
be useful if the important part of the system isits performance against a given bias
spring, but against a changing load (such as a closing contact) the information is

less useful. Asthe contact closes the other springsin the system get lessimportant
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as the motion goes to zero. In an effort to find this “zero-travel” force alinear

superposition model was created (Figure 57).

FIGURE 57. Linear model of actuator and load for characterizing thermal
bimorph structures. Variablesused for the various springs and the
generated for ce are shown.
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If the linear model of Figure 57 is considered adequate an equation can be written

for the observed deflection x in terms of the generated force Fy:

Fg = XKj + XK, (EQ 26)

and this equation can be used to design an experiment which will give the zero-
travel force. If we use the fact that internal force production will be identical for
identical temperature changes (EQ 25) and therefor identical power inputsin simi-

lar structures, we can determine the value of K; by testing two structures at the same

power but with different load springs as shown graphically in Figure 58:

Fg = X Ki + XK1 = %Ki + XK, (EQ 27)
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XZKIZ XlKll
K= ~—<= - =
i (Xl X ) (EQ 28)

Here thevalues of x, and x, are directly measured from the experiment, and K, and

K|, can be determined from basic spring theory and beam measurements.

FIGURE 58. A graphical representation of the thermal actuator
characterization problem and the solution used here. The solid line
representsthe performance of a thermal actuator at a given power, with
the completely constrained force F at one extreme and the unconstrained
(zero force) motion at the other. Different measurement springs inter sect
the performanceat different points, limiting their characterization value. If
multiple springs are used at the same power, however, the internal spring
constant k; can be found and the system performance can be calculated for

any load.
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Once Fy and k; are known the system in Figure 57 is fully characterized such that

against any given load both force and motion may be cal cul ated.

For experiments the thermal actuator from [40] was used. The actuator was hooked
up to amotion amplification testing rig asin [36] to increase resolution and a gauge

was put adjacent to the measurement indicator (Figure 59). Theindicator and gauge
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was magnified to a video screen where tape was put over the image and marked to
record the gauge spacing and the motion of the indicator. By doing this and measur-
ing multiple gauge spacings along with the indicator motion separate error bars
were generated for each series of measurements. All of these steps were necessary
to reduce the error in x values to around 100nm. This error reduction was needed to

reduce the error barsin applied F to the levels shown.

FIGURE 59. Thermal actuator test structureswith motion indicatorsand
gauges. Calibrated SEM measur ement showed that the drawn 2mm
structureswere 1.70mm widein the open, growing to 1.84nmm asthey
approached anchorsor other structures.

Figure 60 shows the raw data from the test device of Figure 59 with 2 different

external springs of 0.45 and 2.1 newtons per meter. The calculated internal spring
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constant according to (EQ 28) is 6.0 newtons per meter. Since the internal spring
constant is higher than both the external spring constants the deflection should be
dominated by internal spring constants and we would expect inconsistencies in the
two traces of Figure 60. It can be seen that the two sets of data separate as the test
progresses and above approximately 1.5 volts the error bars of the two sets of data
no longer overlap. Thisillustrates the behavior shown in Figure 58 and is the result

of the different spring constants involved. The divergence will grow worse as K|

becomes larger in relation to K; and as the values of K| involved grow further apart.

FIGURE 60. Raw data from using the sametest structure against 2 different
external springs. Spring indicated force versusdrive voltage is shown for
external springsof 0.45and 2.1 N/m.
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The extracted value of K; was used to calculate Fy from both curvesin Figure 60,
the result is shown in Figure 61. We expect that with K; and K, calculated out the

values of Fy from the two experiments should correspond, and they do. This dem-
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onstrates that the linear model allows for the effective removal of variationsin K| in

calculation and measurement of closure force.

FIGURE 61. Fg versusdrive voltage, calculated from the same data as
Figure 60 using correction for internal spring K;. Note overlapping error

ranges. It can be seen that once the internal spring constant is known the
internally gener ated for ce behaves predictably. Conversely thisactuator
can now be used with knowledge of F, and K;, meaning that the force and

displacement for any load can be calculated.
i6 ' ' ' ' '
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The ultimate application of this method should be to calculate the force of closure

within a contact. Asthe structure we are using is closed the K| goes from near zero

to very large and the closure force becomes approximately:

F = |:g_(|<i " gap) (EQ 29)

because the closed gap no longer allows significant movement.

The quadratic power-voltage relation is defined by:
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P = \LRZ (EQ 30)
where P is the power dissipated, V is the voltage applied, and R is the resistance of
the system. There are numerous higher order effectsincluding thermal coefficient
of resistance, piezoresistivity, thermal coefficient of piezoresistivity, etc. but one
would expect from (EQ 30) and (EQ 25) that the primary voltage to force relation
would be a square-law. Models of first to seventh order were fitted to the data of
Figure 61 with and without the 4 highest voltage points. Without the 4 higher volt-
age points (where the structure could be seen to be plastically deforming) a second
order model of the generated force was found to be most accurate (Figure 62). The

best fit model comes out to:

Fo(V) = (0.9020V* + 0.4318V — 0.0375) x10° (EQ 31)
with units of Newtons, and is the function shown in Figure 62. It should be noted
that the zero-voltage value of thisis-37nN. The standard deviation of the Fy points
being fitted is 519nN and 18 points were used for aleast-squares fitting technique
yielding an expected error for the model of 129nN assuming the square law relation
isindeed appropriate. Residuals from this model were plotted and showed no sig-
nificant bias, further indicating that the model choice is a good one. Thus the zero-
voltage value is well within the model error bounds of zero and we can accept this

model as predictive of the value of Fg for usein the model in Figure 57. This model
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reconciles differencesin the observed data from Figure 60 using only the assump-
tion of linearity, which was established in section 23.2 to have basic physical ori-

gins.

FIGURE 62. Second order model of Fg asa function of input voltage. Values
are computed for each voltage at which real data was taken.
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Measuring internal spring constants becomes more complicated with larger arrays
of thermal actuators (Figure 63) because of the parasitic springs required to link
them together into systems. It can be seen from Figure 57 and (EQ 26) that the out-
put motion x and thus the measured values for deriving Fg in (EQ 28) will be pri-
marily dependent on the stiffer of the two springs. Thustheratio of spring constants

determines how much K; can be resolved and if K is much larger than K, (asisthe

case in the structures in Figure 63) the value of K; will not be visible.

FIGURE 63. A pulling array that uses spring linked thermal actuator pairs.
Each additional pair increasesthe force available but also increasesK;, as
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long asK; issignificantly greater than K, the changesin K; will not be
extractable, though the generated force will remain predictable.

The structures in Figure 63 are not only dominated by K;, but have increasing K;
with increasing numbers of actuators because each added element includes addi-
tional springsin addition to added actuation. Thus we would expect the output
motion with small K, to be approximately equal for varying numbers of pairs of
thermal actuators. Thisisindeed what is observed (Figure 64), but should not inval-
idate our earlier analysis of the internal force (and zero-travel force). Additional
test structures with much larger K, values could be used to measure the internal par-

asitic spring constant of the arrays.

FIGURE 64. Deflection plotsfor setsof thermal actuator arrays of varying
number s pushing against aweak K;. Since K; increases along with increases
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in F, asactuatorsare added deflection/voltage performance remains
approximately the same.
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25 Reliability and optimization of thermal
bimor ph actuators

The basic bimorph layout shown here was chosen for the fact that it has been exten-
sively tested by others for basic behavior [35] and long term cycling limits (shown
to be in the billions or more when run correctly) [40]. The devices showed very
good robustness to processing problems, with the exception of stiction and thus the
“loop” visiblein Figure 63 at the lower end of the actuator linking spring was intro-
duced (detail in Figure 65). The loop can be pulled by a probe to free the actuator
from surface stiction. If the actuators are stuck and thisis not done usually at least
one will bend the wrong direction, shorting itself against the wide bar and melting

the actuator.
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FIGURE 65. Perspective view of the actuator linking structurewith the
“loop” at theend for use at the probe station to free stuck structures.

Other researchers have also demonstrated that optimization routines can produce
thermal actuators with far lower power consumption [41] (Figure 66), and alogical

step would be to implement such actuators to reduce power requirements and area.

FIGURE 66. Power optimized single layer thermal bimorph actuator from
[41], only the section that needsto expand carries current, reducing power
usage, and the leverage system ismor e efficient for conversion to the
desired direction.
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26 Conclusions

Actuator design requirements stemmed directly from the phenomena of electrical
contact. These requirements and practical considerations lead us to the use of ther-
mal actuation. By starting at the basic quantum principles we can see the range of
linearity in al the mechanical parts and an expected square law voltage relationship
for the force generated by a given voltage. Modeling and experimentation bear this
expectation out and we are able to characterize the thermal actuators to the point
that we will be able to not only use them to close contacts, but also to provide

known force levels for characterization experiments.
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CHAPTER 5 Physca.l Conta.Ct
Characterization

“ Form follows function.”

