308

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 46, NO. 1, JANUARY 2011

Demonstration of Integrated Micro-Electro-
Mechanical Relay Circuits for VLSI Applications

Matthew Spencer, Fred Chen, Cheng C. Wang, Student Member, IEEE, Rhesa Nathanael, Student Member, IEEE,
Hossein Fariborzi, Student Member, IEEE, Abhinav Gupta, Hei Kam, Member, IEEE, Vincent Pott, Member, IEEE,
Jaeseok Jeon, Tsu-Jae King Liu, Fellow, IEEE, Dejan Markovi¢, Member, IEEE, Elad Alon, Member, IEEE,
and Vladimir Stojanovié, Member, IEEE

Abstract—This work presents measured results from test chips
containing circuits implemented with micro-electro-mechanical
(MEM) relays. The relay circuits designed on these test chips
illustrate a range of important functions necessary for the imple-
mentation of integrated VLSI systems and lend insight into circuit
design techniques optimized for the physical properties of these
devices. To explore these techniques a hybrid electro-mechanical
model of the relays’ electrical and mechanical characteristics has
been developed, correlated to measurements, and then also applied
to predict MEM relay performance if the technology were scaled
to a 90 nm technology node. A theoretical, scaled, 32-bit MEM
relay-based adder, with a single-bit functionality demonstrated
by the measured circuits, is found to offer a factor of ten energy
efficiency gain over an optimized CMOS adder for sub-20 MOPS
throughputs at a moderate increase in area.

Index Terms—Adders, digital circuits, MEM relays, microelec-
tromechanical devices, minimum energy point, very-large-scale
integration.

I. INTRODUCTION

LTHOUGH CMOS technology scaling has historically

enabled significantly reduced energy-per-operation in
integrated circuits, today’s designs are increasingly power
limited in ways that technology scaling cannot alleviate. This
has occurred because the threshold voltage of the transistors has
already been scaled to the value that optimally balances leakage
energy and dynamic energy, and hence further reductions in
the threshold voltage would actually increase the amount of
energy consumed per operation. With the threshold voltage
pinned because of sub-threshold leakage, further supply voltage
scaling comes at the expense of per-core performance, forcing
a trend towards increasingly parallel circuit implementations as
the only means to efficiently improve throughput.
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Unfortunately, even this parallelism will eventually be-
come ineffective as each CMOS functional unit approaches
its throughput-independent, minimum achievable energy. The
minimum energy in CMOS is limited by the sub-threshold
leakage of the transistors because once CMOS circuits enter
the sub-threshold regime, an increase in the threshold voltage
decreases the leakage current by exactly the same amount that
it increases the delay. The only mechanism left to tune both
the leakage and dynamic energy components is therefore the
supply voltage, which cannot be reduced below a certain value
(set by kp1'/q and the circuit’s activity factor and logic depth)
without increasing the total energy [1].

If a device with significantly improved leakage charac-
teristics (i.e., steeper sub-threshold slope) were available,
major improvements in energy efficiency over CMOS could
be achieved [2]. Many researchers have therefore been ex-
ploring new switching device concepts to achieve sub-threshold
slopes steeper than the limit set by kg7/q in field-effect or
bipolar-junction transistors [3], [4]. However, many of these
devices achieve sharp sub-threshold slope over only a limited
range of supply voltage, leading to relatively poor on-to-off
current ratios and/or very low on-state current at low supply
voltages.

In this context, micro-electro-mechanical (MEM) relays ap-
pear very attractive, having recently demonstrated on-to-off cur-
rent ratios of ten orders of magnitude over input swings of one
millivolt and immeasurably low leakage currents [5]. These re-
lays are four-terminal devices that are functionally similar to
CMOS transistors. Despite their nearly ideal I-V characteristics,
the time required to mechanically switch a relay from the off- to
the on-state is significantly longer than the electrical switching
delay of an equivalent CMOS device. Specifically, relays fabri-
cated in a 90 nm technology node are predicted to have delays
of 10’s of nanoseconds compared to 100’s of picoseconds for
transistors in a threshold optimized CMOS process operating in
the sub-threshold regime, or up to nanoseconds in a more gener-
ically available CMOS process. Although the large mechanical
delay of MEM relays suggests that MEM relay circuits would
have very poor performance, we have proposed circuit architec-
tures that significantly mitigate this by implementing logic as
large, complex gates that minimize the number of mechanical
delays on the critical path [6].

To verify these circuit principles and the feasibility of the
MEM relay technology, this paper describes a test chip demon-
strating several functioning MEM-relay circuits [7]. Results
from the test chip confirm MEM-relay delay characteristics and
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demonstrate functionality of key circuit components needed for
the development of an integrated VLSI system: logic, latches,
memory, and I/O circuits.

To quantify the impact of device topology and dimensions on
MEM circuits, scalable models of the MEM relay behavior are
developed and used to drive a comparison between the predicted
capabilities of scaled MEM relays and CMOS in an equiva-
lent 90 nm technology node. A comparison of optimized 32-bit
adders built from CMOS and MEM relays indicates that de-
spite their large mechanical delay, MEM relays can achieve en-
ergy-delay characteristics that are nearly an order of magnitude
better than CMOS over a wide range of frequencies, while re-
quiring only three times as much area. This further validates
the notion that MEM relays are viable candidates for future en-
ergy-efficient digital integrated circuits.

