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This paper explores the viability of bulk metal foils, in particular platinum-rhodium (Pt-Rh), for use in
high power micromechanical relays. The electrical and thermal response of electrostatically actuated
three-terminal micro-relays is evaluated. The micro-relays have a footprint of 6.5 mm? and an actuation
area of 1.32 mm?Z. A stacked double cantilever structure isolates the actuation electrode from the current
path. A micromachined heat sink is located on the upper cantilever. The devices are fabricated by micro-

electrodischarge machining and directly assembled on power rated printed circuit boards. The impact of
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in excess of 2.6 A.

contact materials, and forced cooling is addressed. Preliminary results suggest that the Pt—-Rh devices have
total on-state resistances of 1.25 €2 and can handle currents substantially in excess of 1 A, and potentially

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The uses of micro-relays range from common DC applications
in industrial machinery and automotive control circuits to high
frequency signal switching applications such as in the aerospace
sector, radio frequency (RF) communications and portable elec-
tronics [1-4]. Although significant attention has been devoted to
the longevity of relays and switches, the focus has been primar-
ily directed at devices handling relatively low levels of power [5].
High power handling in MEMS switches is of interest for power
conversion, transmitters in satellites, and earth-based communi-
cations stations [6,7]. For switches that offer capacitive paths (used
with RF signals), power handling is primarily affected by dielec-
tric charging, whereas for DC-contact switches the microwelding
of contact surfaces due to localized contact heating is the predom-
inant failure mode. The power handling capability of such relays is
strongly related to the nature of the contact metals [8,9].

Past work in DC micro-relays focused on design configura-
tions [10-12] and several novel contact materials for increased
power handling [13,14]. Most of the efforts were directed at sur-
face micromachining techniques. These techniques restrict the use
of metal alloys to those that can be sputtered as thin films [15,16].
Subtractive bulk micromachining of metal alloy foils offers a com-
plementary approach.
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Platinum-rhodium (Pt-Rh) is a chemically inert and mechani-
cally robust hard metal alloy that is used for making high quality
crucibles. These properties are appealing for high power micro-
relays which require mechanical, electrical, chemical, and thermal
integrity. Platinum group contact metals are known to significantly
reduce stiction [17,18]. In addition, Pt-Rh alloy with 20% Rh con-
tent has much higher hardness and a higher melting point than
pure platinum [19,20].

This paper describes the evaluation of Pt-Rh and stainless steel
as micro-relays material using three-terminal test structures. The
design of the test structure is intended for evaluation of the alloy
material and design concepts; it is not intended for large scale pro-
duction. A secondary goal is to evaluate the possible utility of an
on-device heat sink.! Section 2 describes the micro-relay design,
and Section 3 details the fabrication and assembly processes for the
device. The experimental setup and results are presented in Section
4. These include electrical characterization, thermal performance,
and preliminary lifetime tests for the device. The discussion and
conclusions are provided in Section 5.

2. Design

The micro-relay utilizes a three-terminal source-gate-drain
structure (Fig. 1(a)). The design has a footprint of 2.6 mm x 2.5 mm
and it employs vertically stacked components that are directly
assembled on a printed circuit board (PCB). The PCB uses a

! Portions of this work have been reported in conference abstract form in [21].
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Fig. 1. (a) Exploded view of micro-relay showing double cantilever structure. Gold
posts align and hold the cantilever over gold-coated copper traces on the PCB. A
recess depth of 2 wm defines the contact gap on the contact cantilever. The actua-
tion cantilever is isolated from contact cantilever and pushes it down via thermally
conductive microsphere. An extension at the tip prevents pull-in. The heat sink is
integrated atop. The design has an actuation area of 1.32mm? as defined by the
footprint of the pull down electrode (1200 wm x 1100 wm). (b) Isometric view and
(c) side view of the cantilevers showing critical gaps for electrostatic actuation and
pull-in prevention.

