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Abstract
Millivolt Micro-Electro-Mechanical Relay Devices & Circuits
by
Zhixin Alice Ye
Doctor of Philosophy in Electrical Engineering and Computer Science
University of California, Berkeley

Professor Tsu-Jae King Liu, Chair

The emergence of the Internet of Things (IoT) has brought energy consumption to the fore-
front of challenges for future information processing devices. Digital logic integrated circuits
(ICs) implemented with complementary metal-oxide-semiconductor (CMOS) transistors have
a fundamental lower limit on energy consumption due to their non-zero OFF-state current
(Iorr) and finite sub-threshold slope. In contrast, micro-electro-mechanical (MEM) switches
(relays) can achieve zero Iprr and have abrupt switching characteristics; therefore, they have
attracted growing interest for ultra-low-power computing applications.

This dissertation first addresses challenges for realizing millivolt operation of relay ICs. The
impact of electrode configuration on contact resistance and hysteresis voltage is investigated,
and it is found that reducing the number of contact dimples from 4 to 2 improves the
tradeoff between on-state resistance and minimum operating voltage. With an anti-stiction
self-assembled monolayer (SAM) coating, a variety of pass-gate logic circuits using the new
2-contact-dimple relay design are demonstrated to operate with sub-50 mV voltage signals;
these include AND, OR and XOR gates and a 2:1 multiplexer (MUX). Multi-functional
MEM relay circuits are also demonstrated including a majority gate, 2-bit 2:1 MUX, and
dual-polarity gates (XOR/XNOR).

Next, this dissertation addresses remaining practical challenges and discusses opportunities
for MEM relay technology. A new method using voltage pulses to reliably break down
native oxide on contact-electrode surfaces is developed. SAM coating and operation in
liquid dielectric media are explored for improving on-state resistance stability for tungsten
contacts in ambient conditions. Finally, MEM relays are demonstrated to function well in
extreme environments across a wide temperature range.

Finally, this dissertation proposes a novel relay design that incorporates a beam with negative
stiffness to reduce the body bias voltage necessary for millivolt operation. This compensated
relay design is investigated with the aid of computer simulations, and is found to provide for



improved tradeoff between relay switching energy and turn-on delay under certain conditions.
The effects of process-induced variations on relay switching voltage are studied and compared
for the compensated relay design vs. a conventional relay design.
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Chapter 1

Introduction

1.1 The CMOS Energy Efficiency Limit

Modern Computing Trends

The growth of computing technology in the past several decades has had revolutionary im-
pact on innovation, technology, and the transfer of information. Cloud computing, artificial
intelligence, cryptocurrency, and more have fundamentally changed the way that people
interact with the world surrounding them. Underlying the datacenters, the widespread in-
ternet access, and the consumer devices (cell phones, smart devices, etc.), the proliferation
of computing can be attributed in part to improvements to a fundamental computer building
block: the transistor.

Since the invention of the transistor in 1947, computing ability has grown exponentially;
in fact, in 1967 Gordon Moore first observed the trend that the number of complementary
metal-oxide-semiconductor (CMOS) transistors doubles on the leading microprocessor chip
every 18 months (known as Moore’s Law). The semiconductor industry has managed to
sustain this trend for more than 5 decades. However, various limitations are now arising,
causing the cadence of shrinking transistor size, increased cost-effectiveness, and improved
performance and energy efficiency of integrated circuits to slow down (see Fig. 1.1).
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Figure 1.1: Gordon Moore’s observed trends in comparison to the expected reduction in
switching energy using current transistor technologies (reproduced from [1]).

Computational energy efficiency is a key metric to evaluate the performance of digital
integrated circuits. With densely packed devices, the ability to dissipate heat limits the
compactness and speed of circuit operation. Also, considerable increases in chip temperature
can cause circuit failure. For off-grid electronics powered via battery or other sources, the
total amount of stored energy is also limited; thus energy efficiency determines the operating
time in-between battery charges or changes. Finally, datacenters are growing in number
and size, with expected electricity consumption of up to 8% of total electricity consumption
in 2030 [2]. Reducing their electricity consumption can have significant impact on global
carbon emissions as well.

CMOS Transistors and Circuits

A metal-oxide-semiconductor field-effect-transistor (MOSFET) is used as an electronic switch
in digital computing applications. It consists of 4 terminals: gate, source, drain, and body,
as shown in Fig 1.2. If the transistor is in the ON state, current (Ipg) can flow through the
channel between the source and drain provided there is a voltage difference across the source
and drain terminals.
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Source Gate Drain

Body

Figure 1.2: Schematic cross-section of a MOSFET

If the channel current is composed of negative charges (electrons), the transistor is con-
sidered an n-channel MOSFET, or NMOS transistor. An NMOS transistor turns ON when
the voltage applied to the gate electrode is increased, causing the voltage across the gate and
source terminals (Vig) to be greater than the threshold voltage (Vr). If the channel current
is composed of positive charge (holes), the transistor is considered a p-channel MOSFET,
or PMOS transistor. A PMOS transistor turns ON when the voltage applied to the gate
electrode is decreased, causing the voltage across the source and gate (Vsg) to be greater
than |Vp|. NMOS and PMOS switches are usually used together in a complementary fashion
to implement CMOS digital circuits. The symbols for NMOS and PMOS transistors are
shown below.