The remainder of the paper is organized as follows. In
Section II we first describe the structure, operation, and mod-
eling of the MEM relays on the test chip. In Section III we
report measured results of circuits constructed from MEM
relays illustrating a variety of functions. Then, in Section IV
we study how this MEM relay’s performance would scale with
device dimensions down to a 90 nm process node, including a
few possible layout optimizations. Section V uses the conclu-
sions about scaled devices to compare MEM relay and CMOS
circuit performance and show that adders similar to those that
have already been implemented appear promising for use in the
construction of low-power VLSI blocks. Finally, Section VI
concludes the paper.

II. STRUCTURE, OPERATION AND MODELING OF A
MEM RELAY

In this section we describe the structure and operation of the
MEM relay in order to provide background for the circuit and
scaling explorations that are the focus of this paper. We also
develop a hybrid electro-mechanical model of the MEM relay,
which we will use for MEM relay circuit design and analysis.

A. MEM Relay Structure and Operation

Fig. 1 shows an SEM image and diagram of the MEM relay
device used in this work [5]. The four-terminal device consists
of a movable poly-SiGe gate structure suspended by spring-like
folded flexures above the tungsten body, drain, and source elec-
trodes. The channel consists of a strip of tungsten attached to an
insulating oxide layer on the bottom of the gate. The channel and
gate have vertical deformations, referred to as dimples, which
define the regions where contact is made between the channel
and the source and drain. To improve device reliability, a thin
titanium oxide (TiO2) coating is applied to the device to reduce
current flow at the contacts and slow the formation of tungsten
native oxides [8].

The basic operation and switching states of the MEM relay
are also shown in Fig. 1. When a voltage is applied between the
gate structure and the body electrode, the applied electrostatic
force pulls against the mechanical spring force of the flexures
and displaces the gate vertically. When sufficient electrostatic
force is applied, the relay is turned on by the channel coming
into contact with the source and drain electrodes and creating a
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Fig. 1. SEM, diagram, and operating states of the MEM relay device.

conduction path. To prevent the structure from collapsing cata-
strophically, the dimples in the channel restrict the gate’s mo-
tion once they make contact with the drain and source. When
the gate-to-body voltage is reduced sufficiently, the springs re-
turn to their unflexed position, pulling the channel out of contact
with the drain and source. These MEM relay dynamics can be
accurately captured with a classical hybrid electro-mechanical
model, described next, which significantly aids design intuition
and enables fast circuit simulation and verification.

B. Mechanical Modeling of the MEM Relay

A non-linear second-order differential equation is used to
model the movement of the gate under the applied electrostatic
force [6], [8]. In this model, which is summarized in Fig. 2, the
mass and flexures are modeled as a spring-mass-damper system
which controls the variable resistances between channel, drain,
and source

miE = Foec(z) — b — kx (1

where z is the displacement of the gate, b is the damping coef-
ficient associated with the motion of the gate structure, k is the
effective spring constant of the gate structure, and Feje.(z) is the
non-linear electrical force between the gate and the body. Both
the spring and damping coefficients in this dynamical model
must be evaluated by finite-element simulations, but if we ne-
glect fringing fields, the electrical force can be modeled simply
as the electrostatic force between the gate and body electrodes

€ ()on Vg2b
2(go — =)?
where ¢ is the permittivity of free space, A,y is the area of the
overlap between the gate and body electrodes, gg is the normal
gap between electrodes in the absence of electrical force, and
Veb is the voltage between the gate and the body.

During relay actuation, the spring force (k) varies linearly
with the displacement of the gate, while the electrical force is
inversely quadratic in gate displacement. This results in a range
of displacements where the electrical force is always larger than
the spring restoring force, and in this range the difference in
forces causes the device to unconditionally snap shut. It can
be shown that the critical displacement at which the spring and

Felec (l‘) = (2)
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Fig. 2. Schematic indicating the relevant components in the MEM relay
Verilog-A model.

electrical forces are equal is one third of the nominal gap dis-
tance. In the case that the total displacement defined by the
dimples (gq) is larger than a third of the nominal gap (go), the
voltage necessary to snap the structure shut—called the pull-in
voltage (Vi) [9]—can be derived to be

8  kgp
Vi = (] — - . 3
P 27 e,Aov 3)