1.6 mm-thick standard FR-4 substrate. Interconnect traces of 90 um
thickness Cu were chosen for high current ratings — 4.5 A for 400 wm
wide signal lines. In such PCBs, a 4 wm thick Ni layer covers the Cu
traces, and a 0.15 wm thick outer gold layer provides the contact
surface. The layout has three distinct regions: a ground electrode
which acts as the source; an open signal line with a break in the
middle which acts as the drain; and an electrically floating anchor
pad with through vias, which accommodates the alignment and the
placement of components to construct the micro-relay.

A contact cantilever (400 pm x 1400 wm x 30 pwm including
anchor; 600 wm suspended length), is located orthogonally with
respect to the signal line and suspended above the break. Two
alignment posts, extending from the vias, perforate the contact can-
tilever and fix it to the anchor on the PCB. The underside of the
contact cantilever has 2 pwm recess, over the signal line, to provide
with an initial gap (Fig. 1(b) and (c)).

The actuation cantilever (1200 pm x 2100 pm x 230 wm
including anchor; 1500 wm suspended length) is attached directly
on the PCB substrate and suspended above the contact cantilever.

V,n\cT =120V
Displacement (m)

™ 7.0e-6
-6.1e-6
| - 4.9e-6
- 3.6e-6
2.1e-6
0.0e-0

Fig. 2. Electrostatic FEA showing displacement results for micro-relay. Vacr is
electrostatic actuation voltage (120V) applied on the pull-in electrodes to cause
cantilevers to travel 7 wm, before stopped by the stand-off tip. Simulated contact
force and actuation time are 1.1 mN/contact region and 9.4 ms, respectively, for an
increased voltage of 150 V.

A paddle shaped extension at the distal end acts as a gate pull-in
electrode (with 1200 wm x 1100 wm actuation area) and allows
electrostatic actuation when biased with respect to the electrode
below it. A stand-off element extends from the tip of the actuation
cantilever. The gap between the stand-off tip and the substrate
is designed to be 7 wm-3 pm smaller than the electrode gap
across the actuation cantilever and ground electrode as illus-
trated in Fig. 1(b). (It is recognized that in an environment that
is not clean an electrically insulating layer will be necessary to
prevent inadvertent shorting of the actuation electrodes.) Hole-1
on the actuation cantilever prevents contact with the alignment
posts, whereas hole-2 accommodates subsequent placement of a
microsphere.

A thermally conductive sapphire microsphere (Edmund Optics,
300 wm diameter, 45 WK~! m~! thermal conductivity) is used on
the contact cantilever. It fits tightly in hole-2 which has the same
diameter. The microsphere mechanically couples the actuation
cantilever with the contact cantilever while keeping it electrically
separated. It provides a single point of contact between the actua-
tion cantilever and the contact cantilever, partially alleviating any
assembly imperfections. In addition, it provides a thermal con-
duction path to dissipate heat away from the electrical contact
region.

An aluminum heat sink (500 pm x 500 pm x 500 pm, 475 wm
fin height) is located above the actuation cantilever. A through-hole
at the base of the heat sink, concentric with hole-2 on the actuation
cantilever, supports the microsphere and provides a heat dissipa-
tion path from contacts to the heat sink fins. The efficiency of the
designed fin is 0.812 for a fin height of 475 pm. Further details are
provided in [22].

Results from the electrostatic-mechanical modeling of the
micro-relay are shown in Fig. 2. The simulations were carried out
in ANSYS. The pull-in voltage for a 7 wm vertical tip displacement
was 120 V; at this point the stand-off tip touched the substrate. The
spring constant for the device with combined cantilever pair, heat
sink and the microsphere, was 56 N/m. The contact force per con-
tact region was 1.1 mN for 150V actuation voltage; the switching
time was 9.4 ms.