PMOS NMOS

Source (S) Drain (D)
Gate (G) 9 Gate (G)
Drain (D) Source (S)

ON: Vgs > [V4]  ON: Vge > Vg

Figure 1.3: CMOS circuit symbols for PMOS transistor and NMOS transistor

In digital computing, voltage signals have binary values, i.e., a binary digit (bit) ‘0’ is
represented by a low voltage (Vsg), and a bit ‘1’ is represented by a high voltage (Vpp). An
example of a CMOS digital logic circuit (inverter) is shown below. The gates of the PMOS
and NMOS transistors are connected together; when the input voltage (V;y) is high, the
NMOS transistor is ON (because Vgg > Vr) and will discharge the output Voyr to Vsg.
Meanwhile, the PMOS transistor is OFF (because Vs = 0 < |Vr|). When the input voltage
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(Vin) is low, then the situation is reversed; the NMOS transistor is OFF and the PMOS
transistor is ON and will charge the output Voyr to Vpp. Note that a PMOS transistor
is typically used for passing a logic signal ‘1’ (to ‘pull-up’ the output node to Vpp) but if
it were to pass a ‘0’ signal, the device would turn OFF and stop conducting current when
Vsa < |Vrl, so the output voltage Voyr would be Vg +|Vy|. This is referred to as a ‘weak 0’
because the output voltage is not pulled down completely to Vss. A complementary scenario
can be described for the NMOS transistor, which passes a weak ‘1" and strong ‘0’. The speed
of the inverter circuit depends on the size (width of the channel region) of the transistors -
larger transistor size means more ON-state current, so it will operate faster.

CMOS Inverter

Figure 1.4: CMOS implementation of an inverter circuit.

The most popular style of digital logic computing takes this into account by utilizing
a set of basic logic gates (e.g. NAND/NOR/NOT) with a pull-up network and pull-down
network, as shown in Fig. 1.5a. The pull-up network, which charges Voyr to Vpp, consists
entirely of PMOS transistors. The pull-down network, which discharges Vour to Vg, consists
entirely of NMOS transistors. Pass-gate logic is another style of logic that uses transistors to
propagate voltage signals, as shown in Fig. 1.5b. A transmission gate consists of one PMOS
transistor and one NMOS transistor, with their sources connected together to form the input
node and their drains tied together to form the output node. Complementary signals are
applied to the gates of the pair of PMOS and NMOS transistors, such that they are either
both turned ON to pass the (high or low) voltage signal or both turned OFF. Note that
both transistors are required to be able to pass both a ‘strong 0" and ‘strong 1’ signal [3].
For CMOS circuits, the pass-gate logic architecture can sometimes be more attractive, for
example to implement multiplexer (MUX) style or exclusive-OR (XOR) logic.
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a) NAND b) XOR
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Figure 1.5: a) CMOS implementation of a 2-input NAND gate, using a pull-up network of
PMOS transistors and a pull-down network of NMOS transistors. b) CMOS implementation

of 2-input XOR gate, using two pass gates.

Vpp Scaling Limit for CMOS Technology

A typical semi-log plot of the drain current (log(Ips)) vs. gate voltage (Vizg) characteristic

of an NMOS transistor is shown in Fig. 1.6.

log|Drain Current|

<« |
— MOSFET ON

— |deal Switch

1

=SS > 60mV/dec

: slope
lorr =
} >
s s %
Y g (&)
4¢O®
%
<‘>\

|Gate Voltage|

Figure 1.6: Ilustrative transfer characteristic for a MOSFET compared to that for an ideal
switch. A MOSFET is a non-ideal switch because it has non-zero off-state leakage current.
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Below the threshold voltage (Vrayosrer), Ips shows exponential dependence on gate
voltage. The inverse slope of the Ipg — Vg curve in this region is known as the subthreshold
swing (SS), which is limited to be > 60 mV /decade at room temperature due to the Boltz-
mann distribution of electrons [4, 5]. In the OFF state (Vg = 0), non-zero leakage current
(Iorrp > 0) flows through a MOSFET, causing CMOS circuits to consume power in their
static state. Increasing the threshold voltage can improve (lower) off-state leakage current
and reduce static power consumption (due to Ippr decreasing exponentially), but with the
trade-off of lower on-state current (/py) or the need for larger Vpp to maintain the same
Ion for high circuit operating speed. In contrast, reducing the threshold voltage increases
Ion for faster circuit operation, but with the trade-off of exponentially larger Ippp. Thus
there is an inherent trade-off between energy efficiency and circuit operating speed in the
choice of Vz for CMOS circuits.

The total energy dissipated (FEi,) by a digital logic circuit is composed of a dynamic
energy dissipation component (Egy,) and a static energy dissipation component (Ejeq).
Egyy is dissipated due to charging capacitive circuit elements, while the Ej.,; is dissipated
due to transistor OFF-state leakage current (allowing current to flow continuously between
VDD and VSS)~

Etot - Edyn + Elealc (1]-)

The dynamic energy is proportional to the average capacitance charged per clock cycle
(Cesr), the operating frequency (f), time duration of one circuit operation cycle (7), and
square of the supply voltage (V3,):

Eayn o< CepgVppfr (1.2)

The leakage energy is proportional to the OFF-state leakage current, Iopp, time duration
of one circuit operation cycle, and supply voltage:

Eieak X IoprVppT (1.3)



CHAPTER 1. INTRODUCTION 7

N
o

1.5

1.0

0.5

Normalized Energy/op

vDD (V)

Figure 1.7: Tradeoff between dynamic energy and static energy of a CMOS digital logic
circuit vs. Vpp (reproduced from [6]).

The total energy for one clock cycle of operation, Ej,/op, is illustrated in Fig. 1.7. As
Vpp decreases, the time to perform a digital operation (7) increases due to reduced Ipy,
thus increasing Fj..,. Another option is to decrease Vi along with Vpp to maintain the same
time to perform an operation; however in this case, Ippp increases, thus still increasing static
energy dissipation. As Vpp is lowered below the threshold voltage, the total energy increases;
in other words, the energy efficiency of a CMOS circuit is limited due to non-zero Iprp. In
order to overcome this energy efficiency limit, alternative electronic switching devices with
zero off-state leakage current and more steeply switching characteristics are of interest. An
ideal switch, as illustrated in Fig. 1.6, would have abrupt switching characteristics and Vp
near 0 V to enable millivolt gate voltage swing for switching operation.

1.2 Why MEM Relays?

Microelectromechanical (MEM) relays are attractive alternatives to CMOS transistors be-
cause they can achieve zero Iopp for zero static power consumption and be operated with
much smaller gate voltage swing, providing for order-of-magnitude lower supply voltage Vpp.
The ability to achieve millivolt computing with ideally abrupt switching characteristics (to
minimize Vpp and therefore Eyy,) and zero Iopp (to eliminate Eje,qy) represents the ultimate
goal for energy-efficient digital computing.
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Figure 1.8: Illustration of a 3-terminal MEM switch in a) OFF state, and b) ON state.
c) Mlustrative semi-log Ipg-vs.-Vgg characteristics, showing abrupt switching characteristics
(adapted from [7]).