-Louis Sullivan

28 The need for contact char acterization

The contact physics chapter described, asis currently understood, much of the
physics behind electrical contacts. This chapter details new experiments performed

to determine regimes of behavior and outline the design philosophy for microre-

lays.

Considerations of contact physics allowed us to reduce the design space somewhat.
Elimination of fretting and closure arcs has enabled the beneficial use of soft met-

as, and initial gaps should be 5nm for arcing reasons. Forces should also be “low,”
but what, exactly, is“low?’ It has been shown that materials soften as they heat but
how does this interact with the minimum force for plastic deformation and can the

new plastic deformation point be observed directly to anchor these design equa-
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tions? How many contact spotstypically form and what are the implications of this,
taking surface energy into account, for separation requirements? A key set of
experiments must be done to provide the missing physical knowledge to convert
what is already known into sufficient design information for doing rational micro-

relay design.

The experiments presented in this chapter finalize the design space we can use.
Experiments in onset of plastic deformation set the minimum force levelsfor a
given signal current. Characterization of separation forces sets the requirements for
separation force versus closure force. Implementing the results of these two sets of

experiments allowed for increases in relay lifetime from the range of 10-30 cycles

to the range of 107-108 cycles

29 Characterization of plastic defor mation
point

29.1 Statement of the problem

The best electrical contact occurs when the surfaces making contact have experi-
enced plastic flow. This becomes complicated because, as expressed in (EQ 2),

plastic deformation setsin over arange of stress that depends on several factors.
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The situation is complicated by the fact that maximum stress occurs at a depth
below the surface of the material and so plastic deformation does not actually start

at the surface until fully plastic behavior is reached (Figure 67).

FIGURE 67. State of yield in elastic, elasto-plastic, and plastic defor mation
regimes. Themost important factor for electrical contact quality isthat the
surface should have plastic flow, which requiresfull plastic deformation.
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With the appropriate data the rel ation of (EQ 16) can be used to directly observethe
transition point while varying the hardness of the material using the supertempera-

ture heating effect showed graphically in Figure 25.

29.2 Plastic transition char acterization using for ce/current/
conductance curves

To characterize plastic deformation of contacts structures were designed supporting
acrosshar on avernier with a predictable spring constant asin [42] (Figure 68). The
device shown in Figure 68 is a crossbar with two contacts like the devices shown

previously, but is an earlier design with flat contacts asin Figure 82.
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FIGURE 68. Force measurement vernier spring from [42] with an early
contact crossbar design on it. This contact isflat and wound up providing
polysilicon to polysilicon contact.
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The structure was pushed into contact using probes and the force was measured by
measuring the displacement of the vernier springs on avideo screen. The resolution
of the system is 0.1nN after magnification, measurement, and cal culation. Great
caremust be taken not to let stiction interfere with the measurements - the vernier is
only accurate when all the rovings are deflecting together in a coordinated fashion

and the crossbar is dliding freely.

In order to characterize the mechanical mechanisms occurring at various current
levels, I-V characteristics were taken at multiple forces and the data wasfit to the

established relationship of (EQ 16), reproduced here:

G = i—(tF (EQ 32)
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Whereit will berecalled that b is the exponential relation between force and con-
ductance. We would expect b to remain at 1/3 during the entire elastic regime, 0.5
during plastic deformation and unity when resistance is dominated by surface con-

tamination. Current, conductance, and force datais shown in Figure 69.

FIGURE 69. Raw data for force, current, and conductance shown with fitted
constant-current linesfor evaluation. Contact was polysilicon to
polysilicon. The gap in the data isfrom a set of 4 bad data points.

Conductance, ms//

Lines were fitted to the data perpendicular to the current axis (in the constant cur-
rent direction). Once the effect of temperature is removed using (EQ 18) the first
point gives a and fitting the shape of all the points gives b (Figure 70). We expect
the equicurrent fits to show different values of b as the gold contact asperities

soften with temperature, similar to the behavior observed in Figure 25. If the exper-
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iment behaves according to theoretical idealswe should observe an initial plateau at
b=1/3. The value of b should then undergo some sort of transition toward a value of
1/2, eventually ending up at some value from 1/2 to 1 depending on the condition of

the surface.

FIGURE 70. A single equicurrent line from Figure 69, showing the poor
quality of fit for values of b only 10% apart. Thusthefits give good values
of b and allow observation of theregime of operation.
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The resulting values of b from the data fits are shown in Figure 71. The expected
elastic region (region |, b = 1/3) is clearly visible. At a certain current (and associ-
ated temperature) the value of b beginsto increase again, signalling a transition

toward the expected value for plastic yielding (region I1). Asthe current continues
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to increase the value of b begins to change more slowly and tends toward a limit
which may represent a combination of surface films and plastic behavior. Earlier
publication that region 11 modelswere less statistically significant [43] were based
on amathematical error. Theinitial riseto /3 in Figure 71 contains statistically
valid models but is not well understood. The models show gaussian residuals, even
distributions of differences from prediction which indicate that the model is of the

correct form.

FIGURE 71. Plot of the fitted values of exponent b. Uncertaintiesfor the
value of b are 0.015. This shows strong experimental confirmation of some
expected behavior.
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Previouswork hasindicated that at extremely small deformation levelsthe Young's

modulus of gold increases by afactor of 10 and approaches the ideal crystalline
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strength [44]. It is possible that region O represents transition from this much higher
modulus to bulk behavior as previously experimentally observed in nickel

(Figure 19), but thisis still speculation. Currents beyond those shown here caused

nonrepeatable degradation in contact behavior for this particular contact geometry

and were therefore excluded from this test so that all data could be verified on the

same structures. All -V data sets were taken 100 times and any that did not prove

consistent within our error bounds were discarded as unstable. Very good vibration

isolation was required.

One possible interpretation of this datais that the structure is undergoing elastic
behavior at low temperatures, plastic behavior at higher temperatures, and
approaching limits due to contaminating films as the softening continues. If thisis
the case then the transitions from region to region deserve increased scrutiny for
understanding the physics of electric contacts. Indeed, preliminary modeling which
uses Hertz theory to consider the influence of both a plastic and elastic zone does
predict adeparture of b from 1/3 which looks very similar to the experimental data.
Similarly, smulations of softening with contaminating films generate similar
behavior going from 1/2 to higher b values. However these simulations necessarily
still have many fit parameters and cannot be considered rigorous until more experi-

mentation is done.
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Also, the data shown in Figure 71 is now presumed to be polysilicon contact. The
absolute magnitude of the resistance can be used to calculate the size of ametal-
metal contact areausing (EQ 9), and if calculated here the result is on the order of
picometers. Even if this range were mechanically plausible, the behavior of gold-
gold contacts becomes mean-free-path limited below 42nm [45] and behaves quite
differently. Calculations based on apolysilicon contact are more speculative dueto
the unknown effect of contaminating oxides but result in more reasonabl e contact

Size ranges.

Thefina conclusion hereisthat in the 10-25mN force range approximately 1mA is

needed to transition into plastic deformation with polysilicon to polysilicon contact.

29.3 Usage of plastic transfor mation point

Once the plastic transition point is known for the system explored here we can
extrapolate to guide other relay design. Softer materials mean roughly proportional
decrease in force requirements by (EQ 2), (EQ 3), and (EQ 4), while harder materi-
asincreaseforcerequirement likewise. By (EQ9), (EQ 17), and (EQ 18) wewould
expect that an increase in current lowers the required force proportional to the
square of the current change. Thus this experiment enables design in the microrelay
regime by anchoring already known relations and can be used to generate minimum

force approximations for awide variety of microrelay systems.
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From this we can extrapolate, for example, that a gold to gold contact (approxi-
mately 100 times softer than poly/poly) can transition to the fully plastic regimein
the 1mN force range with 10mA of current, or in the 3nN force range with 1nA of
current. Experiments in which force was applied in a controlled fashion (using the
characterized thermal actuators) and the current was swept showed changesin

behavior within 40% of each of these points.

30 Number of contact pointsformed

30.1 Statement of the problem
Separation forceis typically estimated by multiplying the contact areain arelay

(found using (EQ 3) or (EQ 9)) by the yield stress of the material. Thisis areason-
able approximation for large contact areas such as those generated in macrorelays,
although it does not necessarily apply to microrelays. Macrorelays are also typi-
cally designed with large excesses of force so that accurate force approximations

are not important.

The difficulty in estimating separation force arises from the numerous phenomena
that determine the separation behavior, each one of which isimportant in different
area and material regimes. Theissue is further clouded by the fact that entirely dif-
ferent regimes might be involved if, for example, a given contact areais composed

of 5 a-spots (as each contact point is commonly referred to) instead of asingle one.
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Thereis no static way of measuring the number of a-spots without somehow
directly observing the contacts. Direct observation has been done with tools such as
X-ray microscopy [46] but thisis difficult to do with microrelaysin situ. Equations
first touched upon in the contact physics chapter can be used to show that the num-
ber of contact pointsisin fact important in the regime of operation of many
microrelays using gold. The high resolution force prediction ability developed in
the actuator design chapter can then be used to make transient charts that allow for

the development of design rules of thumb for separation force levels.

