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Abstract— Electrostatically operated micro and nano
electromechanical (MEM/NEM) relays have been proposed
as digital switches to replace transistors due to their sharp
turn-on/off transient, zero leakage current between drain
and source in the off state, and capability to operate at
far higher temperatures and radiation levels than CMOS.
However, the different components associated with energy
consumption in MEM/NEM relays, including the dynamic
energy associated with charging the gate capacitance and
static energy lost through substrate leakage, have not been
investigated to date. Here, we present a detailed analysis
of the energy consumption of NEM/MEM relays starting
from first principles and compare against measurements
carried out on silicon MEM relay prototypes. The dynamic
energy consumed by a transistor in a binary switching
transfer is accurately captured by 0.5CV2. This expression,
which has also been used for relays, is only valid under the
approximation of an unvarying capacitance C. However, the
gate capacitance of a MEM/NEM relay varies as a function of
the gate voltage, as it is determined by the airgap between
the gate electrode and the moving beam. We show how
including this effect adds an extra term to the dynamic en-
ergy consumption expression. Furthermore, we investigate
different current leakage mechanisms and devise a new
method to estimate the substrate leakage current based
on utilising the switching hysteresis of relays. The models,
analyses and measurement methodologies presented here
constitute a set of essential techniques for accurate esti-
mation of the energy consumption of MEM/NEM relays in
ultra-low power circuit applications.

Index Terms— Leakage energy, microelectromechanical,
nanoelectromechanical, nanomechanical computing, relay,
switching energy

[. INTRODUCTION

Due to an abrupt turn-off transient, zero leakage current
[1] and the ability to work at temperatures up to 300 °C [2],
micro and nano-electromechanical (MEM/NEM) relays have
the potential to replace transistors in applications that require
high-temperature capability with ultra-low power consumption
[2], [3], [4]. Such applications are common in the industrial
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Fig. 1. Actuation of 3-T relay: (a) SEM images of the MEM 3-
T Relay with movable dual beam. Voltages and currents are applied
and measured at the source (S), drain (D) and gate (G) electrodes to
measure the dynamic energy consumption. (b) Circuit symbol of 3-T
relay with terminal definitions. (c) Equivalent circuit for actuation where
the gate-source voltage Vg is a ramp waveform and the drain is biased
at a constant voltage Vps. (d) Measured pull-in and pull-out of relay
imaged in (a) showing the sharp turn-on and turn-off transients (relay
dimensions correspond to the R1 design in Table I).

IoT, aerospace, downhole and defence sectors for example.
To date, many works have reported different modelling ap-
proaches to estimate the energy consumption of MEM/NEM
relays, including finite-element model (FEM) simulations [5]—
[7], reduced order modelling [8], [9], and numerical [10],
analytical [11], [12] and circuit-level models [13], [14]. How-
ever, experimental verification of the energy consumption of
electromechanical relays is essential to get a full understanding
of the opportunities for potential power savings in relay-based
circuits. Previously, we reported preliminary work carried out
to experimentally extract the dynamic energy consumption of
a MEM 3-T relay [15]. However, this work focused solely on
dynamic energy without addressing static dissipation, which is
critical for ultra-low power applications. We also derive a more
accurate analytical model for dynamic energy consumption
and provide many more details around the entire methodology.