Fig. 1.8 shows a 3-terminal MEM switch, consisting of a suspended source electrode
and a fixed drain electrode separated by an electrically insulating air gap. In the OFF-
state, current does not flow between these electrodes because they are physically separated
by an air gap. An applied voltage difference across the gate and source electrodes induces
an attractive electrostatic force (F..) that deforms the source electrode downward toward
the fixed gate electrode. If the voltage difference is such that Vg > Vo, this force is
sufficient to bring the source into physical contact with the drain, turning ON the device
and allowing current to flow between source and drain. To turn off the switch, the voltage
difference across the gate and source should be reduced below Vppp so that the spring
restoring force (Fy,) can overcome Fip. plus the contact adhesion force (F,q,) to bring
the source electrode out of contact with the drain electrode. The hysteresis voltage (V)
is defined as Vg = |Von — Vorr|. Note that the MEM switch can conduct charges in
either direction, thus it can pass both a ‘strong 0’ and ‘strong 1.” MEM switches can
incorporate multiple elements into a single movable structure to perform more complex
switching functions. For example, there can be multiple source-drain pairs or multiple gates,
to enable more compact integrated circuit implementation.
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1.3 MEM Relay Integrated Circuits

To fully understand the potential benefit of MEM relay technology for integrated systems,
circuit-level benefits should also be evaluated in addition to switching device performance.
MEM relays have some features that are different than those of CMOS transistors, which
make them more suitable for different styles of circuit design. The operation of a MEM relay
is limited largely by the time required to physically actuate the movable electrode, i.e., the
mechanical delay, rather than the charging or discharging of the drain node capacitance,
i.e., the electrical delay. The mechanical delay of a nanometer-scale relay can approach 10
ns, while the RC time constant for a relay driving the gate of another identical relay is less
than 1 ps [8]. Thus, optimal design of MEM relay integrated circuits generally minimizes the
number of mechanical delays. Therefore, although the mechanical delay of a relay may be
significantly larger than that of a CMOS inverter, a complete CMOS logic block (spanning
clocked latches) will typically require 10-20 logic gate delays whereas a optimally designed
relay-based implementation may comprise only one mechanical delay, so that relay-based
integrated circuits can achieve comparable operating speed [9]. Pass-gate circuit topologies
are especially attractive for MEM relays because they can be designed with few mechanical
delays, and a single relay can act as a transmission gate (whereas two transistors are required
to implement a CMOS transmission gate).

A variety of MEM relay integrated circuits (ICs) already has been demonstrated; these
include latches, adders and multipliers [6, 9, 10] designed following the principle of mini-
mizing the number of mechanical switching delays between clocked latches to achieve the
fastest possible computing speed. By endowing MEM relays with greater functionality, the
complexity of relay-based ICs can be reduced for performance gains.

1.4 Dissertation Overview

Recently, reliable operation of individual MEM relays with gate voltage swings as low as
50 mV at room temperature has been demonstrated [11-13]. This dissertation builds upon
prior work to explore MEM relay IC operation with millivolt supply voltages, making key
contributions in relay switch design and integrated circuit design to demonstrate ultra-low-
voltage (down to 25-mV) relay-based ICs with versatile functionality.

Chapter 2 presents the implementation of reliable millivolt relay-based circuits. First
an overview of the MEM relay fabrication process and device design is presented. The first
sub-50 mV logic gates (AND/OR, etc) are demonstrated using an improved single-contact
relay design and a self-assembled monolayer coating, with appropriate body-bias voltages. In
addition, multi-input relays and ICs implemented using them are demonstrated to operate
reliably at sub-1 V supply voltage, and their voltage scaling limitations are discussed.

Chapter 3 discusses practical challenges and opportunities for ultra-low-voltage MEM
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relay circuits. The effect of relay contact oxidation and device reliability are examined.
Methods to mitigate contact oxidation and extend device reliability are tested, compared
and discussed. Relay operation across a wide range of temperatures is demonstrated, posing
new opportunities for MEM relay circuit application.

Chapter 4 investigates a novel approach to improve the energy-delay tradeoff for MEM
relay design, by incorporating negative stiffness beams to compensate the stiffness of the
movable electrode suspension beams. The theory for the switching behaviour of the com-
pensated relay design is derived. The effects of scaling and process variation on switching
voltage are estimated. The compensated relay design is optimized to minimize Vpp, and
shown to provide for improved energy-delay tradeoff in certain cases as compared to the
conventional relay design.

Chapter 5 summarizes the key findings and contributions of this dissertation. Suggestions
for future work are also offered.
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Chapter 2

Millivolt MEM Relay Integrated
Circuits

2.1 Introduction

The first functional MEM relay integrated circuits (ICs) required >1 V supply voltages [9,
14-16]. This falls short of the goal to demonstrate operating voltages lower than those
required for CMOS ICs, which today operate with Vpp down to approximately 0.5 V (for
Ion/Iorr > 10%). In recent years, significant progress has been made in the development
of MEM relay technology for digital computing applications. The design of electrostatically
actuated MEM relays has been refined to lower the gate voltage swing (hence Vpp) and
to improve physical contact properties for more reliable low-voltage operation, while the
benefits of relay miniaturization and design optimization for maximum energy efficiency
have been discussed [12, 17, 18]. Refinements to the relay fabrication process have improved
device manufacturing yield and reliability. For example, improvements to the structural-
layer deposition process helped to minimize residual stress and undesired strain gradient
resulting in out-of-plane deflection [19]; self-assembled monolayer coatings reduced contact
adhesive force to further reduce the relay operating voltage [12]. These advancements have
made it possible to investigate ultra-low-voltage MEM relay 1Cs.