Thermal modeling for contact heat dissipation and forced cool-
ing requires a good estimate of the contact resistance to account for
joule heating. Holm’s well known plastic deformation model [23]
was initially used to estimate the contact resistance. The model
suggests that:

F= AcHTl (1)
where F is the contact force, Ac is the actual mechanical contact

area of overlapping contact asperities between touching surfaces,
H is the contact metal hardness, and n is an empirical factor which
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depends on material and approaches 1 for clean surfaces. Incorpo-
rating contact radius into this model gives:

F
Hnm

oy = (2)
where oy is the radius of Holm’s contact spot (a-spot) representing
a cluster of multiple small contact spots. Contact radius oy can be
used to estimate the Maxwell spreading resistance between two
contacting surfaces assuming that the contact radius is much larger
than the electron mean free path length of contacting materials.
This spreading resistance is also known as constriction resistance.
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Here, p1 and p, are the electrical resistivities of the contacting met-
als [24]. Adopting the contact mechanism proposed in [25], it can
be assumed that contact pressures on a pair of asperities are equal
to the flow pressure of the softer of the two contacting materials
and that the normal load is supported by plastic flow of the softer
asperities of that pair. However, it is important to note that in a
multilayered structure the effective hardness is affected not only
by the hardness of the top layer, which is thin in this case, but
also by the hardness of thicker bottom layer material. Determining
an exact value for hardness in the multilayered Cu/Ni/Au patterns
used for the PCB traces is nontrivial and tabulated values for specific
multilayer films are not readily available. The contact resistance
modeling of sputtered films with different thicknesses and its mis-
match with Holm’s theory has been previously reported [26]. Since
the thickness of the Ni layer (4 um) is substantially larger than the
thickness of the Au (0.15 wm), the effective hardness was chosen
as that of Ni. Using Eqgs. (2) and (3), a theoretical contact resistance,
R _theory, 0f 620 mS2 was found for the micro-relay design, with an
estimated contact hardness of 6 GPa - the approximate Meyer hard-
ness of Ni, unity n, approximate combined resistivity of 30 w2 cm
for Pt—-Rh, Cu/Ni/Au contacts, and 1.1 mN contact force per contact
region (estimated by FEA for 150V actuation voltage). The theory
suggests 241 nm radius for a-spot.

The contact resistance was also estimated empirically. The
experiment followed a procedure similar to the one described in
[26]. It involved manually placing a machined Pt-Rh beam, with
the intended dimensions of contact cantilever, against open sig-
nal lines, and then applying a controlled contact force. The contact
force was supplied by a precision force gauge (Aurora Scientific,
Model 403A). The gauge was mounted on a motorized x-y-z stage
and brought into close proximity to the Pt-Rh beam. The force was
applied over a 1 mm contact diameter, in 200 N increments, up to
2.2 mN. The test current was sourced at a level of 5mA, while con-
tact resistance was measured using a 4-wire technique. The total
series empirical resistance, Rc_ emp, was 0.8 £2 for 2.2 mN total con-
tact force that was distributed evenly over two contact regions. The
empirical method estimates an a-spot of 186 nmradius. The change
of contact resistance with the contact force and its comparison to
Holm’s model is shown in Fig. 3. The R¢ emp Was larger than Re theory
by approximately 25%.

The Rc emp Was used to determine joule heating boundary con-
dition in the finite element model for contact heat dissipation.
The adhesive between microsphere, actuation cantilever and heat
sink was thermally modeled as an overlapping shell only around
the microsphere with a thermal conductivity of 5 W/mK following
the specifications of commercially available epoxy (Aavid Ther-
malloy). To model the forced cooling via a commercially available
mini-fan (Sunon-UF3A3), an upward air flow of 0.22 m/s was used.
(The flow rate was experimentally verified in air, at atmospheric
pressure, using particle image velocimetry.) The modeled flow
was constrained in a cylindrical box of 1.5 mm height and 1 mm
diameter enclosing the contact area and the heat sink. Thermal

Force (mN)

Fig. 3. Preliminary estimation of total series contact resistance with for use in the
thermal model. Experimental plot showing the change of contact resistance with
increasing force supplied from a force gauge on a Pt-Rh contact cantilever. The
force was supplied in 200 wN increments, up to 2.2 mN total force (to obtain 1.1 mN
force equally per contact area). The Rc_emp data is compared with R¢ theory- For 2.2 mN,
Rc.emp Was 0.8  whereas Rc theory Was 0.62 2.

finite-element analysis was performed in ANSYS. For both unforced
and forced cooling, the temperature distribution was estimated at
1-s into the on-state. Fig. 4 shows the temperature distribution
obtained for unforced and forced cooling for 2.5 Aline current, 0.8 2
Rc.emp and 300K ambient temperature. Forced cooling decreases
the maximum temperature in the contact area by approximately
25K.