The delay required for the relay to turn on is governed by
the relay dynamics described in (1). Similar to the reduced
delay from increasing gate overdrive in CMOS, a larger applied
gate-to-body voltage (Vg1,) in relays results in a larger elec-
trical force, larger acceleration, and thus a shorter mechanical
delay. In addition, the mass (m) and spring constant (k) of the
device affect how rapidly the electrostatic force displaces it. As
developed in [10] and [11], under typical operating conditions,
these effects on the mechanical turn-on delay (fmecn) of the
relay can be mathematically modeled by

m Vi
tmech X 4/ — - P 4
Tl <|ng|> @

If the gate-to-body voltage is held constant as the gate is
pulled in, then the amount of force applied to the gate will
be higher than it was in the off-state since the effective gap is
smaller. This creates hysteretic behavior in the MEM relay: once
the device is pulled in, the absolute value of the gate-to-body
voltage must be lowered below the pull-in voltage in order to
cause the device to release or pull out. This hysteresis effect is
also increased by surface forces that attract the channel to the
source/drain electrodes in the contact regions. In spite of the
hysteresis, the mechanical turn-off delay is typically much faster
than the turn-on delay because electrical contact is broken as
soon as the channel dimple moves more than ~1 nm away from
the surface when the device is released. In contrast, turning the
device on requires that the gate must travel nearly the entire gap
between the dimple and the source/drain electrode (which in our
devices is ~90 nm) before making electrical contact.
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Having described the mechanical model of the relay, it is in-
teresting to note that concerns related to environmental vibra-
tions causing spurious actuation of the relay are largely mis-
placed. The low mass of the structure implies that it has low in-
ertia and ensures that the device can only be actuated by external
forces in the presence of very large accelerations. For instance,
the devices fabricated in this work would require an external ac-
celeration of 20 000 g to balance against the spring force (k)
such that contact between the channel and the source/drain elec-
trodes is made. If all dimensions are scaled equally, the device
tends to become even more immune to vibration as it scales be-
cause the mass shrinks in a cubic fashion while the opposing
spring force scales only linearly.

Similarly, thermal energy has little impact on device opera-
tion at the scales considered in this study. Since the structure
is effectively confined to one (vertical) degree of freedom, it is
subject to kpT'/2 joules of thermal energy. Comparing this to
the k22 /2 joules of stored spring energy, it can be shown that the
o of displacement due to thermal energy is only ~8 pm for the
fabricated relays. This is 0.005% of the size of the current actu-
ation gap and causes negligible variation in the pull-in voltage.
Though scaling the devices will reduce the spring constant and
the gap size, leading to a relative increase in the effect of the
thermal energy displacement, the o of the variation in pull-in
voltage remains less than 0.5% at the scaled dimensions con-
sidered in Sections IV and V.

C. Electrical Modeling of the MEM Relay

Although mechanical motion tends to dominate the switching
delay of a single relay, the overall circuit switching delay is af-
fected by the electrical delay as well. Predicting the amount of
time required for a channel in the on-state to discharge a load
capacitance requires accurate modeling of both the on-state re-
sistance and the capacitances of the device.

The on-state resistance is comprised of the resistance of the
tungsten wires leading to and from the device (Rirace), the re-
sistance of the channel (R, ), the resistance of the contacts be-
tween the channel and the source/drain (Rcon ), as well as the re-
sistance of the passivating oxide used to improve the endurance
of the device (Rpox). Of these components, the last two are by
far the most significant contributors to the total on-state resis-
tance. As summarized in [12], the resistance of the contact at
each side of the channel depends on the conditions under which
the contact is made and the properties of the material

4pA

Rcon = o i
3A,

(%)
where p is the resistivity of the contacting material, A is the
mean free path of electrons in the contact material, and A, is
the effective contact area as given by

Felec (Qd)

A~ ———=.
¢EH

(6)
In (6), H is the hardness of the material and ¢ is the deforma-
tion coefficient. In the case of our contacts, the material is tung-

sten and the contact is elastic. The parameter values of p = 55
n2-m, A = 33 nm, £ = 0.3, and H = 1.1 GPa model this
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TABLE I
SCALED AND CURRENT MEM RELAY DEVICE MODEL PARAMETERS.
MEASURED DATA IS INDICATED WITH AN ASTERISK

Parameter Current Scaled
Devices Model
Aoy [pm’] 450 0.77
go [nm] 180 10
g4 [nm] 90 5
Reon [€2/contact] ~0.1 40-400
Rpox [Q/contact] 500 500
Cyc [fF] 128.3 0.9
Con(x=0) [{F] 323 1.46
Cod(x=0) and 6.6 0.6
Ces(x=0) [fF]
k [N/m] 62.5 0.07
m [fg] 3700 0.86
b [uN/m/s] 50.785 0.0078
tmecn [18] 34.0* 0.02-0.08
telee = Ron(Cget 304.4 2.5-3.5
Capt2Cqass) [ps]
Vi [V] ~8-10* 0.04

situation and using these values in (6) leads to the range of re-
sistances given in Table 1.

The overall resistance is also modified by the sub-1 nm thick
TiO; electrode coating that limits current flow and mitigates na-
tive oxide formation to improve device reliability [8]. Devices
with this coating have been operated for over 60 billion cycles
and show no surface wear after this cycling [5], [8]. The resis-
tance of this oxide coating is included in the model by com-
paring measured device resistance to the theoretical contact re-
sistance model introduced above and the results are noted in
Table 1.