This chapter describes the culminating steps of the journey towards achieving the first
millivolt relay-based digital ICs. First an overview of basic relay operation and the fabrication
process is provided. Then device design improvements, self-assembled monolayer coatings
and body-biasing are described to enable relay switching with millivolt gate voltage swing and
thereby millivolt relay IC operation. Next the benefit of incorporating two source-drain pairs
is demonstrated to reduce circuit-design complexity. Finally, the benefit of partitioning the
gate electrode to accommodate multiple input voltage signals for greater device functionality
is discussed.
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2.2 Body-biased MEM Relay Operation

An electrostatically actuated MEM relay can be modelled as a parallel plate capacitor, as
shown in Fig. 2.1. The bottom plate is mechanically fixed while the top plate is movable,
mechanically suspended by a spring with effective spring constant k. One plate is referred to
as the gate electrode, while the other is referred to as the body electrode. The gate and body
designations are interchangeable because the attractive electrostatic force is ambipolar. The
electrically conducting source and drain electrodes are separated by a compressible dielectric
material such as air. go and g4 are the as-fabricated actuation gap and contact ”dimple”
gap thicknesses, respectively. z is the displacement of the top plate in the direction of the
bottom plate.

Drain

XI Jdo

Source

elec I o (i Ves

Figure 2.1: Simplified model of an electrostatically actuated parallel-plate MEM relay design
incorporating two pairs of source/drain conducting electrodes for a total of 6 terminals.

With an applied voltage across the gate and body (V) electrical potential is converted
into a force that actuates the gate toward the body and hence the drain towards the source.
The spring restoring force and electrostatic force acting on the top plate can be written as:

F,, = —kx (2.1)
and | A
€EAacT 2
Foee = =——V, 2.2
l 2 (gO _ ZL‘)2 GB ( )

where € is the dielectric permittivity, Ascr is the overlapping area of the parallel plate
capacitor, and E‘gA()A——CJS is the capacitance of the parallel plate capacitor. The net force is
therefore:

Y F=Fy+Fue (2.3)

1 eoAacr

F=0=—kr+-—22_V2 2.4
Z 2<go_l,)2 GB ( )
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Since the electrostatic force increases superlinearly with decreasing actuation gap size, it
is possible for the electrostatic actuation force to exceed the spring restoring force, resulting
in instability that causes the top plate to snap down toward the bottom plate. This "pull-in’
phenomenon occurs when dF/dx = 0 (as shown in Eq. 2.5); the pull-in displacement zp; is
the displacement of the top plate at which the instability condition occurs.

dF . ‘EOAACT

2
P EACL 2
2 1 EOAACT 2
_ - 2.
g (go - x) (2 (90 - x)QVGB ( 6)

Substituting Eq. 2.4 into Eq. 2.6, we arrive at the following:

2
k= —mkx (2.7)

Rearranging and solving for x = zp;, we find the pull-in displacement for the MEM relay:

Tpr = % (2.8)

A parallel-plate MEM relay can be designed to operate in pull-in (PI) mode by appropri-
ately designing the contact dimple gap size g; (the as-fabricated air gap thickness between
the source and drain in the contact dimple region) to be greater than 1/3 of the as-fabricated
actuation gap size go. For a MEM relay to operate in non-pull-in (NPI) mode, the ratio ga/go
should be less than one-third.

For PI-mode relay designs, the turn-ON voltage is found by substituting Eq. 2.8 into Eq.
2.4 and solving for Vg = Von_pr:

8 kg

el 2.9
27 EOAACT ( )

VON—PI =

For NPI-mode relay designs, the turn-ON voltage is found by substituting x = ¢4 into
Eq. 2.4 and solving for Vgg = Vov_n~pr:

2(k — ga)?
Von-npr = \/ ( ggjfijT 94) (2.10)
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For a MEM relay to turn off, the spring restoring force of the movable electrode structure
must overcome the electrostatic actuation force plus the contact adhesive force. The force
balance equation is as follows:

ZF:Fsp+Felec+Fadh (211)
1 eoAacr 2
0=—k ——V F, 2.12
x+2(g0_x)2 OFF+ dh ( )
2(kgy — F, — gq)?
Vorp = \/ (kga an) (9o — 9a) (2.13)
coAact

The hysteresis voltage voltage is defined as the magnitude of the difference between the
turn-ON voltage and the turn-OFF voltage:

Vi = |Von — Vorr| (2.14)

For the NPI-mode MEM relay design with kgy > Fuan, Vi can be approximated [18]:

2
Vi-npr = \VON—NPI - VOFF| ~ Foan =94 (2-15)
V keoAacr

In order to achieve minimum switching energy, a PI-mode relay must have a relatively
compliant (lower k) structure, which makes it susceptible to stuck-ON failure [11]. Therefore,
recent work has focused on body-biased NPI-mode relay designs, which can be designed with
relatively higher k structures, yet still operate with very low gate voltage swing [12, 18, 20,
21]. For NPI-mode relays, the minimum switching energy is dependent on Vp which is in
turn dependent on the contact adhesive force [22]. Therefore, throughout this dissertation,
NPI-mode MEM relay designs are investigated unless stated otherwise.

Depending on the body bias voltage (Vp), a relay can turn on with either increasing or
decreasing gate voltage (V) because of the ambipolar nature of electrostatic force. If Vg
is negative, then the relay turns on with increasingly positive V, similarly as an n-channel
MOSFET; in this case, it is referred to as a N-relay, as shown in Fig. 2.2. If Vg is positive,
then the relay turns on with increasingly negative Vi or decreasingly positive Vi, similarly
as a p-channel MOSFET; in this case, it is referred to as a P-relay, as shown in Fig. 2.3.
Circuit symbols for N-relay and P-relay are also shown.
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Figure 2.2: (left) By applying a negative voltage to the body electrode, the gate voltage
swing required to switch a N-relay is reduced. (right) N-relay circuit symbol.
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Figure 2.3: (left) By applying a positive voltage to the body electrode, the gate voltage
swing required to switch a P-relay is reduced. (right) P-relay circuit symbol.