30.2 Separation mechanism for relays
There are a couple of possibilities for the mechanism involved when two contact
electrodes separate. The electrodes could simply crack along paths approximating
the surfaces before they were pressed together as cracks originating at contact voids
propagate quickly through the worked region where the materials pressed together.
Alternately the contact spots could neck and deform, pulling ductilly asin a stan-
dard mechanical engineering pull-bar test. The distinction isimportant as the first
case will require an energy balance for separation energy analysis and the second
reguires a more complex combination of stress and surface energy during deforma-
tion. To determine the case a super high time resol ution trace was taken of the
opening of amicrorelay (Figure 72). If the mechanism in these microrelaysis rapid

crack propagation we would expect no effect at all until asudden and linear fracture
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separation. If the mechanism for separation isductile pulling asin apull-bar test we
would expect several discrete domains of geometry change, asis experimentally

observed in Figure 72.

FIGURE 72. Transient plot of relay opening under atest voltage load.
Several zones of behavior are seen. Thefinal exponential voltage decrease
may be structural necking or it may be a metal vapor arc, theinitial
straight regimeswould be expected from mechanical necking.
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The resultant plot shows, at a 2.5ns resolution, what appears to be area reduction
during mechanical necking. Thisis perhaps not surprising given that the el ectrodes

involved are gold and therefore both ductile and relatively soft.

30.3 Relation between plastic defor mation for ce and surface
ener gy forces

When separation occurs it resembles a standard mechanical engineering pull-bar

test with contact spots pulling and deforming into narrower cross-sections until sep-
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aration occurs. This entails not only physical deformation forces but also requires

additional energy input to form new surface area (Figure 73).

FIGURE 73. Necking occursasthe contact point deforms plastically before
separation. Thisincreases surface area and thusrequiresadditional energy
input. The cross sectional drawing at left representsthe appearance of a
contact asperity which has deformed to form a contact point, the cross
section at right shows a representative view of what the system might ook
:cike during separation as thejunction necks under an applied separation
orce.
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As deformation occurs there are two main forces involved, one is due to the stress

needed to plastically deform the material and is:

_ 2
Fo = prisy (EQ 33)

wherer isthe radius of the connection being pulled (and is distinct from a - the
effective areal radiusif there were only asingle contact point) and s, is the yield
stress of the material (for gold thisis about 580 MPa). Thisforce can be recognized

asthe tensile strength times the area. The second force is the force due to genera-
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tion of new surface area. Since making a surface requires energy input to a system
the change in surface area due to deformation can be used to calculate the force

input needed to supply the new energy:

Fs = prg (EQ34)
where gisthe surface energy of the material in question (for gold thisis 1120 erg/

cm? or 1.12 Imd).

These two forces have some interesting interactions. The plastic deformation force
istypically dominant on the macro and meso scale due to its increase with the

square of theradius of contact, but it comes close to and isthen less than the surface
energy force at small contact radii. For a given material the two become equal at a

point defined by combining (EQ 33) and (EQ 34):

Ferit = Sg (EQ 35)
y

which works out to be 0.19mm for gold. For a single contact spot this occurs at a
contact resistance of 38mW (for atotal relay resistance of about 80mW), right in the
range of performance seen here. Larger contact points (lower resistances) are dom-
inated by plastic deformation forces, smaller contact sizes (higher resistances) are

dominated by surface forces. It isimportant to note that while the geometry
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changes during separation the force decreases monotonically so it is sufficient to
evaluate the separation force starting from contact to see if a constant force will be

able to separate two surfaces.

The resistance can be calculated in terms of the contact radius by using (EQ 9).
Together with (EQ 34) and (EQ 35) the relative importance of the surface energy

term for force of separation at a given resistance can be calculated(Figure 74).

FIGURE 74. Relative magnitude of surface energy forceto total separation
force asa function of contact resistancein gold. Thisassumes only a single
contact point. It can be seen that within the commonly observed range of
microrelay contact resistance the surface ener gy term becomes dominant.
Thisalso emphasizesthat the surface ener gy term cannot be neglected.
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This analysis gives araw magnitude feeling for the importance of the surface
energy forceif the contact is assumed to be a single a-spot. The practical case, how-
ever, isthat most electrical contacts are presumed to form from multiple actual
material contact points due to surface roughness. The calculations which led to

Figure 74 assumed a single contact point and therefore probably understate the
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importance of surface energy terms. It should be more accurate to take the area cal-
culated from resistance measurements, divide it up into a number of separate con-
nection spots, and use their individual radii of contact to compute the force required
to separate the two samples. Even if the actual number of contact spotsis unknown
thiswill give us afeeling for the magnitude of separation force overdesign that
must be included in areal application. Since our goal is design guidelines for func-
tional microrelays a conservative approach (too much separation force) is prefera-

ble.

Figure 75 shows the percentage increase in surface energy separation force
required as the number of contact spots increases. The comparison is made by cal-
culating the total plastic and surface energy force with asingle spot or with anum-
ber of identical spots equal to the x-axis value which make up an identical areaand
therefore an identical resistance. This plot emphasizes that underestimates of tens
of percent can be made in calculating separation force if the number of actual con-

tact pointsis not characterized in some way, even at sub-ohm resistance levels.

FIGURE 75. Plot showing the percentageincreasein contact separation force
needed as number of contact spots (a-spots) rises above one. All
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calculationsarerelativeto a single a-spot contact and each solid line
representsaresistance from 20mwto 2W, scaled logarithmically.

70%) ' ‘ ' ' ' ' ' - 2w
g - Force increase as T
3 | number of contact //”’ ] 16
o . . —~ —

oints increases — - »

'E 50% P T L3
8 T T 10
S i T T e 108
© I S T T |06
g L 105
S s -
g

0% 120mwW

1 Number of contact spots 10

An interesting ramification of Figure 75 isthat if plastic deformation takes place to
join two materials an increased roughness can increase the adhering force by
increasing the number of contact points. This contrasts with the conventional wis-
dom that rougher surfaces stick less. While more contact points do increase the
force required to transition to plastic behavior they also increase the surface energy
required to separate materials once plastic flow has occurred. The previously pre-
sented behavior of Figure 71, for example, represents a sum of the behaviors of
many points and may represent many individual points going into plastic deforma-

tion -- which would require significantly more separation force.

Thus if we can use the characterized actuators to come up with an approximation
for the rate of contact spot formation within our application we can adjust our per-
formance expectations and design parameters for the number of actual contact spots

we expect.
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Now we know contact spot population has a significant effect on separation force.
We aso have away of measuring the force that is applied during relay or surface
closure by using the characterization presented in chapter 4, so we can measure the
number of spots that form during known force ranges. Such data allows significant
refinement of contact and separation models. The datain Figure 76 shows atest
contact made on atest chip using electroless gold. The data shows the formation of
at least three contact spots within a 3N force range (parasitic structural resistance
was approximately 1450W). The asperity point formation rate shown here of
approximately one per nN appearsfairly consistent across our structures and relays
in multiple tests. This meansthat as we design for a given contact force we can esti-
mate separation forces with much higher accuracy by including an estimate of the

number of active contact asperitiesin the calculations.

FIGURE 76. Direct observation of microasperities being encountered by a
closing contact and transitioning through variousranges of behavior. As
each isfirst encountered it isin elastic deformation and provides less
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conduction, when it transitionsto plastic deformation a drop in resistance
isseen. Experimental current is ImA.
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It isinteresting to note that if we apply the conclusions of section 29.3 to the con-
sideration of Figure 76 we would expect that in the ImA current range an incre-
mental force input of approximately 0.3mN would be predicted to collapse each
gold asperity to plastic deformation. Given that the observed rate of protrusion col-
lapse is about one per micronewton this seems to be well within the realm of believ-
ability. The electroless gold used hereisfairly rough (see the fabrication chapter for
photos) and the observed behavior seems to indicate that little more than the mini-
mum plastic transformation conditions are required to encounter the next asperity.
Similar teststo Figure 76 run with lower currents show larger intervals between

protrusion collapses, although the decreased resolution makes it very hard to see.
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Higher currents appear to transition through asperities too quickly to get unambigu-

ous data.

30.4 Using the contact spot population results
The simplest way to use these resultsisto consider both (EQ 33) and (EQ 35) when

designing separation force and to use an approximation of one contact spot per
micronewton. Preliminary analysis and observation, however, indicates that this
rate of contact spot formation should be altered depending on the current levels
through the contact to take microthermal effects into account. Thus, for example, if
the current levels are only going to be 10mA, we would expect to have a protrusion
collapse only each 10N, although quantitative data for this has not yet been

observed.

It should also be noted that, unlike the earlier plastic transition experiments, the
contact spot experiments may have an extreme dependence on surface texture and

hardness and need to be done for each new system.