[I. RELAY PROTOTYPING

In this paper we carry out a systematic analysis of the
dynamic and static energy consumption of an electrostatically
actuated three-terminal (3-T) relay, the closest equivalent to a
MOSFET switch, based on experimental measurements. The
conventional formulation of the dynamic energy consumption
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I SH L sn PARAMETERS OF 3-T MEM RELAYS AND GATE ELECTRODE
y_ e Wy
w s Devices Relay (R1) Relay with Wide
H ) |88 Hinge and Gap (R2)
: B}
83 W Experiment Dynamic Static Energy
by @ 3 Energy Consumption
Consumption
dxiBH
L@ s @ Eep Inner Structure Parameter
Thickness (SOI substrate 2 pm 2 pm
hﬁo I ¢ device layer thickness) (t)
- Gate airgap (9¢) 0.6 pm 1.6 um
" - Contact airgap (g¢) 0.5 pm 1 um
G
= We G h Hinge width (wgr) 1.8 pum 2.5 pm
G
“ Beam width (wpg) 5 pm 5 pm
Dual beams gap (wp) 15.8 pum 15.8 um
Fig. 2. Sketch of parameterised 3-T MEM relay layout for the two . .
prototypes with key dimensions as symbols. The dimensions for the two ~ Etching hole width (wp) 2.3 pm 2.3 pm
relay designs R1 and R2 are given in Table I. Source beam hinge horizontal 65 pm 65 pm
length (Lzsp)
of a binary switching transfer where the output voltage swings lse(;urtie (lfam h)inge vertical 34 pm 34 pm
from 010 V' is [v-idt = [v-d/dt(c-v)dt, which simplifies cgl A ys:, - “ “
to 0.5C'V2 for constant C [16]. However, the gate capacitance ( L()I}];He)dm inge fengt pm pm
of a MEM relay varies as a function of the gate voltage, .
. . . . R Beam hinge anchor 60 pm 60 pm
as the instantaneous capacitance is determined by the airgap displacement (dz g )
be.tween the gate. electrode anFl the moving l?eam. In this work, Gate flat length (Iz) 80 pm 80 um
using first principles, we derive an expression for the energy
. . . . Gate Electrode Parameter
consumption that takes into account the changing capacitance.
We also compute the dynamic energy consumption using  Electrode width (wg) 1784 pm
current and voltage measurements on a 3-T MEM relay. The Electrode height (hq) 187 pm
accuracy of measurements is verified by comparing extracted Angled height (Iqy_ ) 50 um
capacitance values against FEM simulations. Our results con- Angled width (o x @) 62 pim
firm that O.BCV% can significantly underestimate the dyna.mic Corner height (he ) 475 um
energy cgnsumptlon in MEM relays. Furthermore, we devised Comer width (w, ) 283 um
an experimental methodology to measure the static substrate )
Undercut width after VHF 5 pm

leakage current of MEM relays fabricated on a silicon-on-
insulator (SOI) substrate, which has not been considered to
date, to provide insight into the efficacy of using MEM relays
for ultra-low power applications.

A. Relay Design

We use a 3-T relay design that has an in-plane, angled
dual-beam architecture as shown in Fig. 1(a) that we have
successfully used in previous work to demonstrate switch
cycling using nanocrystalline graphite coatings [17] and to
demonstrate a 4-terminal relay with a single contact [18].
The 3-T relay can be depicted by the symbol defined in Fig.
1(b), and is actuated by applying a voltage vgs' between the
gate (G) and source (S) terminals that causes the movable
cantilever to deflect due to the resulting electrostatic force
and make contact with the drain (D) electrode. As per the
equivalent circuit shown in Fig. 1(c), the current i(¢) charges
the relay capacitance cg, which is the capacitor defined by the
beam (source) and gate acting as electrodes with air as the

'Our notation uses lowercase and uppercase letters respectively to denote
variable and constant parameters, uppercase subscripts to denote terminals
such as ’G’ for gate, and lowercase subscripts for all other qualifiers such as
’st’ for static.

(W i)

dielectric. The gate voltage vgs eventually causes the beam
to pull in at Vpp, defining the on state. Once on, a current
ips flows between the source and drain terminals through the
beam, due to the applied bias voltage between the drain and the
source, Vps. When the gate voltage is subsequently reduced,
the hinges are designed to be stiff enough to overcome the
surface adhesion forces at the contact and the beam pulls out
at Vpo. We have characterised two different relay designs with
this same architecture, and the key dimensions of each design
are defined in Fig. 2 while the parameters for the two different
prototypes as well as the experiment carried out on each are
given in Table I. The measured pull-in and pull-out electrical
performance for the MEM relay prototype (R1 in Table I)
shown in Fig. 1(a) is given in Fig. 1(d).