Finally, the electrical delay is also determined by the load ca-
pacitance seen by the device. In our intended VLSI applications
the load capacitance is dominated by wire parasitics and the load
presented by other relay devices. The load presented by the de-
vices consists of many parasitic capacitors, but the largest of
these are the capacitors formed by the air gap between the gate
and the body across which the device is actuated (Cl,), and
the parasitic capacitance between the gate and the channel of
the device (Cy.). The channel terminal of the gate-to-channel
capacitance is floating when the relay is in the off-state, so it
only contributes to the total capacitance when the relay is in

the on-state. Both of these are well-modeled as standard par-
allel plate capacitors

60140V

go—

ox OAC 1
and Cgc — Fgox€ollch )

tgox

Cgb(x) =

where kgox is the relative permittivity of the gate oxide, Ay, is
the area of the gate to channel overlap, and #, is the thickness
of the gate oxide. Even though Ay, is relatively small compared
to Aoy, the gate-to-channel capacitance can be a significant con-
tributor to the overall load capacitance because of the high rel-
ative permittivity of the gate oxide—Al>Oj3 in our devices. The
channel-to-body capacitance, C.},, is not significant because it
is formed over the same air gap as the gate to body capacitance
but has the smaller area of overlap, Ay.!

All of the other capacitors in the device model arise from the
overlap between the gate and the other electrodes. The overlap
with the drain and source electrodes introduces gate-drain (Cgq)
and gate-source (Cys) parasitic capacitors. These are also mod-
eled as parallel-plate capacitors, with gap size and permittivity
that are the same as for the gate-to-body capacitance. Conse-
quently the ratio of Cyy, to the C'yq and Cy capacitances is set
by the ratio of gate-to-body overlap area to gate-to-drain/source
overlap area and, by design, the gate-to-drain and gate-to-source
overlaps are smaller than the gate-to-body overlap. As shown in
Table I, the total capacitance from the gate to the source or to the
drain in our measured devices (Cgs + Cyga) is roughly 40% of
the main actuation capacitance (Cgb), with this ratio reducing
to ~27% in the scaled device with a somewhat improved layout.
Since they are not negligible, the drain and source parasitic ca-
pacitors must be included in both the delay and energy analyses.

By combining the electrical and mechanical models, perfor-
mance estimates of a general MEM-relay device have been ob-
tained and verified by experiment [6]. These estimates can in
turn be used to predict the performance of devices with different
dimensions. To expedite circuit design with the relays these
models have also been implemented in Verilog-A. The perfor-
mance of the analytical and computer models is well correlated
with measured data for a similar device [8]. Notably, this model
accurately captures several important phenomena of device op-
eration: the switching voltages, the mechanical delay, and the
electrical delay.

III. MEM-RELAY CIRCUITS

Although the previously described models are valuable for
predicting the behavior of MEM-relay circuits, experimental
verification of their functionality is clearly needed. Previous
work has characterized a complementary MEM-relay inverter
[5], but in order to demonstrate the feasibility of implementing
more highly integrated MEM-relay circuits, and to study their
properties, a range of example circuits have been fabricated on

Tn a properly designed device, the gate-to-body and gate-channel capaci-
tors will dominate the total capacitance of the device. Our initial devices uti-
lized a simplified process that required large anchors to ensure that the anchors
wouldn’t be released, and thus the parallel plate capacitance from the gate an-
chors to the substrate was significant. Fortunately however, the substrate plays
essentially no role in the operation of the device, and thus the thickness of the
substrate oxide could in principle be increased. Furthermore, in a scaled process
the anchor dimensions can be directly set by lithography and hence the anchor
capacitance of a scaled device would be negligible.
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Fig. 3. Die photo with relay-based, propagate-generate-kill circuit shown in
inset.

a demonstration chip (Fig. 3) using a 1 pm lithographic process
[7]. In this section we show measurements of circuits composed
only of relays with grounded body terminals, which limited the
number of parasitic effects that could affect device operation.

The static switching characteristics of a MEM relay-based
logic gate are demonstrated in Fig. 4, which shows the schematic
and measured voltage transfer characteristic (VTC) of a pass-gate
style MEM inverter/XOR. The VTC of the XOR with one input
held static at 10 V highlights the expected hysteresis of the
relay-based XOR; this hysteresis window determines the min-
imum voltage swing required to switch both devices on and off.
The switching voltages of the inverter depend on the pull-in
voltage of the devices and there is some device-to-device pull-in
voltage variability on the test chip; this variability was caused by
anuneven film deposition during the manufacturing process. This
is evidenced by the difference in the magnitude of the switching
voltage in the A pull-in and A (10 V minus the A voltage) pull-in
paths. Unlike CMOS, the conduction of the MEM relay is ideally
independent of the drain and source voltages, which enables the
“NMOS”-style pass-gate to swing full-rail at the output. This
VTC shows that the gate is capable of driving the necessary
output voltages to overcome its own hysteresis window and
switch another gate. Like in CMOS, this is a critical requirement
to enable the composition of multiple digital logic gates.

The composability of MEM-relay circuits is verified in
Fig. 5, where the measured MEM-relay latch demonstrates
both transparent and opaque states. Like in CMOS, a cascade of
two latches could be used to create a flip-flop. The latch’s circuit
topology is directly ported from an equivalent pseudo-NMOS
structure. Although the circuit is functional, it suffers several
mechanical delays during operation—i.e., the performance of
this implementation is much worse than it would be if it were
re-optimized for the characteristics of MEM relays.
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Fig. 4. MEM relay based inverter and measured VTC illustrating full-rail
swing at the output and digital gain.
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Fig. 5. Latch composed of MEM relay devices and waveforms showing its
operation. Functionality of the latch illustrates that MEM relay logic stages are
composable.