3. Fabrication and assembly

Micro-electrodischarge machining (WEDM) provides a
lithography-compatible, subtractive manufacturing method
for bulk metal foil devices with feature sizes as small as 5 um.
Feature patterning is possible in serial mode as well as in batch-
mode. Batch mode pwEDM uses a lithographically patterned chip -
typically with electroplated Cu features on oxidized Si substrates —
as a “cookie-cutter,” to machine the workpiece [27]. In this effort,
contact cantilevers for the micro-relay were machined using

AN No air flow

a p
I > Temp (Kelvin)
g 44245
- 413.96
- 385.47
- 356.98
Forced air flow I 2840
Velocity = 0.22 m/s 300
d L .- 1.|--_k
b N

Fig. 4. FEA results at 1-s into the on-state time with 0.22 m/s upward air flow.
Temperature distribution results for (a) unforced (b) forced cooling (Pt-Rh contact
cantilever, 0.8 2 Rcemp, 2.5A line current, 300 K ambient temperature). Compared
to unforced cooling, forced cooling suppresses temperature at contact region by
around 25 K.
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Fig. 5. SEM micrographs of assembly sequence for all-metal micro-relays showing:
(a) floating anchor with alignment posts inserted. (b) Contact cantilever (Pt-Rh
or SS316L) aligned on top of the posts through perforations and anchored with
thermally conductive epoxy. Contact gap of 2 um is shown. (c) Actuation can-
tilever directly placed on PCB substrate. Stand-off tip prevents electrostatic pull-in.

WEDM from both Pt-Rh (80:20) and SS316L alloys using 50 wm
thick stock metal foils (Alfa Aesar Corp.).

Contact cantilevers were machined down to 30 wm thickness
on anchors and 28 pm thickness over contact regions to allow for
the 2 pm contact gap. Two perforations of 300 wm were located
in anchor regions for attachment to the PCB via alignment posts.
The lowest available discharge energy of 24.5n] was used for
cantilever contact regions to ensure smooth surface finish and min-
imum residual stress. The surface roughness of the bottom side of
both Pt-Rh and SS316L contact cantilevers was measured using
Zygo NewView 5000 interferometer. Average roughness R, was
approximately 45 nm for both cantilevers. In comparison, the virgin
material had average roughness R, 25 nm.

The actuation cantilevers were machined using wEDM from
hardened Al alloy 3003, using 250 wm thick stock foil. Compared
to stainless steel, the higher thermal conductivity of Al can help
dissipate heat. Initially, these cantilevers were machined down to
230 pm thickness. The pull-in electrode, and mid-section, where
hole-2 is located, was further reduced in thicknesses down to
125um and 30 wm, respectively. The perforations, hole-1 and
hole-2 were then machined, similar to the perforations on the con-
tact cantilevers. The heat sinks were machined using W.EDM from
500 wm thick Al alloy 3003 foil.