B. Fabrication Process

The MEM relays Rl and R2 were patterned on SOI
substrates with a 2um thick doped device layer (resistivity
0.02Qcm) and a 1um thick buried oxide (BOX) layer. A
210nm thick SiO, layer was deposited as a hard mask using
plasma-enhanced chemical vapor deposition (PECVD). The
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in-plane switches were defined on the silicon device layer of
the SOI substrates by carrying out electron-beam lithography
(EBL) on a RAITH VOYAGER system. Next, the hard mask
was patterned using reactive ion etching (RIE), and the silicon
device layer was etched using inductively coupled plasma
(ICP) on an Oxford Instruments Cobra 100 system. Subse-
quently, the cantilever structures were released by etching the
BOX layer with HF vapor at 50°C. A gold layer of 40 to
50 nm was thermally evaporated on the top of the MEM relays
and the sidewalls of the suspended switch as a contact material.

I1l. MEASUREMENT METHODOLOGY
A. Energy Consumption of MEM Relay

The dynamic energy consumption of a MEM relay, Ejyy, is
the energy required to charge the relay’s gate capacitance to
the pull-in voltage, and is given by

Edy:/o o(t) - i(t) dt. (1)

For constant C' this equation has a simple closed-form solution
of 0.5C'V2, but for the case of a MEM relay, the beam moves
closer to the gate under actuation, the dielectric thickness re-
duces and the relay capacitance increases. The dynamic energy
consumption can be accurately calculated by integrating the
product of the measured capacitor charging current and the
applied voltage over the actuation period 7.

The static energy consumption of a MEM relay, Ey, caused
by leakage currents, has two main components: drain-source
leakage and gate leakage, similar to transistors. For our fab-
ricated MEM relays, the current draw at the drain and source
terminals before turn on has been observed to be at the noise
level of our measurement system, while the turn-on and turn-
off transients are as near vertical as can be ascertained. Thus,
drain-source leakage is as near zero as is possible to measure.
To measure gate leakage, which is difficult to directly monitor
due to the very small gate capacitances present in micro scale
relays, we utilise the hysteresis between the pull-in and pull-
out voltages. After pull-in, the gate voltage is disconnected
and the time for the relay to pull out is measured, from which
the leakage current can be calculated using the fundamental
expression in (2), as the initial voltage is known, the pull-
out voltage can be measured by monitoring the drain current,
and the gate capacitance can be estimated from finite-element
simulations as well as measurements (see section III-C).

. dQ d
i=—r== [e(t) - v(t)] (2)

B. Measurement Setup

For measuring the relevant parameters of our MEM relays,
we used a probe station with six triax channels connected to
Keithley 2636B and 2606B source measure units (SMU) for
voltage and current provision and monitoring. All measure-
ments were carried out at room temperature under ambient
atmosphere. In the experiments the gate voltage is increased
linearly as a ramp until it reaches a given maximum, and then
maintained at that value for a further period, while the current
is logged. The drain is biased at a constant voltage, while the

current is logged and monitored for a step change to signify
turn on and turn off. To minimise power line-induced AC
noise, the number of power line cycles (NPLC) over which the
signal is integrated in the instrument for a single measurement
was set to 25 [19].

C. Measurement Accuracy Verification

The SMUs have an inherent noise floor for current mea-
surement that is a function of the transient characteristics of
the voltage waveform and data logging frequency; the more
time the instrument is given to stabilise at a given voltage, the
more accurate the measurement. Our use of an NPLC setting
of 25, which is the maximum for the instrument, ensures the
lowest noise floor, albeit at the cost of a relatively slow ramp
rate. For the setup we use, the noise floor is of the order of
0.2 pA.

Additionally, the parasitic capacitors introduced by the
measurement system and the SOI wafer have a significant
effect. To quantify these effects, first, the current for a given
voltage transient for a floating probe was logged, representing
the current Isyy drawn by the parasitic capacitance of the
measurement system (SMUs and probe station). Second, the
probe was connected to a floating pad of the same size as
in the relay prototypes to measure the current Iges drawn to
charge the parasitic capacitance of the electrode. Both currents,
logged for an identical voltage ramp as used to drive the relays
when measuring the dynamic energy, are shown in Fig. 3.