To reduce the operating voltage Vpp of a relay integrated circuit, body-bias voltages
(Vpn for N-type and Vgp for P-type) are applied to partially actuate the relays, as shown in
Figures 2.2 and 2.3, so that each one operates with gate voltage swing Vss < Vo < Vpp. (In
order to turn on a MEM relay, the difference between the applied gate and body voltages
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must be greater than Vpy.) As can be seen from Figure 2.4, Vpp scaling is ultimately limited
by the hysteresis voltage, i.e. Vpp > Vy.

Ios (A)  Von/lopel » 10°
P-Relay N-Relay
|:|) vy El)

S yey . S

0 25 50 Vg(mV)

Figure 2.4: Idealized body-biased N-relay and P-relay switching characteristics allowing for
millivolt integrated circuit operation (Vgs = 0V and Vpp = 50mV).

For N-relay operation with negative Vg, the conditions for proper relay operation to turn
ON and OFF in the range of Vgg and Vpp are:

Ve >= Von—npPrI (2.16)
and
Vop >=Vorr +Vu + Vg (2.17)
so that
—Ve < Von-~nrr — Vu = Vorr (2.18)

Similarly for P-relay operation with positive Vjp:

Ve <= —Von-npr (2.19)
Vop >= —Von-~nprr +Vu + V3 (2.20)
Ve > [Von-nril (2.21)

In this chapter various approaches for reducing the hysteresis voltage are presented,
culminating in the demonstration of MEM relay circuits operating with sub-50 mV Vpp.

2.3 MEM Relay Design and Fabrication

Figure 2.5 illustrates the structure of a 6-terminal body-biased MEM relay referred to herein
as the Dual-Bridge (4C) design. The movable gate electrode is suspended by four folded-
flexure beams over a fixed body electrode, and comprises two sets of source/drain electrodes
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(i.e., two electrical switches). A conductive channel layer (attached underneath the gate
electrode with an intermediary insulating layer) is patterned to form a bridge for each pair
of source and drain electrodes (which are formed from the same layer as the body electrode)
in the ON state. As a result, there are two contact dimples (source-to-channel and drain-to-
channel) for each pair of source/drain electrodes.

Figure 2.5: Isotropic schematic of the 4C MEM relay design, with bridging contacts between
source and drain electrodes.

To reduce the hysteresis voltage, it is desirable to reduce the contact adhesive force. One
approach is to reduce the contact area; however this leads to higher contact resistance. An
alternative approach is to design a relay with fewer contact dimples [23].

For reduced contact adhesive force, the Dual-Direct (2C) relay design shown in Fig 2.6
was developed. Since the number of contact dimples is reduced from 4 to 2, the total contact
adhesive force is reduced, thereby reducing V.
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Figure 2.6: Isotropic schematic of the 2C MEM relay design with direct contact between
source and drain electrodes.

A plan-view scanning electron micrograph (SEM) of a fabricated 2C relay is shown in
Fig. 2.7a. As fabricated, air gaps exist between the conductive source and drain electrodes
so that no current can flow between them, i.e., Ips = 0 A (Fig. 2.7b). When a voltage
(Vi) is applied between the gate and body, the movable structure is actuated downward by
the electrostatic force; if |Vp| is larger than a certain threshold pull-in voltage (Von_np1),
the conductive electrodes are brought into physical contact so that current can flow between
the source and drain electrodes (Fig. 2.7b). When |Vp| is subsequently reduced toward
0 V, the spring restoring force of the suspension beams pulls the movable structure out of
contact so that Ipg drops abruptly to zero at a certain release voltage (Vorp). Vi is defined

as —Von-~nprr — Vorr—.

Fig. 2.7c illustrates key steps in the relay fabrication process along cutline B-B': (i)
Initially, 60 nm tungsten (W) source and body electrodes are formed on an 80 nm-thick Al,O3
insulating layer. (ii) Next, the first 160 nm-thick sacrificial SiOs layer is then deposited,
followed by contact dimple region definition. (iii) A second 60 nm-thick sacrificial SiO, layer
is deposited followed by definition of routing via regions. (iv) Afterwards, 60 nm-thick W
drain electrodes are formed. (v) A 55 nm-thick Al,O3 gate insulator is then deposited and
patterned to define via/anchor regions (not shown, since these regions lie beyond the B-B'
cutline), followed by 1.9 um heavily doped p-type poly-Sip4Geg¢ structural layer formation
(gate electrode). (vi) Finally the structural layer is released by selectively removing sacrificial
oxide layers in HF vapor. To reduce Vy further, relays were then coated with a hydrophobic
anti-stiction self-assembled monolayer (SAM) of Perfluorooctyltriethyloxysilane (PFOTES)
using a vapor-phase process [12]. As fabricated, the relays in this work have an actuation-gap
thickness (go) to dimple-gap thickness (gq) ratio larger than three so that they operate in
non-pull-in mode to avoid unnecessarily large Vi [17].
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Figure 2.7: (a) Plan view and (b) cross-sectional view of 2C dual-direct relay, and (c)
fabrication process flow.

Measured Ipg — Vi characteristics for body-biased 2C N-relay and P-relay devices, as
well as for body-biased 4C N-relay and P-relay devices, are shown in Fig. 2.8 for comparison.
Immeasurably-low OFF-state leakage current and > 10” ON/OFF current ratio are observed
for all devices, as expected. Note that Vj values (summarized in Fig. 2.9) are much lower for
SAM-coated relays due to reduced surface adhesive force between the contacting electrode
surfaces.
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Figure 2.8: Comparison of a) N-type and b) P-type 2C dual-direct relay Ipg vs. Vg charac-
teristics with ¢) N-type and d) P-type 4C dual-bridge relay Ips vs. Vi characteristics, with
and without self-assembled monolayer coating. Body-bias voltage |Vg| ~15V.