Device assembly was performed by manual pick-and-place of
components using tweezers. Gold wire alignment posts (1750 wm
height; 300 wm diameter), were fitted into the PCB vias (Fig. 5(a)).
Conical tip shapes allowed easy insertion and assembly. The length
of the posts was designed to extend above the PCB trace by
approximately 60 pum, to precisely accommodate the cantilevers.
For the attachment of the contact cantilever to the electrically
floating anchor pad, thermally conductive epoxy was manually
applied through a syringe to ease heat dissipation through the posts
(Fig.5(b)). The epoxy was applied only between the alignment posts
and the sidewalls of the holes on the contact cantilever. High vis-
cosity thermally conductive epoxy (33,000 cps) prevented capillary
flow and thickening underneath the cantilever and change in con-
tact gap. To further maintain the contact gap during assembly, the
contact cantilever was clamped in place while the epoxy was cur-
ing. Subsequently the actuation cantilever was assembled on top of
the contact cantilever and attached to the substrate using high tem-
perature epoxy (Cotronics Duralco 4703, 650 Krated) (Fig. 5(c)). The
sapphire microsphere was first inserted through hole-2 on the actu-
ation cantilever and rested on the contact cantilever underneath.
It was then fixed to the contact cantilever by applying thermally
conductive epoxy around the microsphere-cantilever contact point
(Fig. 5(d)). The heat sink was placed on top of the actuation can-
tilever. The structures were aligned by matching the center hole
of the heat sink with the microsphere. The heat sink was then
secured by thermally conductive epoxy (Fig. 5(e)). The flatness of
the cantilevers was maintained during the assembly process by
monitoring the tip height by a high resolution laser displacement
sensor (Keyence LK-G32, 50 nm resolution) and adjusting to ensure
that the cantilever tip was at the desired height from the ground
electrode during epoxy curing. It is envisioned that in the long term,
this process can be replaced by a precision pick-and-place process,
or eliminated entirely by a lithographic manufacturing method.

A total of nine devices were fabricated and assembled. The
distribution is as follows: four devices (two with SS316L contact
cantilever and two with Pt-Rh contact cantilever) were used for
electrical characterization; two devices (both with Pt-Rh contact
cantilevers) were used for thermal characterization; two devices

(d) Microsphere inserted into the hole-2, secured with thermally conductive epoxy.
(e) Heat sink placed by aligning the center hole around the microsphere, fixed with
epoxy.
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Fig. 6. (a) Circuitry for device testing, using actuation voltage (V¢ ) and line current
(Ion) inputs. (b) Actuation concept showing Vs_ops and Vs_on conditions. Veoar is
always near 0, whereas Viso is equal to V.

(one with SS316L contact cantilever and one with Pt-Rh contact
cantilever) were used for energy dispersive X-ray spectroscopy
(EDX); and one device (with Pt-Rh contact cantilever) was used
for a preliminary measurement of hysteresis and lifetime.

4. Experimental evaluation
4.1. Electrical testing

The test circuit and the actuation concept for the micro-relay
are shown in Fig. 6(a). The inputs include the actuation voltage (V),
the electrical ground, and the line current (Igy ), which is separately
supplied by a current source (limited to 10V compliance). In figure,
framed voltages represent indicators. The isolation of the actuation
cantilever is monitored by Visg. Under normal operation there is no
current flow across isolation resistor, Rjsg (20 kS2), which is placed
between V, the cantilever actuation voltage supply, and the actu-
ation cantilever. Therefore, in the absence of a short-circuit, V; and
Viso are normally the same (Fig. 6(b)). If the actuation cantilever is
shorted to the contact cantilever or to the ground electrode, a leak-
age current will generate a voltage drop across Rjso, hence result
in a Viso lower than V. Similarly, Vg oat is monitored for voltage
fluctuations in the floating anchor pad. Vs is used to extract the
total series on-state resistance, Ron. When the micro-relay is off,
Vs is 10V due to the current source limit (and is denoted by Vs_ggg).
When the device is turned on, Vs is reduced sharply (and is denoted
by Vs_on)- Ron can be extracted from Vs_gn by dividing it by Ipy.
Ron is a sum of the contact resistance, cantilever resistance and
resistance of the signal lead transfer points at the anchor regions.

The tests were conducted in nitrogen ambient (50.7 kPa vac-
uum) and repeated for both Pt-Rh and SS316L devices. The
electrical tests were intended primarily at determining the max-
imum power handling allowed by the materials and structure.