These reference measurements can be compared with theo-
retical calculations to provide a baseline measure of accuracy.
The two currents can be modeled as:

d[Csmu - v6(t)]

3
dt ©)

Ismy =

d[(Csmu + Csup) - v6(t)]
dt

Here, vg(t) is the gate voltage at time ¢, and Csyy is a constant
representing the parasitic capacitance of the measurement
system, contributed by the SMU output drive circuits, cables
and probes of the probe station. The gate electrode pad and
interconnect tracks patterned on the Si device layer and the
grounded substrate separated by the BOX layer define a
parasitic capacitance structure that can be treated as a constant
capacitor Cyyp, (see Table II). Both currents in Fig. 3, Isyu and

“4)

Irer =

TABLE I
CAPACITOR DEFINITIONS

Capacitance Description

CR Relay capacitance defined by the gate and beam with
air as dielectric; varies as a function of beam deflection.

Club Pad capacitance defined by the pad on the device
silicon layer and handle substrate with the BOX as
dielectric; constant for a given pad geometry.

Csmu Parasitic capacitance introduced by the SMU, cables
and probe station; constant.

Cg Total capacitance seen at the gate electrode comprising

Csub, Csmu and cg; approximated as constant given
that Cqyp + Csmu >> Cr.-
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Fig. 3. Currents drawn when driving a pad connected to an interconnect
track without a device (Ig Rref), and when the probe pin is left floating
without connecting to a pad, (Isyy)- The measurement setup used was
identical to that used for probing the device.

Iges, have a sharp increase at the start of the voltage ramping
process, indicative of the onrush of current drawn by the ini-
tially uncharged parasitic capacitors. Afterwards, the cyclical
variation of the current seen can be explained by the fact that
the SMU drive stage establishes a ramp waveform through a
series of small increments followed by short stabilising periods
where the voltage remains approximately constant, rather than
an ideal linear increase. Finally, as the voltage reaches its
maximum value and remains constant, both charging currents
sharply decrease to the noise floor due to dvg/dt becoming
ZEero.

As Irer charges both Cyyp, and Csyy (see Table 1T for
definition), which are in parallel, from equations (3) and (4),
the total capacitance of the gate electrode C'sy, of our MEM
relay designs can be calculated as:

[ Iresdt — [ Ispudt

=8.70x10" ¥ F.
VMmax

®)
where the integration in (5) of the two measured currents
(shown in Fig. 3) has been performed using a Matlab script.
The value of the capacitance defined by the stack formed by
the gate electrode pad, BOX layer, and Si substrate can also
be calculated theoretically as:

Csub = Cret—Csmu =

1
Ag = wghg — weghea — zlaz.clay.c

2
As = 2wy g(wg + ha) — 4wy g (6)
o esio2(A — As) + €irAs
Sub.T =

=8.69 x 107 B F.

tgox

where €y =8.854 x 107 F/m and esi0, =3.543 X
107 F/m are the permittivity values, and Ag =2.98 x
1078m? and Ag = 3.65 x 1072 m? are the gate electrode
area and undercut area caused by the vapor phase HF etch
performed to suspend the beams. Finally, tgox =1um is the
BOX layer thickness. The close match between the measured
and theoretical values provide validation of our methodology.

IV. EXPERIMENTAL RESULTS
A. Dynamic Energy Consumption

The dynamic energy is measured by recording the voltage
across the gate capacitance and the current drawn to charge it
over an actuation cycle for relay R1 (shown in Fig. 1(a)), and
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Fig. 4. (a) Applied gate voltage Vss, measured gate current Ig,
substrate capacitance charging current Ig ref and total current drawn
by gate electrode ig, for a single actuation cycle.