The reduction in V afforded by PFOTES coating comes with the tradeoff of increased
subthreshold swing (SS), due to tunneling conduction through the PFOTES coating that
is modulated by V. Average Vg and SS values for PFOTES-covered relays are compared
for 2C and 4C relay designs in Fig. 2.9a. (The error bars indicate one standard deviation
of variation, measured across eight relays.) SS is approximately twice as large for the 4C
design as compared with the 2C design, since twice as much force is needed to compress the
PFOTES in a 4C relay. (The PFOTES coating between the conducting electrodes can be
mechanically modeled as a spring; springs in parallel combination have equivalent stiffness
equal to the sum of the individual springs, as shown in the Fig. 2.9b inset.)
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Figure 2.9: Comparison of a) hysteresis voltage (V) and b) subthreshold swing (SS) values
for 2C Dual-Direct and 4C Dual-Bridge relays measured at 300 K and 10 pTorr. Vpg = 200
mV, |Vg| = ~15 V. The error bars indicate one standard deviation of variation, measured
across eight relays.

Digital integrated circuits are implemented using the same process flow in Fig. 2.7. The
interconnections between devices are formed using the same tungsten layers as the con-
tacts of the relay. Routing vias are formed by etching through portions of the sacrificial
Si0, to form a tungsten-tungsten connection. Since the signal propagation delay in a relay-
based IC is dominated by mechanical switching delay, which is much larger than RC charg-
ing/discharging delay; an optimally designed relay circuit should minimize the number of
mechanical delays, i.e., all relays should switch simultaneously to achieve the fastest possible
circuit operation. Since each relay comprises two electrical switches, it is straightforward to
implement dual-polarity pass-gate logic, i.e., generate complementary output signals, which
eliminates the need for inversions (incurring additional mechanical delays) along the signal
path. This topology minimizes the number of mechanical delays and also the number of
relays per digital function [8].

2.4 Multi-Function Relay Integrated Circuits

Inverter Circuit

Fig. 2.10 shows the circuit diagram and measured voltage waveforms (timing diagram)
for a relay-based inverter circuit comprising one N-relay and one P-relay with their gates
connected together to receive the input signal and their drains connected together to form
the output node. Note that the N-relay serves to pass Vgg while the P-relay serves to pass
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Vpp. The measured voltage waveforms confirm that this circuit functions properly for Vpp
down to 50 mV.
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(a) Schematic circuit dia-  (b) Inverter timing waveforms at  (c) Inverter timing waveforms at
gram for an inverter Vpp = 100 mV Vpop = 50 mV

Figure 2.10: PFOTES-coated relay inverter circuit operation at 300 K and 10 pTorr. |V3]
= ~15 V.

2:1 Multiplexer Circuit (1-Bit)

The identical circuit as for the inverter can function as a 2:1 multiplexer (MUX), if config-
ured as shown in Fig. 2.11 such that the source electrode of each relay is connected to an
input signal line and the gates are connected to a select signal line. The measured voltage
waveforms in Fig. 2.11 confirm that this circuit functions properly for Vpp down to 50 mV.
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(b) SEM view of 2:1 MUX  (¢) 2:1 MUX timing waveforms at (d) 2:1 MUX timing waveforms at
integrated circuit Vpp < 100 mV Vpop= 50 mV

Figure 2.11: 2:1 Multiplexer pass-gate logic PFOTES-coated relay circuit operation at 300
K and 10 pTorr. |Vg| = ~15 V.

XOR Circuit

Furthermore, the same physical circuit as the 2:1 MUX and Inverter circuits also can be
used to implement an XOR gate, as shown in Fig. 2.12. Again, this circuit is demonstrated
to function properly for Vpp as low as 50 mV.
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Figure 2.12: XOR circuit operation at 300 K and 10 pyTorr. |Vg| = ~15 V. Relays were
coated with PFOTES self-assembled monolayer.

2.5 Dynamically Reconfigurable Circuit Functionality
AND/OR Circuit

The measured voltage waveforms in Fig. 2.13 and Fig. 2.14 are achieved with the same
physical circuit but with opposite polarities of applied body bias voltages. This demonstrates
the dynamically reconfigurable nature of body-biased relay 1Cs.
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Figure 2.13: AND circuit operation at 300 K and 10 uTorr. |Vg| = ~15 V. Relays were
coated with PFOTES self-assembled monolayer.

Note in Fig. 2.14 that the OR circuit is able to operate with 50 mV gate voltage swing,
but the output voltage does not completely reach Vpp; this is discussed in greater detail in
Section 2.8.
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Figure 2.14: OR circuit operation at 300 K and 10 pTorr. |Vg| = ~15 V. Relays were coated
with PFOTES self-assembled monolayer.

Generalized Case Analysis

The example above of the AND/OR relay integrated circuit shows that it is possible to
implement different functions using the same physical circuit, by changing the polarity of the
relay body-bias voltages such that an N-relay operates as a P-relay and vice versa. For logic
gates that are not designed as pass-gate circuits, Vpp and Vgg should also be interchanged.
In general, this conversion will allow any MEM relay circuit design to also perform the
corresponding contrapositive function. The contrapositive function can be derived by finding
the logically equivalent function where the input signals are inverted and the output function
is also inverted.

In general, the function f

fla,b) =y (2.22)
has a contrapositive function f’ such that
y = f'(@b) (2.23)

In the example of the AND/OR circuit, we can show using DeMorgan’s Theorem that:

AND(A,B)=A-B=A-B=A+B (2.24)



CHAPTER 2. MILLIVOLT MEM RELAY INTEGRATED CIRCUITS 27

Suppose there is a function f’ such that A+ B = f/(A, B). It is clear to see by inspection
that f” in this case is the OR function.

Another method to determine the contrapositive function is to examine the truth table
of the corresponding function. The contrapositive function can be obtained by inverting the
output values of the truth table, then mirroring the truth table along the diagonal.

Below is the truth table for an AND gate:

B
A 01
0 0 0
1 0 1

Inverting the output values, we arrive at:

B
A 01
0 1 1
1 1 0

Mirroring the output values of the truth table along the diagonal, we arrive at the truth
table output for an OR gate.