31 Conclusion

Novel physical contact characterization has allowed for design guidelines to be
generated which bridge the gaps | eft by classical relay physics. We can now design

in afully specified environment. If arelay isdesired for agiven current load the

Microrelay design, performance, and systems

148



References

minimum actuation force for plastic deformation can be calculated, providing
knowledge of the minimum force that needs to be applied. Earlier equations allow
for calculation of area and resistance so the relay can now be designed within the
force regime desired. Now the effects of the extraforce in terms of contact point
generation and separation force can be calculated. Thisallowsfor actuator selection
with adequate internal spring constant to provide the extraforce needed for positive
separation. In general it can also be said that as arule of thumb higher currents gen-

erate significantly higher areas and separation forces for identical closing forces.

Knowing these design regimes makes a tremendous difference in relay success.
Designs using the force of plastic deformation estimated here and the force neces-
sary to ensure clean contact separation found for this system resulted in devices

with six orders of magnitude better switching lifetimes.
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CHAPTER 6 Mechanical Desgn and
Layout

“ Miracles sometimes occur, but one has to work terribly hard for
them”

-Chaim Weizmann

33 Considerationsfor mechanical design

The contact mechanics and design trade-offs investigated so far have outlined a
well defined design space. The actuator should be hooked up to provide greater
separation force than closure force, the contact should close with tangential and
normal force on the contact points, and the relay must be tolerant of as much pro-
cessvariability as possible. Thismust all be done while satisfying the force/current

balance for plastic deformation.

General purpose relays, then, have some freedom in design because the test current
can be whatever is convenient. Relays to operate within a specific system such as
relay based logic, however, must be designed with considerations of the anticipated

current levels.
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34 Actuator hookup

Thefirst decision is whether to set the actuator to pull or push the relay closed.
Pulling action was selected because it has fewer failure modes, actuation rodsin
tension cannot buckle. While the probability of buckling at the actuation forces
here may seem remote, the fact that the crossbar is allowed some rotation signifi-
cantly reduces the buckling threshold. Thus the device is hooked up to achieve a
positive pulling contact force (Figure 77). Later calculations have indicated that the
separation force will in many cases exceed the contact force in high current applica-
tions so reconsideration of the actuator positioning may be in order for those
devices. Devices subjected to low currents, however, should be arranged to be

pulled closed.
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FIGURE 77. Mechanical overview of arelay with actuator. The actuators
pull the crossbar assembly into the stationary electrodes. The manual pull
ringisfor freeing the deviceif it gets stuck down during release.
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Placement of the electrical isolation bridge was somewhat arbitrary, motivated
more by the need to have it in the clear for photolithography than any mechanical

needs.

The design equations developed in chapter 5 also showed that the level of expected
current playsapart in the design of arelay for issues of minimum closing force and
maximum separation force. The limiting factor (using the careful design parameters
espoused here) becomes separation force for many applications so different sub-

system parts were often designed with different actuation levels. Examples of this
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can be seen in Figure 78 and Figure 79 which show two different system sections

designed with different actuation forcesto carry different loads.

FIGURE 78. General purposedigital logic, thisisnot required to drive much
of aload and has minimum actuation.

FIGURE 79. Digital logic output buffer, thisisdesigned to carry a significant
current load and so hasa largedrive array with very high internal spring
constant to assure separation.
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35 Assuring contact and resisting mechanical
lockup

Dozens of different designs for the crossbar and el ectrodes were tested before the
best one was determined. The final design with the highest yield is shown in

Figure 80.

FIGURE 80. Layout and device of the best crossbar/electrode design. The
curvesand points are designed to reduce stiction problems, the guidepieces
arerequired to maintain planarity and placed to maximize allowable
rotation.

39mm

The gentle concave curves, aternating with relatively sharp convex points where
needed, are shaped in an attempt to guide water meniscus formation away from the
structure wherever possible and to cause the fastest outside-to-inside meniscus tran-
sition possible[47]. While ordinary air-dry yield did seem to increase after the addi-
tion of these elements (such that critical point rel ease was no longer necessary)
control structures were not fabricated so no certain statements can be made about

their usefulness.
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The guides seen in Figure 80 turn out to be one of the most important and difficult
to design portions of therelay. It iscritical that planarity be maintained in order to
achieve lateral contact, without guides the crossbar pivots upward upon contact
with the electrodes and little electrical contact occurs. At the same time the guides
should allow as much freedom as possibl e so that when one of the two contact sides
hits first the crossbar can pivot about it, pulled by the central rod, and be levered
onto the other electrode. Thisis problematic because the clearance between the
guide and thefirst polysilicon underneath it will always be equal to the thickness of

the second oxide both laterally and vertically.

This clearance means that the maximum angular displacement that can be allowed
in the guided arm is 0.5nmm. Each guideis this design 35nm from the centerline and
therefore 44mm from the center of rotation which will occur if the opposite elec-
trode hits first, about as close as they can be placed. Additionally the guides are
located on a straight line with the electrodes to minimize the component of rotation
perpendicular to the allowed sliding direction. Theyield using earlier guide struc-
tures was extremely low and provided motivation for failure analysis. Due to com-
mon misalignments one side inevitably hitsfirst and structures with guides placed,
for example, on the back set of arms (those extending to the |eft of the crossbar in

Figure 80) would frequently bind.
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36 Making lateral contactsin MUM Ps

The MUMPS process [48] has two structural polysilicon layers and afinal gold
metallization. We want to allow alateral relay contact design using the gold metal-
lization. Thus an important contact design consideration is the necessity for metal-
metal contact. Two different classes of design variation were tested and the basic
types are shown in Figure 81 and Figure 82. Each contact topology is defined by a
vertical (or cross-sectional) and horizontal topology. The basic horizontal topolo-
gies are perpendicular contacts, which apply normal contact force, and angled con-
tacts, which approach such that the closure force has both normal and tangential
components (see Figure 82). Two different cross-section topologies for bringing

gold to gold are shown in Figure 81. These are classified here astype | and type l.

FIGURE 81. Two types of lateral contact topologiesto attempt gold-gold
contact in a polysilicon based MEM S process. The top line shows a
schematic cross section of the designs, with all major material layers
labelled. The second line shows a cross section of how each topology is
designed tolook and function after chemical removal of the oxidelayers. At
the bottom isa series of SEM S showing the face of the crossbar and
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electrodes from each design. Theleft pair of photos are from a contact
perpendicular to motion, theright pair are from an angled contact.

Type | Contact coie. Type |l Contact
= Ox% : __Poly 3 Oxide 2
v | B v J ]
Oxide 1 4oy 0 Oxide 1 o _ 4-Poly
|

During operation

FIGURE 82. Views from above of different relay designs. Note that each
relay represents two contact points. Two contact pointsarerequired for a
crossbar to short out the electrodes. The areasin the ovals correspond to
the areas shown in the SEM s of Figure 81.
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e
e
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Angled structures using the type Il topology exhibited the best performance without
supplementary processing. The angle laid out was chosen arbitrarily at 45 degrees
for ease of layout because (as detailed in section 8.2) the optimal angleis not
known. The device shown in the upper right of figure 82 can exhibit a sub-ohm
contact resistance without any additional gold. The contact resistance was stable
when cycled by hand over 80 times with a 5V open circuit, 400nA load and forces
near 500MN. Fatigue testing of this sort has been limited by the inevitable eventual
mistakes made at a manual probe station so structures were designed to test the dif-

ferent relays automatically.

A thermally actuated relay using the structure in the upper left of Figure 82
achieved 2.4W contact resistance (for atotal relay resistance of 4.8W) and 80mA
current maximum when actuated at 7-12V; and contacts implemented using the
type Il angled contacts shown in the upper right of Figure 82 have conducted 0.45
amps with sub-ohm resistances without post processing. These performances are
not typical, however, and often do not stand up to cycling as the amount of gold
hanging over the edge to make contact is minimal and quickly eroded. For thisrea
son it ishighly desirable not only to deposit additional gold but to do so in an iso-
tropic fashion so that there will be considerable lateral gold protrusion to make
contact with. Once additional gold is added the relays perform better and more reli-

ably.
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37 Conclusions

Once sufficient characterization was done, most of the design details were a matter
of simply having enough constraints. While the angle of the contacts was chosen
arbitrarily, almost all other aspects, from guide necessity and placement to number

of actuators, was dictated by the operational specifications of each device.

This section has outlined the many choices made during mechanical design of the
relays. Actuator placement and crossbar design was shown to be governed by
mechanical considerations. Number of actuators sets force and different numbers
are used for different load needs. The electrical isolation bridge was placed for
lithography consideration. Different contacts were tried and afinal design chosen

for yield and durability.
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CHAPTER 7 Electrical Testing and
Characterization

“The only certainty isthat nothing is certain”

-Pliny the Elder

39 Introduction

This chapter details the methods, limitations, and considerations of electrically test-

ing relays in several ways while presenting more comprehensive results as well.