performing the integral specified in equation (1). The applied
actuation signal, gate voltage vg, comprised a ramp voltage
as shown in Fig. 4. The pull-in event is shown by the sharp
increase in drain current ¢pg. The measured gate current ig
represents the current drawn by the total gate capacitance cg
including the relay capacitance cg and parasitic capacitance
comprising the gate electrode pad capacitance Cyy, and the
total capacitance of the measurement system Csyy:

iolt) = & [(Comu + Cow + ea(t)) - va(1)] o
= Ler+ S [(ex (oo )]

The switching of the relay can be separated into three
phases, (1) 0 <t < t1,(2)t; <t < ty,and (3) t > to where
t; and t, are the times taken for the gate voltage to reach the
pull-in voltage Vp; and the maximum value Vj;, which repre-
sents the gate overdrive. In the first phase, where 0 <t < t,
the beam deflects towards the gate with increasing gate voltage
with pull-in occurring at Vp; =6.4V. As the beam deflects,
the beam-to-gate airgap decreases and the relay capacitance
increases. At the beginning of phase 2, where t; <t < 5, the
beam of the 3-T relay makes contact with the drain electrode
after pull in. Thereafter, the beam behaves mechanically as
a beam that’s fixed at both ends, and the relay capacitance
can be approximated as constant due to the relatively small
beam deflection that occurs as vg increases from Vpr to
VM. Therefore, in this phase, the gate current ig charges
three constant capacitors, comprising the parasitic capacitances
presented by the SMU and SOI substrate, and the maximum
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Fig. 5. Results from FEM simulation of relay R1: (a) the field distribution
across the gate and beam, showing the concentration in the actuation
air gap and fringing components. (b) The gate-to-beam capacitance as a
function of the beam tip position for dimensions extracted from the SEM
of the fabricated relay. The closed position corresponds to a contact
displacement (i.e. airgap between the beam tip and gate) of 650 nm,
and a gate-to-beam capacitance of 8.2 {F.

capacitance of the relay Ck in the closed state. It can be seen
that after pull in, the voltage between the gate and beam vg
has a distinctly different ramp rate for a short period, until
t = t, — T. We believe this is caused by the beam voltage
changing from OV (due to the grounding at the source end)
before pull in, to a voltage distribution determined by the bias
voltage at the drain (5V) and the on resistance R, of the
beam (comprising tip contact resistance of ~ 10° {2 and silicon
beam resistance of ~ 102 ) after pull in. This, in turn, causes
a sudden change in the impedance seen by the instrument at
the gate. Once the transient effects of this have died down, the
ramp rate stabilises. Therefore, we use the period 7', shown
in Fig. 4, to estimate the closed-state relay capacitance as:

Cr = Cg — CRer

Vgt — " T ®)
. f ZGdt f IRetAvgdt — 973F
o AVr e ’

We carried out an FEM simulation of the actuation of relay
R1, based on dimensions extracted from the SEM, shown in
Fig. 1(a). Fig. 5(a) shows the electric field distribution in a
slice orthogonal to the beams, showing its concentration in
the actuation air gap, and the fringing around the outside. The
capacitance of the relay has been extracted as a function of
the tip displacement, and is 8.2fF in the closed state. Thus,
the measured value of 9.73 fF varies from the FEM extracted
value by 18.6%, likely due to disregarding beam deflection
and the resulting capacitance change due to gate overdrive,
as well as measurement limitations. Nevertheless, the values
are close enough to provide confidence in our measurement
methodology.

Now, the dynamic energy consumption of the relay can be
calculated based on measurements by using the relation (1):

oy = /O w6 (t)iG(t)dt — /O w6 () Tnes (1) dt

Ver M d
> /. dt[cR(t) v ()] dt €))
t
_ dQx(t) dt =2.59 x 1073 J.
2 J, dt

For an analytical formulation, the expression for Fgy in eq.

—— FEM Simulation
——————— Quadratic Model

Relay Capcitance Cy

Gate Voltage V¢

Fig. 6. Variation of the relay capacitance cr as a function of the
gate voltage Vg extracted from ANSYS FEM simulations and quadratic
model result for relay R1.