B
A 0]1
0 0 1
1 1 1

Example: XOR/XNOR Reconfigurable Circuit

As another example, consider the XOR gate. The contrapositive function can be found by
determining the corresponding f’ again:

XOR(A,B)=A-B+A-B=A-B+A-B (2.25)

Again by inspection it can be seen that the function that inverts the inputs of A,B and
also the output is XNOR.
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Note that while it is also possible to swap the rail voltages in a CMOS logic circuit,
the output voltage swing of the CMOS-based contrapositive circuit may not fully span the
range from Vgg to Vpp. Thus the ability to dynamically reconfigure a digital logic circuit to
perform its contrapositive function without degrading the output voltage margins is unique
to MEM relay technology.

2.6 Multi-Output Relay Circuits

The potential for more compact circuit implementation using relays with multiple pairs of
source/drain electrodes can outweigh the disadvantage of their larger hysteresis voltage due
to larger contact adhesive force associated with two contact dimples vs. one contact dimple.

Differential Logic MEM Relay Circuit Demonstration

By externally measuring the power consumed for certain input signals, it is possible to ‘hack’
a computer by detecting the sequence of bits of a security lock or key exchange. The use of
differential logic can potentially prevent physical side-channel attacks and enable secure IC
operation [24]. It is straightforward to implement differential logic using MEM relays with
two pairs of source/drain electrodes to simultaneously output both a voltage signal and its
complement. This circuit design style provides for uniform power dissipation, regardless of
input vector sequence.

Examples of differential logic circuits implemented with dual-source/drain MEM relays
are shown in Fig. 2.15:

V,

Vep OR/ BP AND/
Vz— A1 NOR Vz— A1 NAND
VA o VA O

—Vour —Vour
o (V== o (V==
VB 2k ouT VB = - ouT
Ve Ve
VBN VBN
(a) Circuit schematic for OR/NOR Gate (b) Circuit schematic for AND/NAND Gate

Figure 2.15: Examples of differential logic gates implemented with dual-S/D MEM relays
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It should be noted that differential logic circuitry typically consumes more energy com-
pared to conventional logic circuitry. By employing MEM relays with complementary source/drain
pairs, however, the dynamic power consumption due to charging and discharging the input
node (gate electrode) is not necessarily higher for differential logic than for conventional
logic; only the dynamic power consumption due to charging and discharging the output
nodes is higher due to the additional interconnects/wires.

As a proof-of-concept, implementation of a 2-bit XOR/XNOR circuit is shown in Fig.
2.16, with 50 mV Vpp.
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(a) Circuit schematic for differential logic (b) XOR/XNOR timing waveforms at Vpp
implementation of XOR/XNOR gate = 50 mV

Figure 2.16: Demonstration of XOR/XNOR circuit operation at 300 K and 10 pTorr. |V
= ~15 V. Relays were coated with PFOTES self-assembled monolayer.

Multiple-Bit ”Bus” Logic Demonstration
2-bit 2:1 MUX

Another circuit design opportunity afforded by MEM relays is to utilize multiple source /drain
pairs to pass multiple voltage signals with the same logic function, i.e., implement ”bus”
style logic. This is useful when conducting the same logical operation on multiple bits of
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information. Shown in Fig. 2.17 is a demonstration of a 2-bit 2:1 Multiplexer. The circuit
is able to operate with 25 mV gate voltage swing but with the trade-off of degraded relay
ON/OFF current ratio (hence higher effective on-state resistance, Roy) due to increased
subthreshold swing with SAM coating; because of the finite impedance of the oscilloscope
probe, the output voltage does not fully reach Vpp or Vg (see Section 2.8).

— BIit[0] Bit [1] e Expected —— — Measured

S 100 f z aof
>< 50 <
0 0 L L L L

30

\Y%

a
3

V.[0]
a8
V,(0]
o 8

\AU!
\AU!

Vgl
Vil

Vee 5 it 24 MUX L .
vao1_L L]

VVA[”_ VourlO]
S Vourl1]
Ve[0]

— oot o S R O ol

I h
100 . T
7

Vourlll Voui0l Vg
8
Vourlll Vourl0l  Vee

—_— L L L L
VB [ 1 ] 0 25 50 7% 100 0 25 50 7% 100

Time (ms) Time (ms)
BN
(b) Timing waveforms for 2-bit 2:1 MUX demonstration at 100

(a) 2-bit 2:1 MUX circuit schematic ~ mV (left) and 25 mV (right)

Figure 2.17: 2-bit 2:1 Multiplexer circuit operation at 300 K and 10 pTorr. [Vp| = ~15 V.
Relays were coated with PFOTES self-assembled monolayer.

2.7 Multiple-Gate MEM Relays

Relay designs with the gate electrode partitioned into multiple separately driven electrodes of
equal area can be used to perform various digital logic functions for the same low operating
voltage (Vpp), by adjusting the body bias voltage. Multiple-gate relays were previously
proposed to provide for greater device functionality; however, previous demonstrations of
multiple-gate relay operation used gate voltage swings in the range of 10-25 V [25]. Herein
two-gate and three-gate relay designs are demonstrated to function with sub-1V gate voltage
swings. The same fabrication process as in Fig. 2.7c is used to fabricate multiple-gate MEM
relays, except that no anti-stiction coating is applied (unless stated otherwise).

Two-Gate Relay

The layout of a 2-Gate relay design is shown in Fig. 2.18a to introduce the concept of
multiple-gate relays. The fixed electrodes are treated as the electrical gates, named G4
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and G g, respectively, while the movable electrode suspended over the gates (not shown, for
clarity) is considered to be the body electrode. The gates have roughly equal actuation area.
The state of the gate voltage signals is denoted as [G4 G|, using ‘0’ to indicate 0 V applied
voltage on the corresponding gate electrode and ‘1’ to indicate non-zero applied voltage.
Measured turn-on voltages for each gate are shown in Fig. 2.18b.

2-Gate Relay Voy

Drain G, Body 30
) 7 S | -OR AND
4 Z >%20 - .
Source Gates 710 |
Z) 7 S 7
Z e <0
Body Gg o1 (1o [11]
Gate State [G, Gg]

(a) Computer-aided design layout of

a 2-Gate relay showing the fixed elec- (b) Measured N-relay turn-on voltages for
trode layer patterned to form inter- various Gate States, measured at 300 K at
digitated gate electrodes G4 and Gg. 10 pTorr. Vg =0 V.