40 Resistance measur ement

Voltage and current were simultaneously measured under computer control by a
Hewlett Packard 4145b parameter analyzer. Our 4145b allowed usto drive with a
sweep of current in the range 1nA to 0.1A while simultaneously capturing the
required voltage up to 10 volts. This method was used for most testing at low cur-

rents but was limited in resolution by our 4145b’ s voltage resolution of 1mV.
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40.1 Extending experimental range

For high current testing an extension setup was built with higher current range and
adjustable voltage sensitivity. The higher current range was needed to explore the
maximum performance and modes of failure of the devices. The adjustable voltage
sensitivity extended the effective dynamic range of testing by allowing best raw

resolutions on the order of 10 M.

The high current test extension takes a swept voltage input from the HP4145b and
convertsit to current using the circuit shown in Figure 83. The OPA516 was con-
figured to provide up to 5 amps DC current load. The feedback circuit, if ideal,
would ensure that the current through the relay was:

_ Vsweep
Rref

and this was very close to true. However, thorough characterization showed that

(EQ 36)

while the current was very stable and linear at any given relay resistance the exact
relation of the current to the sweep voltage varied slightly with load. Thus open
loop sweep control was deemed unacceptable and the current was monitored by
measuring the voltage across Rref. The resistor Rref was implemented with atem-
perature stable structure and the entire circuit was actively cooled to avoid temper-

ature problems associated with the high power in this circuit.
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FIGURE 83. Extender for high current, high resolution tests of microrelays.
The OPA516 was configured to drive up to 5 Amps, theinstrumentation
amplifier was configurablefor gainsof 1, 10, or 100. Actual gains and
offsets wer e characterized.

HP4145b

I:I Output Voltage

Variable
gaininst.
amplifier

The instrumentation amplifier was implemented using an INA103 and was adjust-
able to have designed gains of 1, 10, or 100. Characterization showed the actual
gainsto be 0.992, 9.86, and 111.44 and these values were reconfirmed before any

testing in which the system was used.

Using this system 4 wire measurements could be made with a voltage resolution of
10mV while driving up to 5 A. This gives atheoretical single point resistance mea-
surement limit for the system of 1.8 mA, which can be made better with slope fit-
ting and data averaging techniques. In practice most measurements were made at

lower currents, which reduces the resolution linearly. Most measurements also did
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not use the maximum amplification so that a wider range of behavior could be

observed.

40.2 Resolution of basic measurements

The simplest way to measure the resistance of arelay isto hook a4145b channel (a
Source/Measurement Unit or SMU) to one pad of arelay and ground the other.
Then the SMU current is swept and the voltage is plotted to monitor the resistance

as current changes. With the basic relation:

V =1IR (EQ37)

we can calculate the instantaneous val ue of the resistance at any value of | by trans-

formation,

R =

—I<

(EQ 38)
and we can apply the 1mV measurement uncertainty to see what the resistance
uncertainty isat various currents. During a sweep from 1nA to 0.1mA (the range of
the 4145b) the resistance uncertainty goes from 1kW down to 0.01W. This leadsto
resistance versus current plotsthat look jagged with systematic error at low currents

and smoother at high currents (Figure 84).

FIGURE 84. Plot of data from arelay showing the effects of low voltage
quantization. The upper plot showsthe raw current and voltage output
with error barsrepresenting only the quantization error. The bottom plot
shows the effect of division by plotting the instantaneousr esistance at each
current as calculated using equation 38. It can be seen that theerror bars
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arevery large at low currents and decrease ascurrent increases. This
problem ismore pronounced at lower resistances wher e this absolute
systematic error isalarge multiple of the value to be measured. The plots
use actual relay data.
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Degspite its drawbacks this method provides valuable data as long as the errors are
taken into account and most of the resistance/current plotsin this dissertation were
produced using this direct method; the errors are acceptable as long as the low cur-

rent regimes are avoided.

Y et while this method is sufficient for measuring high resistance relays it becomes
less and less accurate as the resistance becomes lower. The best performing relays
can easily have resistances bel ow the measurement noise until very high currents
arereached. Similarly, even the moderately good relays can experience enough

guantization jaggedness to obscure behavioral qualities.
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40.3 Averaging

When the signal is sweeping monotonically one way to smooth out the data quanti-
zation is averaging (Figure 85). This method reduces the uncertainty by up to the
square root of the number of points used to compute each averaged value, but has
the unfortunate side effect of shortening the data stream by a number of points
equivalent to the size of the window. It also removes fine detail by combining
neighboring points and suffers from decreasing efficiency with increasing window
size because the best improvement possible is proportional to the square root of the

number of samples.

Figure 85 was generated by replacing each point with an average of the 8 points
surrounding itslocation on the x-axis. The first and last 4 points, therefore, have no
value because there is insufficient data to one side and the resulting dataset is
shorter by eight points. In this case the input data is from a monotonically increas-
ing output so averaging does improve quantization noise, though this would not be
the caseif the output were asingle stable value. Artifacts from quantization can still
be seen in plateaus at certain values, indicating that we are getting less than optimal
improvement from this method. The error bars are approximations calculated by
dividing the original error by the square root of the number of samples and would

be accurate if the errors being addressed were gaussian. In practice the error will be
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somewhere between the two values shown on the plot because the quantization

error is not gaussian.

FIGURE 85. Theeffectsof a moving average on the quantization uncertainty
of data. Larger, lighter error barsrepresent data taken the conventional
way, the circular data pointsare the results of averaging and the smaller
error barsrepresent the best possible case for this method. The moving
aver age makes points by averaging a diding window of 8 points, reducing
theerror by up to afactor of 3. Thismethod obscur es some fine detail and
will conceal sudden changesin behavior. Additionally it hasreducing
returns as the window grows.
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40.4 Slope calculation
From equation 37 it is apparent that the slope of these voltage and current plotsis

the resistance. This gives us the opportunity to convert from |-V plots to resistance
without doing the noise increasing division of equation 38 by using statistical math-
ematics to exploit the fact that we have alarge number of points. The least squares

method can be used to fit a slope for each group of points, giving the most statisti-

Microrelay design, performance, and systems

167



Resistance measurement

cally accurate possible rendition of the slope from these points. Thisis different
from averaging in that the least squares method fits the best slope possible instead
of averaging the points then converting to resistance by doing a noise-injecting
division by current. The algorithm (which uses series to minimize the sum of the
error squares) gives the provably best linear slope estimation for the points

involved [49]. The equation for calculating slope mfrom a set of x and y pointsis:

< QU00Y)
Q (x-x)°

where the bar values are the averages. This equation is derived to fit to linear data

(EQ 39)

and, although we do not need it for resistance calculation the intercept b is needed

for calculating the error of each point. The intercept is found by:

b=y-mx (EQ 40)
and is needed to use the equation for the error at lope fit [49]:

_ A ((mx+b)-y)’
Q (x-%)?

(EQ 41)

The slope method also eliminates all influence of DC offset from any amplification

used.

An example application of this method is shown in Figure 86, where data taken
with the improved system was used to measure the background trace resistance

(which will be slope min the I/V plots) as 0.7497Wwith a resolution of 9.74m\.
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This number was arrived at by using all 51 voltage-current pairsto get asingle

value from the least squares fit method - provably the most statistically accurate

method while the datais linear. This method is contrasted with instantaneous resis-

tance calculation in Figure 87.

Voltage

-0.02

FIGURE 86. A dataset collected using the current extender, amplification,
and slope analysis. Thewider current range (above 100mA) can be seen.
Theraw data has a voltage resolution of 0.1mV, which makesfor error
barsalmost on top of each other. Thisparticular run wasdonein four-
point mode to measur e the contact resistance with no relay - theresistance
isdueto atest set of fixed on-chip traces. Theresistanceis 0.7497Wwith a
sigma of 9.74mW\, calculated using the least squares slope method.
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FIGURE 87. Calculations of the resistance from figure 86 using the
conventional and the slope method with a sliding window of 8 samples, with
the best derived value from Figure 86 shown asa dotted line. Plotsarein
ohms, but to different scales. Error barscould not be calculated for the
conventional method dueto offset errorsin the amplifiers. Remaining
error in bottom plot isa mixture of true measurement error and dlight
heating. Fit to heatingisalso drawn in and can be seen to correlate strongly
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totheresidual error; another strength of the least squaresfit method is
that the residuals can be analyzed to detect less significant trends.
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The slope fitting method is not so advantageous if the datais not linear, although it
can still provide substantial gains when used on asliding window of points. The top
plot in Figure 87 shows the results of using equation 38 on the datain Figure 86,
while the bottom plot in figure 87 is a conversion of the same data using the slope
fitting method with sliding groups of 8. The slope fitting method leads to far greater
resolution aswell as known error bars. The slopefitting method gives sharp enough
results that some other systematic nonlinearities can be seen. These include (pre-
sumed) thermal heating and an oscillation which becomes visible in the residuals
after the resistance value and thermal slope are removed (Figure 88). These residu-
as ultimately limit this resistance measurement accuracy to 5.1mWwhen using an
8 point sliding window to do least squaresfit conversion (amore typical application

method). By comparison the standard deviation of the division method hereis
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4.6W, with abest case error of 1.6Wif an 8 point averaging method is used. Thus
the resolution gain going from averaging the voltage and dividing to slopefitting is

about 300.