(1) can be combined with eq. (2) to yield
T
By = [ o) Gl 0]
B T du(t) de(t)
= /0 v(t) |:C(t) i + (1) o ] dt

‘/pi CR,O
= / v-cdv+ / v3de
0 CILD

In order to perform this integration, the capacitance ¢ needs
to be defined as a function of voltage v. The variation of
the capacitance cp with gate voltage Vs for relay Rl is
shown in Fig. 6. These values have been extracted from FEM
simulations carried out in ANSYS and shows classic pull-in
behaviour. The capacitance curve can be closely approximated
by a quadratic function of the gate voltage, fitted using the
capacitance and voltage values at the open state, closed state,
and midpoint of the capacitance as boundary conditions (see
Fig. 6):

(10)

)\(CR,C - CR,O) V + (1 - A)(CRQ,C - CR,O) V2‘
Ver VPI
1D

Here, X is a constant related to the voltage ratio n between
the gate voltage corresponding to the midpoint capacitance
% and the pull-in voltage V,;. The value of A can be
expressed in terms of n as A = 22752:2171.

By substituting eq. (11) in eq. (10), an analytic expression
can be obtained for the dynamic energy consumption under the
assumption of a quadratic variation of the relay capacitance

with gate voltage:
By = 1/2Cr V2 +2/3M(Crc — Cro) V2
+3/4(1 = M) (Cre = Cro)Vyi-
In our previous work [15] we used a linear assumption for
the capacitance, which can be obtained by setting A = 1 in

eq. (12), when the dynamic energy expression simplifies to
Euy = 1/2Cr oV +2/3(Crc — Cro)Vg.  (13)

cr = Cro +

12)

The relation in (12) yields a dynamic energy consumption
of 2.10x 10713 J, which is a 19% deviation from the measured
value in our fabricated MEM relay, an improvement over
the value of 1.80 x 10713 J produced by the linear assump-
tion [15]. Under the assumption of a constant capacitance
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Fig. 7. (a) Possible leakage current mechanisms in a 3-T relay: source-
drain leakage Ips ik, and leakage to substrate at gate Ig and drain
Ik electrodes. (b) Measured drain current Ipg as a function of applied
gate voltage Vs for a single switching cycle. The turn-on and turn-off
transients are as near vertical as can be measured, while the current
before pull in and after pull out is indistinguishable from the noise floor.

Cro = Cr. the expression (12) simplifies to 0.5C'V2. The
use of a single representative value, for example the aver-
age of the open-state and measured closed-state capacitance
Crave =T7.91F, gives a value of 1.62 x 107'3J, which
is 37% lower than the actual energy consumption for the
particular actuation waveform used here. In general, the energy
consumption is a function of the open-state and closed-state
capacitance values, in turn determined by the relay design,
especially the actuation and contact airgaps (our previous
work gives details of the effects of the relay geometry on the
electromechanical behaviour of the relay architecture used in
this work [18]). The quadratic model for the relay capacitance
provides a simple and accurate means of including the effect
of the changing capacitance, and provides valuable insight.
For example, the dynamic energy consumption of a MEM
relay can be reduced by minimising the difference between the
open-state and closed-state capacitances, which can in turn be
accomplished by making the contact airgap smaller than the
actuation (gate) airgap, so that the beam tip makes contact
before it traverses the full length of the gate airgap.

B. Static Energy Dissipation

The static energy dissipation E of a MEM relay is defined
as the energy consumed outside the switching transient, which
can be due to a combination of leakage current at the drain
and gate as sketched in Fig. 7(a). For MEM relays, the leakage
current ipsx between drain and source in the off state is
zero due to the physical air gap between the tip of the beam
and the drain. Furthermore, the slope of the drain current
turnoff transient is only limited by tunneling currents which
occur within very small air gaps [11], compared to the 60 mV
per decade subthreshold slope in CMOS. The sharp turn-
on/off transient is evident in the /I-V plot shown in Fig. 7(b).
Insofar as possible to determine within the capability of our
measurement equipment, both turn-on and turn-off transients
appear vertical. Fig. 7(b) shows ipg during the switching
process (when wvgs is applied) and the noise current ipg.,
without an actuation voltage and only the bias voltage Vps
applied. As evident, ips before pull-in and after pull-out is
indistinguishable from ipg .