Vertical displacement at the tip of the actuation cantilever was
recorded using Keyence LK-G32 laser displacement sensor. The
voltage was swept from OV to 170V and back to 0V to observe
the hysteresis (Fig. 7). The typical pull-in voltage was around 130V,

T S S S S S S S NS —

-
»
+

Device x
turn-off

g
o

o
o
:

Tip displacement (um)
=
M

-~
3

30 60 90 120 150
Ve (V)

Fig. 7. Switching sequence showing the hysteresis. Vertical displacement at the tip
of the actuation cantilever was recorded using a laser displacement sensor with
0V-170V-0V actuation voltage sweep. Device pull-in and turn-off voltages were
130V and 60V, respectively. The combined stiffness of pair of cantilevers, heat sink
and the microsphere, extracted from these measurements, was 70.8 N/m.

slightly larger than the designed value of 120 V. The switching times
were approximately 14-15 ms, in good agreement with the pull-in
model. The turn-off voltage was typically 60V; this was used to
determine the device spring constant. During the release, electro-
static force and mechanical restoring force are equal in magnitude,
assuming van der Waals adhesion forces are neglected and there is
no self actuation. The spring constant can then be extracted using
following equation [5]:

1 (C,‘QWWVC,ff2
Fo=F=k=3 o

(4)
where &g is the vacuum permittivity (8.85 x 10-12), W and w are
length (1200 wm) and width (1100 wm) of the pull-in electrode,
respectively. V¢ is the turn-off voltage (60 V), g is the electrode gap
atpull-in(typically 3-5 pum) and x is the cantilever tip displacement
(~6-8 pm). The resulting spring constant was 70.8 N/m. This value
was somewhat larger than the simulated spring constant of 56 N/m.

The change of on-state resistance, Roy, with actuation voltage
is shown in Fig. 8. Increasing V increased the actuation force and
reduced on-state resistance, e.g. 1.4 2 at 140V, for Pt-Rh contacts,
reduced to 1.252 at 160V. On-state resistance did not decrease
significantly past 160V. Overall, Pt-Rh devices exhibited lower
on-state resistances than stainless steel devices, probably due to
lower electrical resistivity of the Pt-Rh (~23 w2 cm) compared to
SS316L (74 w€2 cm). The on-state resistances of devices with the
same contact metal exhibited only minimal variations (on the order
of 10m§2) from device-to-device. On-state resistances were also
monitored with changing line current (Fig. 9). For this, V; was kept
constant at 150V and Ipy was increased in 100 mA increments to

L i + 553161 Contact Beam
* A Pt-Rh Contact Beam
161" S T E e
>
P [ T R . . B IY N Wy
= 4 A A
A
R S — ,
A
1.3 A Ak
A A W o i
12 . , . A s
130 140 150 160 170
Vs (V)

Fig. 8. Experimental results showing change of on-state resistance with actuation
voltage. Line current Ion was kept constant at 1A. Increase of V; yielded higher
contact force on signal line hence lower on-state resistance. Pt-Rh devices accom-
modated lower on-state resistance.
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Fig. 9. On-state resistance derived from I-V curve. Roy is shown for a contact line
current up to 2.6 A (in 50.7 kPa nitrogen, unforced cooling). Actuation voltage V¢
was maintained constant at 150 V. Resistances augmented sharply past 1.2A and
1.5A of Ion for SS316L and Pt-Rh contacts respectively due to softening at contact
asperities. Microwelding failures due to localized heating occurred at 1.8 Aand 2.6 A
for SS316L and Pt-Rh devices, respectively.

the point of failure. The Roy did not display major changeupto 1.2 A
line current for SS316L and 1.5 A line current for Pt-Rh devices. Past
these points, resistances for both devices sharply increased. Device
failures associated with microwelding occurred at 1.8 A and 2.6 A
for SS316L and Pt-Rh contacts, respectively.

Fig. 10. Contact temperature for the Pt—-Rh micro-relays subjected to unforced and
forced cooling in vacuum nitrogen (50.7 kPa) after 1-s on-state operation at varying
current levels. Experimental data was compared with simulations. Device failure
due to microwelding occurred at 2.6 A and 2.8 A for unforced and forced cooling,
respectively. Heat management with upward forced cooling (compatible with Sunon
UF3A3 mini fan, 10 mm x 10 mm x 3 mm size, 0.22 m/s air flow) yielded lowest tem-
perature.