FIGURE 88. Residualsfrom the data of Figure 86. Here each point isfrom the
sliding slope fit of figure 87 and theresistance and thermal effects have been
subtracted out. The origin of the oscillatory nature of these residualsis unknown.
Thisnoise leadsto aresolution floor of 5.1mWfor thissliding window size (8 V-I
pointsper R point).
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The slope method can be used with varying sizes of window to gain resolution at
the expense of fine detail. The effects of various sizes of window are shown in fig-
ure 89. The error added by the conversion from V-I data to resistance, which used

to be the dominant error source, can be made to contribute less than 2% to overall

experimental error.

FIGURE 89. Slopefitting error and overall error valuesfor different sizes of
slopefitting windows. Therange of valuesfor the errorsdueto slopefitting
show that the added error (which used to be dominant), isnow 2% or less
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of overall experimental error which includes sour ces such as quantization
and amplifier noise.
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40.5 Typical relay contact resistances
Using al the methods above might be expected to yield solid numbers for relay

resistances. Unfortunately any resistance must, for reasons given in the chapters on
contact physics and physical characterization, be couched in terms of actuator drive
voltage and conducted current due to the effects of changing force and thermal soft-
ening. Unless otherwise stated the test current was arbitrarily chosen as 1mA and
the drive input was 5 volts. Variability in performance is attributed mostly to
unevenness in the electroless gold and structural offsets which cause the relaysto
close different gaps, thus leaving them with different applied forces. Typical results
for the relay resistance were anywhere from 10mwWto 1.5W, with most occurring

between 30-200mW.
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41 Maximum static current handling

The static current limits were tested by closing contacts and running increasing cur-
rent through them until burnout. Figure 90 shows atype | perpendicular contact
after being burnt out at 30mA. Thermal failure over the entire crosshar and elec-

trodes shows that in this static situation the relay undergoes widespread damage.

Similar tests with atype Il angled relay required the current extender. The angled
type Il relay was able to pass 448mA while remaining below 750mW. The lower
resistance (which reduces Joule heating) leads to lower operating temperaturein
these designs. The design of the newer type Il angled relays also meant that this
was not a destructive failure point. Instead, once the temperature gets too high (at
around half an Amp) the gold on top expands more than the polysilicon below,
flexing the crossbar and breaking contact. When the current is removed the cross-
bar can be observed to return to its previous shape but gets wedged into a position
where the contact points are no longer in contact. Thus the relay must be cycled to
recover from such an overload. This mechanism was observed on multiple relays at
the probe station. This can be avoided if desired by using a dlightly different cross-

bar design with corrugations for increased rigidity.

By measuring voltage as the current was increased during maximum loading tests
we were able to view the resistance behavior as thermal failure approached. Behav-

ior showed the expected softening transitions and followed the theoretical thermal
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response to a high degree, confirming our understanding of the effects of thermal
softening. It is expected that enhanced thermal sinking from the crossbar will allow

for higher static current loads.

FIGURE 90. Two similar early generation relays, one without damage (left)
and one after being burnt out with a heavy static current load (right).
Designs of the contact areas ar e the same, although these devicesdid have a
few minor layout differences. The most recent designs have a bimaterial
auto-break function which prevents such burnouts.

42 Transient characterization

42.1 Methods and equipment

Transient characterization was done by recording waveforms while aload was
switched by the relays. A laptop computer was prepared with a GPIB PCMCIA
card and Benchlink HP34810A software was used to gather data from an HP

54600B digitizing oscilloscope. This setup was time resolution limited by the abil-

Microrelay design, performance, and systems
174



Transient characterization

ity of the oscilloscope to catch transient events effectively. The finest time resolu-
tion usable was 2.5 nanoseconds, but this was rapid enough to observe closing and

opening transitions, which typically took approximately a hundred nanoseconds.

Most tests were performed with abias load of 300W or less between the relay and
the power supply (Figure 91). Thisload simulatesthe drive requirements of another
microrelay and thus allows the results to be used in the design of systems where

relays drive each other.

FIGURE 91. Typical transient testing setup. The biasresistor was usually
lessthan 300W.
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42.2 L ooking for bounces and arcs

The way to recognize an arc during closing is by the characteristic “ arcing voltage”
formed during the cascade. This voltage remains fairly constant over the devel op-
ment of the arc and is due to a space charge of ions between the relay plates
(Figure 16 in section 7.2.1) and gives us a characteristic behavior to look for to

detect closing arcs.

Since closing arc space charge regions typically evolve over the scale of many
microseconds this was the range first explored. Neither arcing nor bouncing were

observed (Figure 92).

FIGURE 92. Microsecond scale captur e of relay closing across 2.75 Volts
(resolution is 25ns). No arc develops and the relay takes about 0.1nSto
close fully. Thereisno bouncing.
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Relay opening proved similarly abrupt and devoid of arcing. Great efforts were

required to eliminate noise and drive jitter, as these were the main sources of error
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at higher time resolutions. Transient captures with time resolutions of 2.5nS were

then possible (Figure 93 and Figure 94). Neither trace shows the characteristics of

arcing that have been shown in the literature for macro or MEMS relays.

FIGURE 93. Relay closing a 2.25 Volt source, plot timeresolution is 2.5ns,
biasresistor is 750W. Timescales and behaviors arewrong for our

under standing of arcing, it is possible that the changein sloperepresents
an elastic-plastic deformation transition as discussed in section 29
occurring dynamically. Final resistance is below 3W.

25
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FIGURE 94. Transient plot of relay opening under 0.9 Volt load. Several
zones of behavior are seen. the I nitial straight regimeswould be expected
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from mechanical deformation and necking, the final exponential voltage
decr ease may be structural necking or it may be a metal vapor arc.

0 2 4 6 8 10
Time (x10°7 sec)

42.3 Transient performance characterization

Throughout the transient testing effort was made to track the delay between onset
of drive voltage and relay function. The best results were achieved by setting the
system up so that separating two banana plugs by hand caused the drive transition,
this method (essentially using a bounceless relay transition) gave fairly consistent
results for each relay. Fabrication differences, particularly in the thickness of the
electroless gold, led to turn-on times for different relays anywhere from 5-100 rs.
Turn off times were longer but more consistent, averaging 0.5mS. A typical relay
closing time plot is show in Figure 95 and asimilar plot of relay opening is shown

in Figure 96.
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FIGURE 95. Plot of relay closing response. Delay from drive voltage
application to transition is 12ns. Theturn-on transition took 105ns. This
test was done with an angled contact typell relay with 6 pairs of actuators.
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FIGURE 96. Relay opening response, sametype of relay asin Figure 95.
Delay from deactivation of actuatorsto transition is 520ns. Tur n-off
transition took 200ns.
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Additional tests were conducted using progressively shorter drive pulses. The plot
in Figure 97 shows the results of aten microsecond drive pulse was to have the
relay close for two microseconds. It is assumed that this represents a contact just

barely making contact and the behavior around turn-on and turn-off presumably are
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due to this. The voltage behavior at turn-on shows some similarities to what we
would expect from a closing arc (Figure 16) but the time scale isto short for thisto
correspond to our understanding of arc evolution. At thistime these featuresremain

unexplained.

FIGURE 97. Short-pulserelay activation. By narrowing thedrivesignal to a
short pulsetherelay can be madetojust barely closefor timeson the order
of microseconds. Thistest was conducted with an angled typell relay
having 6 actuator pairs. The voltage behavior in thetransitionsisnot as
clean as previoustests, the cause for thishasnot been determined.
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43 Cyclic testing

43.1 Test setup
In order to test the long term behavior of the relays a computerized test setup was

built to cycle the relays and record their performance. The system was built using a
Windows NT platform with a National Instruments AT-MI0O-16E card with

shielded BNC-2090 breakout box. Code was written which closed the relay, veri-
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fied it was closed, opened the relay, then verified it was opened - generating about
50 bytes of data per measured cycle. It was quickly realized that quality relays
would yield filestoo large to be analyzed if data were taken every cycle so the code
was programmed to take data on alogarithmic basis. Care also had to be taken to
give the program appropriate behavior during relay failure as the file buffering
functions of Windows NT can lose alot of dataif the program is not shut down

promptly.

FIGURE 98. Thelong term cyclic testing setup and breadboard. L eft side
photo shows the entire setup including computer and support electronics.
Right photo shows a packaged relay under test.