The second potential source of static energy dissipation is
leakage currents to the substrate from electrodes that are biased
at non-zero voltages. All pads (gate, drain and source) form
parasitic capacitors defined by the Si device layer and the han-

Pull Out Voltage (V)
o

= Pull Out Voltage Ve
5k - - - Nonlinear Fitting Curve
% Predicted Pull Out Voltage Vyq

of P

1 2 3 4 5 6 7
Cycles

Fig. 8. Pull out points Vpg of relay R2 for consecutive switching cycles.
Measurements in black, pull-out for cycle 4 is estimated by curve fitting.

dle substrate with the BOX acting as a dielectric. The pad size
and characteristics of the SOI substrate determine this type of
static energy consumption, including the dopant concentration
in the Si device and Si handle layers, and the thickness and
quality of the BOX layer. Due to the very small currents
involved, direct measurement is impractical. Therefore, we
characterized leakage from the gate electrode by utilising the
hysteresis window between pull-in and pull-out (the pull-out
voltage Vpo is always lower than the pull-in voltage Vpp, due
to the surface adhesion forces at the contact and differences
in the closed-state and open-state beam-to-gate air gaps [4]).
After initially actuating the relay by grounding the source and
driving the gate, the gate electrode was electrically floated, and
the time taken for the relay tip to disengage from the drain
was recorded (a similar methodology has been used for MEMs
energy harvesters [20], [21]). The average gate-to-substrate

leakage current igs_x can be calculated as
PI

Vo= Voo _ 16% 1071 A
tpo

This experiment was carried out using relay R2 (see Table
I). While the relay consistently pulled in at 31.2V, demon-
strating the mechanical stability of our monocrystalline silicon
relays, the pull-out voltage varied from cycle to cycle as
shown in Fig. 8. This is due to the changing nature of the
contact surface with cycling, exacerbated by our choice of
Au as a contact material (chosen for easy prototyping). First,
the relay was cycled twice, then the leakage experiment was
performed, and afterwards the relay was cycled twice more. As
the gate voltage could not be monitored during the experiment
(to avoid loading of the electrode), we estimated the pull-
out voltage based on the measured pull-out voltages in the
cycles before and after the experiment, as shown in Fig. 8.
While an estimate, in our experience, Au coated relays show
reasonably consistent pull-out behaviour for a few cycles after
the first, before the Au contact surface starts to degrade. In
equation (14), Vpr(=31.2V), the pull-in voltage, is also the
initial voltage on the relay gate when the gate drive is removed,
and Vpo (=18 V), the pull-out voltage, occurs at tpo =165 min.
The same current leakage is seen at the drain electrode (which
has the same pad size). Now, the static energy consumption
Eg corresponding to maintaining the charge on the electrode
pad can be calculated as in equation (15). vspace-2mm

Ey = IG,lkTi(ViJI — Vo)

Ik = Csw (14)

=758 x 10711 (15)

Given that ipgx = 0, and the pad capacitance Cgyp, >> cr
the relay capacitance, with over two orders of magnitude
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Fig. 9. Comparison of energy consumption in NEM/MEM relays and
CMOS. (a) Dynamic energy consumed in a binary switching transfer; the
relays comprise the R1 prototype with measured energy, a 130 nm relay
with a measured V,;, and a 50 nm relay where the V;,; was estimated
from FEM. The CMOS processes include the UMC 180nm process
with two transistor variants (1.8 and 3.3V), the UMC 65 nm standard
process with four transistor variants, and the UMC 65 nm low leakage
process with three transistor variants. Abbreviations SP and LL stand
for Standard Process and Low Leakage. Suffixes SHVT (super high),
HVT (high), RVT (regular), and LVT (low) refer to devices within the
same technology that have different threshold voltages. The BSIM-CMG
14 nm, 16 nm, and 20 nm FIinFET processes [22] are also included. (b)
Total energy estimated as the sum of dynamic energy consumed for a
single switching event and the static dissipation over a 1 ps period for
the 50 nm relay and selected low-leakage processes, the UMC 65 nm
LL RVT, and the PTM 20 nm FinFET, with increasing temperature.

difference, this static energy is determined by the SOI substrate
characteristics and pad geometry.