4.2. Thermal testing

Thermal tests included evaluation of Pt-Rh micro-relays
under unforced and forced air cooling conditions. A preliminary
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Fig. 11. SEM micrographs of failed contact cantilevers after disassembly (view from below). Excessive local heating due to high current yielded metal transfer of PCB material
on (a) stainless steel and (b) Pt-Rh contacts at 1.8 A and 2.6 A of line current, respectively, and in 50.7 kPa vacuum nitrogen. Energy dispersive X-ray spectroscopy (EDX)
was performed on contact cantilevers after 50 operation cycles at 1 A current. The regions of interest for averaged EDX spectroscopy were 75 um x 150 wm and enclosed the
particles shown on SEM micrographs (c) and (d). EDX spectra for (e) stainless steel and (f) Pt-Rh contacts showed presence of gold.
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Fig. 12. Lifetime characterization of the micro-relay. The test was run under hot
switching conditions in nitrogen (50.7 kPa) with 1A line current and 160V actua-
tion voltage. The frequency was 0.5 Hz and duty cycle was 50%. A drastic change in
on-state resistance was observed past 1900 cycles leading to failure in the 2226th
cycle. The corresponding contact temperatures are also shown. At device failure the
contact temperature recorded was 443 K.

assessment of the thermal conditions for the Pt-Rh micro-relay
was performed by measuring the contact temperature at the end of
each 1-s actuation time period during which varying levels of cur-
rent were maintained. Tests were performed in 50.7 kPa nitrogen
for both unforced and forced cooling cases. A constant actuation
voltage, Vg, of 150V was applied during the tests.

The measurements were performed with the T type Perfluo-
roalkoxy (PFA) insulated thermocouple (OMEGA Inc., 15 cm length,
70 wm exposed tip diameter); the manufacturer-specified ther-
mocouple tolerance was +0.5 K. For measurements, the tip of the
thermocouple wire was brought in close proximity to the contact
area and pressed against the signal line. The room temperature was
300K during these tests. For forced cooling experiments the mini-
fan was located approximately 1 mm above the device. The flow
was forced upward from the device. (The flow rate was not exper-
imentally verified at the operating pressure of 50.7 kPa. As noted
previously, the flow velocity at atmospheric pressure was 0.22 m/s.)

Typical measurements for contact area temperatures (following
1-s into the on-state) of the Pt—-Rh micro-relay are shown in Fig. 10.
The impact of forced cooling is evident, e.g. for 2 A line current,
unforced cooling on the micro-relay resulted in 408 K contact tem-
perature, whereas forced cooling suppressed contact temperature
rise by at least 20 K. Devices with forced cooling exhibited higher
current handling (2.8 A).

Micro-relays were disassembled after failure and contact
cantilevers surfaces were observed (Fig. 11(a) and (b)). Pt-Rh
and SS316L cantilevers were microwelded on Au-Ni-Cu layers
of PCB due to excessive heating at the contact asperities. Surface
material conditions for another pair of contact cantilevers were
observed using EDX after only 50 operation cycles at 1 A electrical
current, well before failure (Fig. 11(c) and (d)). For averaged
EDX spectroscopy, regions of interests were chosen as boxes
(75 pm x 150 wm) over contact areas. Both SS316L and Pt-Rh con-
tact cantilevers displayed small traces of gold, indicating material
transfer in the initial cycles, even at lower powers (Fig. 11(e) and

().

4.3. Lifetime testing

A preliminary evaluation of lifetime of the Pt-Rh micro-relays
was performed under hot switching conditions. An electrical line
current of 1A was used and an actuation voltage of 160V was
maintained for the test. The micro-relay was operated at 0.5Hz
frequency with 50% duty cycle. The test was done in nitrogen
(50.7 kPa) with the mini-fan kept on all the time. The on state
resistance, Ron, was recorded until the device failure occurred.

Contact temperatures were also recorded as described in the
previous section.

Lifetime test results are shown in Fig. 12. The micro-relay oper-
ated 2226 cycles before failure. Since the devices were actuated
a few tens of times for assembly check purpose before the actual
lifetime test, Ron did not exhibit a change for the initial cycles and
was constant at 1.2-1.4 €2 for approximately 1900 cycles. A drastic
increase in the on-state resistance was observed past 1900 cycles
and Ron was approximately 15 2 at failure. The figure also shows
the contact temperature, which remained stable below 2000 cycles,
but sharply increased past 440 K near the point of failure.