43.2 Long term test results

At each of the logarithmically spaced recorded data points taken during testing the
cycle number, reference voltage, and a measurement voltage were recorded for
both the open and closed state. A bias resistor of 50Wwas used, but resolution was

still high due to the excellent quality of the National I nstruments equipment. For
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reasons of yield that have been discussed few devices survived al the way through
fabrication and packaging to be tested for the long term, and much data was lost
before the necessity for special file handling within Windows NT was understood.
Nonetheless very good long term hot-switching data was captured for two pack-
aged relays. One demonstrated a lifetime greater than 19 thousand cycles (thus it
failed between there and about 30 thousand cycles, which would have been the next
recorded cycle) while the other lasted between 5.7 and 9 million cycles (Figure 99).

Both of these were angled contact type Il relays with 6 pairs of thermal actuators.

FIGURE 99. Long term cyclic testing resultsfor a packaged microrelay. The
resistanceincludes all parasitics such asthe breadboard, package, and
support structure. Relay was hotswitched at 4 voltsand ran 80mA with a
50Whiasresistor. Relay was verified as open and closed at every cycle or
the program would have aborted, but data was only collected on a
logarithmic basisto allow for file handling. Relay failure was between 5.7
and 9 million cycles.
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It should be noted that the data shown in Figure 99 was taken over the course of
four days on arelay in an unsealed package, making for an average cycle time of
100ms (limited by the software and data collection). The device was exposed to
ambient conditions with temperatures from 14C to 23C and humidities from 15% to

28%.

This performance forms an interesting contrast with earlier devices. The very first
lateral designs with perpendicular contact areas lasted around 10-20 cycles and the
early angled contacts lasted 80-300 cycles. After doing much of the analysis pre-
sented in the contact physics chapter it was determined that raw wear and
Townsend arcing would be expected to be the dominant wear mechanisms and
thicker gold would help both of these. After thickening the gold with electroless
deposition relays have now been observed operating for many millions of cycles.
This improvement demonstrates the importance and power of doing in-depth phys-

ical analysis of the functional mechanisms.

44 Conclusions

The electrical test methods presented here were used to test the performance, limits,
and durability of fabricated microrelays. This becomes the ultimate test of the phys-
ics and design experiments that were done earlier astheory isfaced with blunt real-

ity. In this case the results were good with the relays exhibiting sub-ohm
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resistances, almost half an amp of maximum static current carrying, and multi-mil-
lion cycle lifetimes under 80mA hot switching conditions. This represents a great
leap forward from the kilo-ohm resistances and twenty cycle lifetimes of the first
relays constructed and puts the newer generation of relays squarely into the perfor-

mance regime of commercial relays at much lower cost, size, and power.
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CHAPTER 8 Relay Sysemsusing
Micrordays

“ Anything is possibleiif it happens.”

-The Angry Beavers, Nickelodeon cartoon show

46 I ntroduction

The main differentiating quality of microrelaysisthat they are small. Thisalows
them to fit into smaller packages and new applications, but the microrelays pre-
sented here are so much smaller that hundreds of them can be built together as sys-
tems. The implications of this are that previously impossible or unusable systems

become possible, making this an enabling technology.

47 Simulation and the lack of CAD tools

Before large systems are fabricated it is wise to simulate them. In this case the sim-
ulation proves difficult because of the many different mechanisms relating to mate-

rial softening and force. Given the uncertainty of the absolute values of some of
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these behaviors no attempt was made to build a physically correct SPICE model,
instead a simple linear model (based somewhat on Figure 103 and similar plots)
was used. Various models were constructed to represent relays with different num-
bers of actuators and with or without insulating bridges. The models were fairly
good except that the transient behavior could not be modeled well because the clos-
ing times vary too much. Thus the simulations were not good at modeling transient
behavior but were very useful in analyzing various logic topologies. All systems

were simulated this way before layout.

Layout itself, however, can be very challenging as no commercial tool tried offered
appropriate place and route or layout versus schematic capabilities. Cadence, L-
Edit, and the OCT toolset were all tried at length with considerable programming.
In the case of Cadence and L-Edit the existing tools seem to be hard coded with
limits that seem to preclude their use in place and route or LV S of arbitrary struc-
tures, although the efforts cannot be considered exhaustive. The OCT toolset did
not have such hardcoded requirements but the autorouter tended to make mistakes
in our trials. Thismade layout of large systems difficult and LV S was done by hand
numerous times by different individuals. Even in a 12-relay system with intercon-

nect it was not unusual to still be finding errors on the third cycle.
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48 Digital logic

Theidea of performing computation through mechanical means has been familiar
to engineers since it was proposed by Charles Babbage in 1834, but when he built a
small piece of his Difference Engine | it was at a cost equivalent to that of almost
20 steam locomotives (Figure 100) [50]. Recent work has managed to build the
entire Difference Engine [50], providing a subset of the capability of a standard

ALU within avolume of approximately twelve cubic meters (Figure 101).

FIGURE 100. A small piece of Difference Enginel built in 1834 at a cost
equivalent to that of 20 steam locomaotives. The deviceis about 1 meter
high.
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FIGURE 101. A recently constructed full implementation of Babbage's

The possibility of high levels of integration and batch fabricationin MEMS allows
for reevaluation of mechanical computation to overcome some of the limitations of
CMOS such asitslow temperature and radiation robustness. Most MEM S devices
presented as being able to do logic, however, do so only in one stage when driven
by external electronics. In order to do computation and provide a complete logic
system arelay based logic gate must be able to drive at least two more of itself (fan-
out of 2) and should be repeatable enough to be usable for logic with many gates

without generating unacceptable error rates.
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49 CMOS style complementary logic

Thefour terminal relays reported here can be used to directly replace standard three
terminal FETsin complementary logic merely by wiring one of the inputsto one of

the drive electrodes and calling it the source (Figure 102).

FIGURE 102. Four terminal relayscan bewired up toform “N” or “P” three
terminal switches. Because the gate voltage isrelative to the sour ce voltage
P and N switches use the samelayout in reverse. Photo at right shows a
fabricated implementation.

Relay “NFET”
Relay “PFET’

These “MEMS-FETS’ can be thought of loosely as FETs but they exhibit several

differences.

Dueto the structure of the device the difference between the layout for an N and aP
style device is purely in how it is hooked up. While this makes layout easier and

means that fabrication does not get more complicated in order to provide comple-
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mentary devices, it also means that great care must be taken when wiring the

devices.

Another distinction from FETs is that the on-resistance of the deviceisatrueresis-
tance. Although non-linearities are introduced by the effects of heating, the devices
typically exhibit alinear behavior better than 1% full scale at currents below 10mA
(which is plenty for most digital logic). Taking atradition IV plot on the 4145B
draws as much current as the 4145b can provide while still showing arelatively

small Vds (Figure 103).

FIGURE 103. |-V plotsfor variousdrivevaluesin amicrorelay. Linearity
better than 2% FS can be seen in the Vdsrange shown (limited here by the
voltage quantization error), attemptsto increase the Vds can require very
high currents. Device performance is symmetric so drive voltages are
shown as absolute values. Drive voltages wer e converted to force for
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reference by using the char acterization from the actuation chapter. These
tracesarefor atypell angled relay with only a single pair of actuators.
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Another very important difference is that the input to the deviceisresistivein
nature. The resistance seen between the source and gate is approximately 780W
divided by the number of actuator pairsin the devices being used (more actuators

typically means higher yield). This has implications for power consumption.

49.1 Experimental logic performance

Construction of single gates using these three terminal devices can be done follow-
ing the same designs as are used for CMOS. Figure 104 shows atypical output

trace from a simple complementary device (an inverter) built using this technique.
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The output was loaded to simulate driving another stage and the high and low val-
ues represent voltage dividers between the on resistance of the active device and the
input resistance of the simulated next stage. The transition can be observed to hap-

pen over a suitably short input range.

FIGURE 104. Input-Output plot for a complementary electr omechanical
inverter built using relay based threeterminal devices. Thisdevice
operated on a 10.5 volt power supply and the upper partsof thetrace show
the maximum 10 volt input range of the 4145b.
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A more complicated gate, atwo input NOR gate, is shown in Figure 105. The logi-

cal performance was experimentally verified to be as expected.
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FIGURE 105. Fabricated electromechanical NOR gate and experimentally
verified truth table.
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49.2 CM OS style complementary logic analysisand limits

For electromechanical computation each gate must be able to drive one or more
equivalent gates. Thisis an element missing in MEMS based relay logic presented
so far, limiting functionality to asingle logical operation and making computation
impossible [51]. Typical MEMS relay drive problems occur because most MEMS
relays small enough to be desirable for logic cannot handle enough current or high

enough voltages to drive themselves.

Therelays presented here have sufficiently low resistance and high enough current
capacitiesto provide significant fan-in and fan-out performance. The current capa-
bility of each relay istypically about 0.48 amps, compared to adrive requirement of
3to 18mA (approximately 3mA per actuator pair, with various designsusing 1 to 6

pairs). This means that if current drive were the only requirement a fan-out of 180

Microrelay design, performance, and systems
193



CMOS style complementary logic

might be expected. The topology of resistively driven complementary logic and
constraints of variance in turn-on voltage between devices, however, complicate

the issue and cal culations are needed to outline a suitable design space.