The most significant relay characteristic, as predicted by the
model as well as earlier works, is a large discrepancy between
the intrinsic mechanical and electrical delays of a MEM relay
[6]. These predictions are verified by the measurements in
Fig. 6, which show the schematic and two waveforms for a
single relay pseudo-NMOS style oscillator that were measured
at the same time but at different voltage resolutions.

In Fig. 6, the rising edge is set by the RC time constant of
the 74 k€2 external load resistor and the capacitance due to the
test infrastructure (probecard and oscilloscope), which is esti-
mated to be 55 pF. The mechanical delay of the device can be
measured from the time the rising edge reaches the previously
characterized Vp; to the time when the relay actuates—i.e., when
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Fig. 6. Two waveforms from a single-stage, MEM relay-based oscillator that
were collected at the same time but at two different voltage resolutions, one for
full-scale waveforms and one for a precise timing measurement. These wave-
forms can be used to estimate load capacitance (55 pF), device on-resistance
(~1k€2), and device mechanical delay (34 ps).

the output voltage begins to drop. Here, die-to-die variability re-
sulted in a lower pull-in voltage than the previously measured
inverter. Despite the lower pull-in voltage, 8 V of gate-to-body
potential for the oscillator device is a relatively low “gate over-
drive” (i.e., Vaa/Vpi). When the gate overdrive is low the me-
chanical delay is especially sensitive to changes in the over-
drive, and thus the measured mechanical delay varies between
~25-35 ps on different cycles.

Once the relay actuates, the output is discharged based on the
electrical delay of the MEM relay. The oscillator’s falling edge
sees the same load capacitance as the rising edge, but its delay is
set by the on-resistance of the relay, which is estimated as 1 k2
based on the sub-300 ns electrical delay. The electrical delay
measurement in Fig. 6 does not reflect the intrinsic delay of the
device because of the parasitic capacitances due to the testing
infrastructure. If the actual load capacitance was only the gate
of another relay, which is estimated as ~300 fF, the resulting
electrical time constant would be on the order of ~0.3 ns.

Even with the high capacitance of the probe card and os-
cilloscope, these measurements indicate that there is at least
a difference of several orders of magnitude between the de-
vice’s mechanical and electrical delays, which has implications
for both the device fabrication and circuit design. Despite the
many sources of contact resistance discussed in Section II, the
relatively small electrical delay means that there is significant
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™ ©:
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f s TaclH TacdH
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‘ : E7WE e
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Fig. 7. CMOS to MEM relay logic mapping.

margin for contact resistance variation without dramatically im-
pacting the dynamic device performance. This flexibility may
even be exploited to enable material tradeoffs that sacrifice the
electrical delay by introducing a slightly higher contact resis-
tance for improved reliability, such as the previously described
oxide coating.

The imbalance between electrical and mechanical delays sug-
gests that optimized relay-based circuit designs should mini-
mize the impact of the mechanical delay by arranging all me-
chanical movement to happen simultaneously within each cir-
cuit. The resulting design paradigm, as shown in Fig. 7, is that
MEM relay logic should be designed as single complex gates
wherever possible [6]. Only once the complexity of the logic
gate has grown to the extent that the electrical delay due to de-
vice stacking becomes larger than the mechanical delay should
the gate be partitioned into multiple stages. Therefore, regard-
less of the final output load, the worst case electrical delay for
a logic stage should be roughly balanced with the mechanical
delay. For reference, this balance is achieved with a stack of
600 relays when driving a single device (fanout of one) using
the currently fabricated devices. A stack of 290 relays balances
the delays when using the scaled devices described later in this
work.

This design paradigm is demonstrated in the carry-genera-
tion circuit shown in Fig. 8. This circuit is a key component of
the Manchester carry chain adder, which is particularly favor-
able to MEM relays since the carry signal does not incur ad-
ditional mechanical delays as it propagates through each adder
stage. In principle, the XOR function can be implemented effi-
ciently using a single MEM relay with the input signals tied to
gate and body terminals [6], but because only devices with the
body terminal tied to ground were measured on this test chip,
the propagate XOR is implemented with four devices [7]. The
waveforms in Fig. 8 also illustrate the operation of this circuit
in propagate, generate, and carry modes, showing that MEM re-
lays are amenable to logic implemented using complex gates.

Given its immeasurably low leakage current [4] (and hence
the potential for very large retention times), the MEM relay is
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Fig. 8. MEM relay based carry generation circuit and measured waveform demonstrating operation in propagate, generate and kill modes.

also very well suited for implementing DRAMs. The structure
of this circuit is illustrated in Fig. 9, which shows a 10-bit
DRAM column composed of MEM relays constructed in a
NAND configuration. Each DRAM cell consists of three de-
vices as seen in Fig. 9: a storage device which can either short
or open the read bit-line (BLgrp), an access device that gates
the signal between the write bit-line (BLwr) and the gate of
the storage device, and a bypass device that is in parallel with
the storage device and also attached to the read bit-line.