V. COMPARISON WITH CMOS

To gain insight into the potential savings offered by NEM
and MEM relay technology, we compared the energy con-
sumption of relays with 12 different CMOS technologies based
on a study that estimated the energy consumed in a binary
switching transfer of an inverter [22], [23]. In addition to the
experimentally characterised relay R1, two scaled relays were
considered, with a gate gap gg =130nm and a measured V;
of 5V, and g =50nm with V}; estimated to be 1.2V from
an FEM simulation, see Table III. For both scaled designs,
the open-state and closed-state capacitances Cy, and C were
calculated using gg and contact airgap gc, using an empirical
expression reported by Leus and Elata to account for the
fringing fields typically seen in microscale structures [24],
which makes the actual capacitance up to 2x the parallel-plate
capacitance. The dynamic energy, calculated using eq. (12),
is also shown in Table III. The dynamic energy component
reported for CMOS in [22], [23] was halved to ensure the
output capacitance corresponds to the parasitic capacitance of
a single device. As illustrated in Fig. 9(a), the dynamic energy
consumption of the 50nm NEM relay is comparable to the

TABLE Ill
PARAMETERS OF NEM RELAYS WITH FRINGING EFFECT.

Parameter NEM 130nm NEM 50nm
Pull-in Voltage V};; (V) 5.0 1.2

Gate flat length (lzg) (um) 5.00 1.25
Thickness tg; (um) 0.24 0.15
Gate airgap (gg) (pm) 0.13 0.05
Contact airgap (g¢) (um) 0.05 0.02
Hinge width wg (um) 0.20 0.05
Open-state Cap. Cop (fF) 0.16 0.05
Closed-state Cap. C; (fF) 0.21 0.07

UMC 180nm CMOS technology.

Next, the total energy consumption - comprising the dy-
namic and static components - of the low-leakage UMC 65 nm
transistor, the PTM 20nm FinFET (which provides better
control of carriers), was compared with the 50nm NEM
relay across a temperature range from 20 °C to 300 °C,
simulating the demands of high-temperature edge computing
[25], [26]. The static energy component we measured in the
MEM technology is caused by substrate leakage and not
related to the relay characteristics, rather the pad dimensions
and properties of the substrate used. As this would be present
in both types of technologies and was not considered in the
CMOS energy consumption calculations [23], this component
was disregarded for comparison. This is distinct from the
subthreshold drain-to-source conduction that is the origin of
the static energy consumption in CMOS [22], [23], which is
not present in NEM/MEM technology as we verified. Thus, the
total energy dissipation in the UMC 65nm and PTM 20 nm
processes increases with rising temperature due to the increase
in leakage current [23], [27], [28], [29], whereas the energy
consumption of the NEM relay is constant. The total energy
consumption in the UMC 65nm and PTM 20 nm processes
exceeds that of the NEM relay at around 109 °C and 99 °C
respectively. The PTM processes has more severe leakage,
even with the FinFET structure, revealing the inherent static
energy dissipation challenges within CMOS technologies.

VI. CONCLUSIONS

This work is the first to verify the dynamic and static energy
consumption of a MEM relay through characterisation, and
derive an expression for the dynamic energy consumption that
considers the variation of relay capacitance as a quadratic
function of the applied gate voltage. A comparison study
with CMOS shows that the dynamic energy consumption
of a NEM relay with a footprint of ~120 x 290um? is
comparable to that of a 180 nm CMOS process. Furthermore,
as NEM relays do not have subthreshold conduction, the total
energy consumption is unvarying with increasing temperature.
By contrast, CMOS has a static energy consumption that
increases exponentially with temperature. Therefore, NEM and
MEM technologies present significant opportunities for energy
savings over CMOS even in applications with moderately high
temperatures, such as commonly found in edge computing
applications.
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