FIGURE 106. Circuit diagram for analysis of complementary logic design
using relays. Diagram indicates input driveresistance Ry, contact

resistance R, fan-in F;, and fan-out F,.
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Figure 106 shows an analysis schematic for computing performance limits of relay
based complementary logic. One of the biggest problems with directly implement-
ing logic this way with resistively driven relays is that the worst case logic input A

in the diagram is hooked through one drive resistor Ry to Vdd and one drive resistor
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Ry to ground for each gate that is being driven. This means that the output voltage

in the low state (for example) is determined by an equivalent circuit:

Vdd
Ri/Fq
Out
Ro Ri/F,
Gnd nd

where F, isthe fan-out and R, is the output resistance of the preceding stage and
must be assumed to be the worst case and equal to F; times R... Thisvoltage will be:

o &
‘fé’?/dd xéF_o ” Fi xRCm

v = vdd

= (EQ 42)
"R R0 R R
L1 || F. xRO+ 2+
eFo I 8 Fo Fi ch ><|:o
Which can be subtracted from the undriven voltage at A:
dd
Vundriven = T (EQ 43)

to get one half of the voltage swing. The full voltage swing (difference between a

digital one and zero) at node A can be calculated from equation 43 and equation 42;

Vdd
Voving = . (EQ 44)
swing 2x£i xR, xF00+ 1
e R ]
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If the voltage swing is less than the deviation in the turn-on voltage during any
cycle, anincorrect output will be generated. To reduce errors acceptably the voltage
swing must be many times the standard deviation of the turn-on voltage for the

relays being used.

Another consideration is that the power supply voltage cannot be more than twice
the turn-on voltage of the relays or it may cause undefined outputs. This can be
seen by observing that point A in Figure 106 will be half the supply voltageif it is
not driven at any moment. For robustness this must be modified by the variance of
the turn on voltage, otherwise the power rails could drive a particular gate to afixed

value despite input signals. The resultant design restriction becomes:

vdd <2(V,,—Ns ) (EQ 45)

where Vy, isthe voltage to turn on arelay, sy, isthe standard deviation of V,,,

and N is asafety factor. As N isincreased larger systems become feasible and we
use 6 as a safety factor which should allow for systems of hundreds of thousands of

gates.

We have characterized the values of V,, and s/, in the relays presented here.
From tribological considerationswewould expect that if sy, isdueto asperitiesin
the contacting surfacesit will decrease over time and either remain constant if we

have picked forces appropriately to avoid pulling particles (which we have, see sec-

tion 7.4.2) at the surface or increase again if the forces are excessive. In order to test
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thiswe ran arelay, tracking its Vo, value at the beginning, middle, and end of its

life. The results are shown in Figure 107 where the histogram, mean and standard

deviation value s, o are indicated for each segment of life.

FIGURE 107. Turn-on voltage histogramsfor various parts of arelay
lifetime. Top to bottom shows beginning of life, mid-life, and end of life.
When evaluated by design equations this showsthat the “wear-in” period
at the beginning of relay usage can present undesir able probability of
errorsfor alogic system. Relay repeatability must be high.
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The beginning of lifeisthe first few cycles after fabrication, it is separated by sev-
eral thousand cycles from the mid-life data which is again separated by several
thousand cycles from the end of life data which occurred immediately before fail-
ure. The measured standard deviation of turn-on voltage for these relaysis 0.661
Voltsimmediately after fabrication, 0.084 Volts after wear-in, and below 0.03

Volts by end-of-life (where resolution was only 0.03 volts due to small number of
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measurements). These values can be evaluated for design by rearranging equation

45:;

vdd
> -
If equation 46 is evaluated with the measured valuesiit can be seen that while the

NSvon < Von - (EQ 46)
relays are acceptable once they have worn-in, their initial performanceis such that

Vdd cannot be sufficient to drive the system and still satisfy the reliability require-

ment. Relay based logic systems must exhibit exceptional repeatability and process
control before they can be used for large scale computation with six sigma error

rejection.

Combining previous equations together to form a design space we find that agiven

design must exhibit behavior such that:

Vdd < Von —Ns von

von < xR . xF xR . xF !
?’gi c " 00, 2 2£i c " 00 1
e R © € R ©

Ns

(EQ 47)

In practice the value of s,,q, appearsto be set by the smoothness of the final gold
deposition (based on the change with cycling), N is set by bit error requirements --
6 being the number we are using. Once these two values are set VVdd can be chosen

using equation 45 or lowered to reduce power expenditure which is:

_vdd® xF,

Pgate - TF\)'

(EQ 48)
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due to the currents on the input resistors (this power value is somewhat gate depen-
dent for gates that implement functions more complicated than asimple NOR or
NAND). The resulting equation gives a budget for fan-in and out as a function of
contact and input resistance. If this equation is evaluated for an example case of
Syon=0.25 Volts (slightly better than current as fabricated devices), R.= 5W (con-
servative for current devices), and R; = 187W (corresponding to 4 actuator pairs),
with Vdd = 9 Volts we get allowable fan-in and fan-out values of 9.7 each. This
represents a viable architecture for computational logic. This example iswithin the
implementabl e range of the relays presented here as long as the relays are alowed

to “wear-in" for awhile before computation is done.

The example given above demonstrates both the viability of a system based on the
technology demonstrated and that it still needs development. The example system
just calculated would burn approximately 0.9 watts per 4-input 4-output gate! How-
ever, this calculation serves to demonstrate the technological viability and we have
made no effort yet at optimizations such as power reduction. Other work [52] has
shown that a geometric redesign based on optimization algorithms can reduce ther-
mal actuator power by afactor of 60, for example, and such a change would feed
directly into increased freedom with other design variables (including power reduc-

tion, of course).
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50 ZSlogic

Architectural changes must also be considered to reduce power and improve perfor-
mance. One can see from figure Figure 106 that many of the problemsin optimiza-
tion come from the way that each input can find itself resistively coupled to both
ground and the supply. The most direct way to reduce power isto use an architec-
ture which does not have this dual-sinking problem. We have been working on such
an architecture which essentially builds alternating half-gates which provide only
aternately the pull-up or pull-down section of the logic gate and use the resistive
input of the next stage as a biasing resistor. Used in proper sequence this eliminates
much of the power waste while simultaneously extending the available range of the
other design variables. It isreferred to here as“ZS’ logic for zero and source, the
two railsto which a gate can be hooked. Thislogic seemsamore natural and native

way of making use of four gate relays for digital logic.

50.1 The ZSlogic beastiary

ZSlogicisdesigned so that thereisa“Z” version of each gate which hooks the next
gate to zero (or ground) when activated and an “S’ version which hooks the next
gate to the source. These gates are then alternated when layout is done to provide a
full equivalent to complementary logic. The only difficulty isin hooking together
separate pieces of ZSlogic where it can sometimes be tricky to arrange the ZS stag-

ing so that each element sees the appropriate next element.
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FIGURE 108. A simpleZSlogic beastiary. The“Z” elementsand “ S’
elementswould be alter nated when implementing logic.
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50.2 Some fabricated systems

Numerous systems were simulated and then fabricated using ZS logic, unfortu-
nately thisis one case where the poor yield was so bad that no systems were suc-
cessfully tested. Thisislargely because the ZS logic, being a recent and
complicated design, has only been placed on a single fabrication run and therefore

not many structures exist to be tested.

FIGURE 109. A noninverting ZS buffer. Thiscan bedriven by arelay with a
single actuator pair but hasa much lower output impedance because of its
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ZS logic

additional actuators. Whilethisstructure has only two relaysand thusa
6% chance of working no functional bufferswerefound.

ﬁ "TTET
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e

FIGURE 110. A ZSlatch, with 8 relays, presently hasa 1 in 65536 chance of
working. This device hastwo functional relays out of 8, exactly the
statistical expectation.

;;;;;;
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Conclusion

FIGURE 111. A ZSsingle bit carry-adder. The complexity issuch that yield
will have to be substantially improved befor e this device becomes feasible.

51 Conclusion

The photosin Figure 112 serve to give an intuitive feel for the size of systems con-
structed using the microrelays presented here. Despite their competitive perfor-
mance with conventional relays they are so small that even large groups of them
such as the test chip shown require microscopy to photograph. This gives motiva-
tion for further work in this field and improvement of process quality (almost the

only requirement to move these relays and their systems to practicality).

FIGURE 112. A view of the scale of integration possible with our
microrelays. Theleft photo shows (left to right) a chip with a6 relay analog
system and a one bit carry-adder, achip with 30relaysin test arrays, and a
chip with two 6 relay systems. Theright photo shows a scanning electron
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micrograph of the middle chip with 30 test relays. Thiswill give the reader
afeel for potential die sizes.
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