During a read operation, the read bit-line output is pre-dis-
charged to a low voltage and the read word-line of the cell
being interrogated (WLgp[n]) is lowered from its normally
high voltage. Because the read word-line is normally high, the
bypass devices in every cell except for the cell being read are
turned on, shunting/bypassing the corresponding storage de-
vices. Thus, if the gate capacitance of the storage device in the
interrogated cell contains enough charge so that device will be
turned on, a conducting path from the supply to the bottom of
the read bit-line stack will be formed and BLgp will be pulled
high. Otherwise, BLrp will remain low. During a write opera-
tion WLyR [n] is raised high to allow BLwg to charge or dis-
charge the gate of the storage device.

This configuration allows the memory to perform a read op-
eration in a single mechanical turn-on delay (for decoding the
address) plus a mechanical turn-off delay (to turn off the by-
pass device of the cell being read). As previously mentioned,
the turn-off delay is much smaller than turn-on delay, and hence
the read latency of this DRAM design is substantially lower than
designs similar to CMOS implementations that would require 2
or more turn-on delays.

An experiment illustrating the operation of the DRAM is
shown in Fig. 9, where the waveforms show a simultaneous
memory read and write. The 10-bit memory cell was fully
integrated except for (due to lack of vias) the wires between the
drain of the access device and the gate of the storage device.2
The pre-discharge of the read bit line was accomplished using

2This external connection meant that the storage node of the device was ex-
posed to the capacitance and leakage of the probe card and external wires. Ac-
curate measurements of the retention time of the DRAM could therefore not be
taken since the measured retention time would be completely set by external
leakage current discharging the external capacitance.
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Fig. 9. Read and write of a single bit in a MEM-relay-based NAND-style
DRAM column. The WLgp[0] to WLgp[8] signals are high so that the
highlighted devices attached to them are turned on, creating a conductive path
from Vpp to the tenth DRAM cell.

a 100 k€2 pull-down resistor that bypassed the pull-down relay
in order to reduce the number of control signals needed to test
the circuit as well as enable the simultaneous read and write
operation.

Finally, the fact that each of the circuits described were able
to drive the probecard and the oscilloscope suggests that the de-
vices are capable of driving large capacitive loads. The ability
to drive these loads presents the MEM relay as a candidate for
an I/O device. Fig. 10 demonstrates the MEM relay in that role
by showing the operation of a 2-bit thermometer-coded DAC.
The DAC is implemented using three MEM relay-based buffers
which create a programmable resistor divider between the I/O
voltage rail and ground. Note that because relay actuation ide-
ally depends only on the gate-to-body voltage and not on the
drain or source voltages, it is relatively straightforward to incor-
porate a level-shift into the output stage. This is demonstrated
in Fig. 10, where the output full-scale voltage is 3 V while the
relay actuation voltage is 10 V.
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Fig. 10. A MEM relay based 2-bit thermometer coded DAC. The outputs for “11X” and “00X” inputs are shown, where X= V. A level shift is built into the

DAC because the Vo voltage is different than the actuation voltage.

IV. EFFECTS OF SCALING MEM RELAYS

Even though the previously described circuits demonstrate
the functionality of MEM relay-based circuits, the size and
high switching voltages of the current devices do not imme-
diately demonstrate the benefits of these MEM circuits over
current CMOS implementations. However, like CMOS transis-
tors, MEM relays are expected to achieve substantially lower
switching energy and lower delay as their physical dimensions
are scaled.

The modifications to the device necessary to achieve these
benefits can be analyzed by looking at the sources of energy
consumption in a MEM relay. Energy is primarily spent driving
the parasitic capacitances, and thus the energy/per operation
is improved by decreasing the load capacitance—achieved by
reducing the actuation area—and lowering the relay operating
voltage. Both of these effects reduce the electrical force available
to actuate the device, and hence a corresponding decrease in
the spring constant—achieved by thinning the flexures—and
reduction of the gap thickness is necessary to reduce the pull-in
voltage. Even though the pull-in voltage and applied force are re-
duced, the mass of the device scales more quickly than the spring
constant, which results in faster actuation at smaller dimensions.

Of course, this improved performance and particularly the re-
duction in energy cannot be extended forever. Ultimately, the
spring must be able to restore the relay to its un-actuated po-
sition after the electrical force is removed. The surface forces
holding the relay in place—primarily hydrogen bonds, capil-
lary forces, and Van der Waals force [13]—therefore provide a
lower bound on the strength of the spring and set the minimum
amount of energy for switching the device on and off. For large
contact dimple areas, these forces are proportional to the area
of the contact dimple. Thus, even though the spring force will
become weaker as the device is scaled, scaling the contact di-
mensions will allow the spring force to dominate surface forces
even as the device becomes smaller.