5. Discussion and conclusions

Electrostatically actuated micro-relay test structures for high
power DC applications were evaluated in this paper. Pt-Rh alloy
bulk foil was evaluated as the structural contact material for its
inert nature and its resistance to softening and wear. The contact
metal to mate with Pt-Rh was Au because of its widespread use in
PCB manufacturing. A contact pair solely based on Pt-group metals
is expected to be susceptible to frictional polymerization, i.e. the
formation of a contaminant film due to absorption of organic vapor
from the air under fretting conditions with shear or normal force
[26,28]. The use of Au with Pt-group metals is known to alleviate
the effects of this phenomenon significantly [29]. EDX spectroscopy
suggests that some portion of Au top layer is transferred onto con-
tact cantilevers after 50 operation cycles with 1 A electrical current.
This phenomenon indicates that contacting SS316L/Pt-Rh and Au
pairs potentially contributes to the net reduction of contact resis-
tance.

As noted in Section 4, during normal operation, the on-state
resistance, Rgy, was a sum of the contact resistance, cantilever
resistance and resistance of the signal lead transfer points at the
anchor regions. At high currents (>1A), the measured on-state
resistances were approximately 1.5 €2 and 1.25 Q2 for SS316L and
Pt-Rh micro-relays, respectively. Measured on-state resistances
were higher than both R¢ theory and Rcemp. This is likely due to
the parasitic resistances contributed by the cantilever and transfer
points, as noted above. Overall, the on-state resistance of the micro-
relays was higher when compared to DC relays intended for low
power handling. In one case, a 1 2 contact resistance was reported
foran 80 mA current [1]; in another case a 35 mS2 contact resistance
was reported for 20mA [12].

Failures due to localized heating occurred at 1.8 A and 2.6 A for
SS316L and Pt-Rh devices, respectively. The early failure of SS316L
micro-relays compared to Pt—-Rh micro-relays has two likely rea-
sons. First, the larger electrical resistivity of SS316L leads to greater
joule heating, which, in turn, increases the temperature that con-
tributes to failure. Second, the thermal conductivity of SS316L is
about 16 W/m K whereas that of Pt-Rh is approximately 35 W/m K
[30]. Therefore, the contact temperature for SS316L micro-relays is
higher than for Pt-Rh micro-relays, which, in turn, increases the on-
state resistance and contributes to an earlier failure. Pt-Rh devices
with forced cooling exhibited a current rating of 2.8 A in 50.7 kPa
nitrogen. The use of forced cooling suppressed contact tempera-
ture rise by approximately 20 K. The relatively modest nature of
this improvement suggests that the added complexity of the heat
sink is not justified for the conditions evaluated in this paper.

An unpackaged Pt-Rh micro-relay operated for 2226 cycles
under hot switching conditions of 1 A line current. This is approxi-
mately 10x greater than other high current DC micro-relays tested
at about 100 mA [31]. It is expected that device packaging can fur-
ther extend the device lifetime.

The test structures evaluated in this study were relatively com-
pact compared to the packaged solid state relays. The current
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Table 1
Device performance summary. Fabricated devices provide small footprint and high
current handling.

Property Contact metal

SS316L Pt-Rh
Footprint (mm?) 6.5 (2.6 x 2.5)
Actuation area (mm?) 1.32(1.2x1.1)
Maximum current (A) 1.8 2.8
On resistance (£2) 1.5 1.2

Actuation time (ms) 10-15

handling was 2-3 times higher than that reported for other DC
micro-relays of similar size [10,12]. However, on-state resistances
were high and actuation times were slow (Table 1).

This work has demonstrated the possible utility of bulk metal
foils as candidates for high power contact relays. The main goal
of this effort has been to evaluate the power limits of such relays.
Future efforts may be directed at adapting the structure for auto-
mated pick-and-place assembly or other format of batch-mode
mass production; extending the functionality to high power RF
switching; and device packaging.
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