However, eventually both the surface forces and contact
resistance will be determined by a handful of bonds between
the channel and the drain/source electrode. At this point, further
scaling of the contact dimple area leaves the surface forces
largely unchanged [13]. This implies that the minimum stored
spring energy must be large enough to overcome the energy

of a small number of bonds; given five bonds, each of which
have an energy of ~0.2 aJ [14], the minimum switching energy
would be 4 aJ per device switching cycle [8]. This is roughly
a factor of ten lower than the minimum energy per switching
cycle of a single, minimum-sized 65 nm CMOS transistor [2],
[8]. It is important to re-iterate however that since relay-based
circuits will be constructed in a significantly different manner
than their CMOS counter-parts, the true energy benefit of relays
must be evaluated at the circuit level.

V. COMPARISON OF SCALED MEM-RELAY AND CMOS LoGIC

To realistically project the benefits of a MEM relay it is nec-
essary to compare modern CMOS circuits against their coun-
terparts built from scaled versions of fabricated MEM relays.
However, in measuring the original test chip, several parasitic
effects that affected the operation of the devices were discov-
ered. Specifically, the relatively large gate-to-drain and gate-to-
source capacitances lead to parasitic actuation forces between
the source or drain electrodes and the gate. Through this mech-
anism the voltage on the source and drain (relative to the gate)
could change the pull-in voltage, as seen in Fig. 11(a).

In addition to the parasitic effects caused by the drain and
source-to-gate overlaps, the overlap between the channel and
the body could result in an electrostatic attractive force between
the channel and the body. If this force is sufficiently large, it may
keep the device in the on state after the gate-to-body voltage is
removed. The combination of these effects made the use of the
body electrode for device control unpredictable. These undesir-
able effects must be eliminated in a practical scaled device, and
as a first step in that process, devices with an improved layout
were fabricated and tested. Fig. 12 shows an image of the de-
vices [15] and of the test chip utilizing these devices. In these de-
vices the drain and source areas were reduced, the channel size
was minimized, and the channel-to-body overlap was shrunk.
These changes resulted in a drastic reduction in parasitic capac-
itances and forces as evidenced by Fig. 11(b).

Utilizing the improved device design, a one-bit adder was im-
plemented on the second test chip in a style that took advantage
of the ability to use both gate and body as logic inputs. As shown
in Fig. 13, since the relay is actuated when the absolute value of
gate potential is greater than the pull-in voltage, it is possible to
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Fig. 12. Die photo of the test chip using the revised device layout and a
zoomed-in image of a single device.

use the back-gate as an input to implement the XOR of two sig-
nals (for both the propagate and sum calculations) rather than
the four-device XOR used on the original test chip. Sum is im-
plemented as a wired-XOR gate and both true and complement
versions of the carry signal are computed to avoid the additional
mechanical delay that might be required to invert the incoming
carry signal.

Fig. 13 also shows the measured results from this full-adder
circuit. The operating voltage used in these results was higher
than on the previous demonstration chip because the as-fabri-
cated gap thickness was larger than expected, raising the pull-in
voltage of the device. We expect that this thickness would be
better controlled in an industrial fabrication facility.

In an effort to reduce the footprint of the device while pre-
serving the original device topology, a number of evolutionary
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Fig. 13. Schematic and measured waveforms of a one-bit adder implemented
using the revised layout for the MEM relays.3

optimizations are incorporated into the device layout to maximize
areaefficiency and minimize parasitic capacitances. Specifically,
the device anchors were moved in line with the flexures, the
flexures were adjusted so that they contact the top/bottom of
the actuation area rather than the sides, the actuation area was
extended across the entire length of the device, and the length of
the channel was minimized by extending the drain and source.
The first three of these optimizations reduce the overall footprint
by enabling the actuation area to be increased without stretching
The improved device layout from this second test chip was
used as the starting point for the design of a scaled device used
to analyze MEM relay logic performance. Fig. 14 presents a
device layout optimized for a 90 nm equivalent MEM relay
technology; in this device most dimensions are directly scaled
by a factor of 50 compared to the measured devices. the de-
vice footprint vertically, while the fourth minimized the load
capacitance by limiting the channel overlap area.

Though better performance, energy, and/or area could
possibly be achieved by more radical changes in the device

3The sum and carry-out signals don’t precisely track the carry-in signal in
the measured waveforms because of a source resistance that was attached to the
supply generating C;,, in order to limit the current to the devices. This source re-
sistance formed a resistive divider with the resistance of the oscilloscope probe.
C;n» was measured on the source side of the source resistance and thus did not
see the same voltage division as S and C,..
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Fig. 14. Possible layout for a 90 nm technology MEM relay that incorporates
optimizations to improve area efficiency and reduce parasitic capacitance.

structure (e.g., by switching to the simple cantilevers analyzed
in [6]), this scaled version of the fabricated devices is analyzed
because of the similarities with the current devices that have
already achieved good yield and reliability and are thus closer
to large-scale realization. To be more specific, although the
number of devices fabricated was insufficient for a thorough
statistical study, all of the devices that were tested on the fabri-
cated chips were functional, and as mentioned previously, the
devices remained functional after more than 60 billion cycles.

Table I shows the consequences of this scaling on the device
parameters that directly impact relay performance. The values in
the table are calculated by using the previously established elec-
trical and mechanical models along with the new device dimen-
sions. It is important to notice that the switching delay of a MEM
relay is dominated by the mechanical delay of the structure even
at these scaled dimensions. Specifically, as seen in Table I, the
mechanical delay is on the order of tens of nanoseconds, while
the intrinsic electrical delay of the device is less than five pi-
coseconds. This remains true even for stacks of 32 series relays
as long as the contact resistance is less than 15 k€2, and hence
the precise scaling behavior of the contact resistance is unlikely
to affect the design style of the circuit.

In order to illustrate the potential benefits of scaled MEM
relays while keeping in mind the differences in circuit design
paradigms, we next compare the energy-performance charac-
teristics of an optimized 32-bit MEM relay-based adder against
those of an optimized CMOS implementation [16]. The imple-
mentation of the 32-bit relay adder (which utilizes the full-adder
cells measured in Fig. 13) is shown in Fig. 15. Note that in total,
only 12 relays (as compared to 24 transistors in CMOS) are used
to implement a full-adder cell, which helps to amortize the area
penalty stemming from the fact that each individual MEM relay
is significantly larger than a minimum-sized CMOS transistor.

In order to implement the complete multi-bit adder, the MEM
relay-based full-adder cell is used in a ripple-carry configura-
tion. Overall, the structure implements a complete 32-bit add
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Fig. 15. Schematic of a 32-bit Manchester carry chain adder using a full adder
cell implemented as a single compound gate built from MEM relays.

function in one compound gate and requires 384 relays, each of
which occupies slightly less than 12 ym?. Assuming a wiring
overhead of ~30%, this results in a total area of ~ 7000 umz
for the MEM-relay adder.

In order to benchmark the NEM relay-based adder, it was
compared to a 32-bit CMOS Sklansky adder [17]. Sklansky
adders were identified as the minimum energy topology across
a wide range of delays in [16]. At the minimum energy/max-
imum delay, the adder uses 836 gates and occupies an area of
~ 2000 zzm? when placed and routed using standard cells with
no delay constraint. The energy per operation of the CMOS
adder is based upon the results from [16], and Verilog-A simula-
tions of the whole relay adder were used to estimate its energy.

Fig. 16 shows the energy-delay tradeoffs in CMOS and
MEM-relay adders where the adders have been designed to
drive a load capacitance of either 25 fF or 100 fF. In Fig. 16(a)
the energy spent driving the load is omitted in order to facilitate
comparisons between only the adders, while Fig. 16(b) includes
the load energy to compare the overall performance. The delay
of all of the adders includes the effects of driving the load
capacitance at each of their outputs.

The delay from driving these load capacitances increases with
the size of the load. When the electrical delay becomes compa-
rable to the mechanical delay, it is beneficial to add a buffering
stage to drive the load and reduce the electrical delay of the cir-
cuit. Consequently, the results for relay adders with 100 fF load
in Fig. 16 assume a single buffer is added at the output to drive
the loads. This modification roughly doubles the delay of the
unloaded circuit because two mechanical delays are incurred,
but essentially eliminates the electrical delay and thus improves
performance in the most energy-efficient way.

The energy of the CMOS adder reaches its minimum energy
point [1], [16] for delays above ~ 1 ns. Thus, at delays of ~
50 ns, a single MEM-relay adder would offer an improvement
of ~ 10x or more in energy efficiency with an additional area
overhead of ~ 3.5x compared to the CMOS adder. Applications
requiring throughputs of ~ 20 MOPS or less would immediately
benefit from deployment of such a technology.
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The improved energy-efficiency offered by relays can also
be extended to higher throughputs by trading-off increased area
to make use of parallelism (as also indicated in Fig. 16). For ex-
ample, a 32-parallel MEM relay adder implementation operating
at 0.5 GOPS, which has 10x lower energy per operation than
CMOS, would require 100x the area. As previously mentioned,
this area penalty can be reduced by more radical optimization of
the process and device layout—e.g., cantilever-based relays like
those analyzed in [6].

VI. CONCLUSION

This work has demonstrated the functionality of several
MEM-relay circuits that are key VLSI system building blocks.
The presented analyses suggest that scaled versions of MEM
relays have the potential to reduce the energy consumption
of adders, and possibly many other VLSI blocks, over a wide
range of performance points.
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In addition to the demonstration of relay-based circuits,
this work contains an analysis showing that relay-based cir-
cuits generally achieve minimum delay by assembling large,
complex gates where all of the devices are actuated at the
same time. Using this design style, simulations predict that
relay-based adders in a 90 nm technology node can achieve
energy savings of ~ 10x over a minimum-energy-point CMOS
design for up to 20 MOPS. Though these energy savings have
not been experimentally verified, the building blocks necessary
to construct an adder and other VLSI blocks with this style
have been demonstrated.

These results, taken together, point to MEM relays as inter-
esting candidates for the implementation of VLSI circuits as
CMOS designs become increasingly power limited. Though the
functionality demonstrations here are far from illustrating the
energy gains promised by comparative analysis of scaled re-
lays vs. CMOS transistors, they confirm the feasibility of im-
plementing logic using MEM relays and suggest that further
scaling and integration of the relays could eventually lead to
gains in energy efficiency over CMOS.
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