Figure 2.18: Layout and measured Vpy values for a 2-Gate relay.

Depending on the absolute value of the body bias voltage, such a device can perform either
an AND or OR switching function. Thus, the functionality of a MEM relay is dynamically
tunable. A non-ideal aspect of this particular 2-Gate relay design is that the overlap between
the body and the gate is slightly different for the two gate electrodes G4 and Gp, resulting
in slightly different turn-on voltages. This issue is rectified in the 3-Gate MEM relay design
described below.

Three-Gate Relay

Fig. 2.19 shows the structure of a 3-Gate MEM relay comprising three gate electrodes
(Ga, Gp, G¢) of equal actuation area (Aa, Ap, Ac), one body electrode and two pairs of
source-drain electrodes. The movable polycrystalline silicon-germanium body electrode is
suspended over the three fixed tungsten gate electrodes by four folded-flexure suspension
beams. When electrostatic force (F..) induced by applying voltage(s) to one or more of
the gate electrodes relative to the body electrode exceeds a threshold level, the body is
actuated downward sufficiently to bring each of the drain electrodes (attached underneath
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the body via an intermediary insulating layer of aluminum oxide) into physical contact with
their corresponding source electrode, turning ON the relay so current (/pg) can flow between
each source-drain pair. To turn OFF the relay, F.. must be reduced below the threshold
level such that the spring restoring force of the beams (Fj,) exceeds F.. plus the contact
adhesive force (F,q4), causing the source and drain electrodes to break contact. Due to
non-zero F,g,, the magnitude of the turn-off voltage (|Vorrp|) is always smaller than the
magnitude of turn-on voltage (|Voy|). The hysteresis voltage Vg = |[Von — Vorr|-

B_SourceL SourceR? B B’
[ Tungsten [ Silicon- gy glicon [ Aluminum
Germanium Oxide

Figure 2.19: SEM images of the 3-input MEM relay. (a) Plan view of the patterned electrode
layer, and (b) plan view of the completed relay. (c¢) A-A' cross-section. B-B' cross-section
schematics in the (d) OFF state and (e) ON-state.

If a positive voltage is applied to the body, then the relay can be switched ON by
lowering the gate voltage to increase Fij..; in this case the relay behaves similarly as a p-
channel MOSFET and hence is referred to as a P-relay. In contrast, for negative body bias,
the relay is switched ON by raising the gate voltage to increase Fii..; in this case the relay
behaves similarly as an n-channel MOSFET and hence is referred to as a N-relay. P-relay
and N-relay circuit symbols and generic current-vs.-voltage (I-V) characteristics are shown
in Fig. 2.20.
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Figure 2.20: Three-gate (a) P-relay circuit symbol and (b) I-V characteristics. Three-gate
(c) N-relay circuit symbol and (d) I-V characteristics.

Herein the logic state of the gate voltage signals is denoted as [G4 Gp G¢l, using ‘0’ to
indicate low voltage and ‘1’ to indicate a non-zero voltage. Fig. 2.20 shows measured Vpuy
values for various combinations of switching gate voltage signals, for N-relay and for P-relay
operation, with zero body bias. Vpoy was determined by sweeping one or more gate voltages
using a Keithley 4200A and measuring Ipg. If only one gate is switching, a larger magnitude
gate voltage is needed to induce sufficient electrostatic force to turn on the relay, since the
effective actuation area is smaller than with multiple gates simultaneously switching. As
the number of switching gates increases, the effective actuation area increases, so a lower
magnitude gate voltage is sufficient to induce the electrostatic force needed to turn on the
relay. Depending on the gate operating voltage (Vpp), the relay can act as an AND gate
(smallest [Vpp|), a MAJORITY gate or an OR gate (largest |Vppl).
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Figure 2.21: Measured average Vpon values for different combinations of switching gate volt-
age signals, with Vg = 0 V, for (a) N-relay and (b) P-relay operation. Error bars indicate
+/— 1 standard deviation measured across 10 Ipg-Vy /B/c DC sweeps for one relay.

Body-Biased Operation

By applying a non-zero bias voltage to the body electrode (to actuate it part way), the
gate voltage required to turn ON the relay can be reduced. Furthermore, as shown in Fig.
2.22a, by adjusting the body bias voltage (Vz), the number of gates N that must be in state
‘1’ (with an applied voltage of Vpp) in order to turn ON the N-relay can be varied. The
following force balance equation can be solved to find the value of Vg required in order for
the relay to turn ON with NV gates in state ‘1"

EOA 9 B N
WW(VDDHVB') + (3= N)Vp) = kga (2.26)

N | —

where k is the effective spring constant, and A is the actuation area of one of the three
equally-sized gates. Therefore, by adjusting Vg, different relay switching functionality can
be achieved: AND (with lowest |Vp| such that all of the gates must be at Vpp to induce
sufficient additional electrostatic force to turn ON the N-relay), MAJORITY or OR (with
highest |Vp| such that only one of the gates must be at Vpp to induce sufficient additional
electrostatic force to turn ON the N-relay). Fig. 2.22b shows analogous multi-functionality
for the P-relay.
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Figure 2.22: Measured average values of Voy and Vppp for different combinations of switch-
ing gate voltage signals, with body biasing, for (a) N-relay and (b) P-relay operation. Error
bars indicate +/— 1 standard deviation, measured across 10 Ipg-V4 /B/c DC sweeps for one
relay.

The lower limit for Vpp is equal to Vi; therefore, both Vo values and Vppp values are
plotted in Fig. 2.22. It can be seen that Vjy is larger for fewer transitioning input voltage
signals. This is because a larger change in gate voltage is needed to effect the required
reduction in Fy.., if the effective actuation area of the switching input voltage signal is
smaller. To turn OFF the N-relay with N gates switching from state ‘1’ to state ‘0’, the
following inequality must be satisfied:

%(go — 90)*(Fsp = Fuan) > N(Vorr + [VB|)* + (3 = N)Vj (2.27)

By solving Equations 2.26 and 2.27, we can determine the expected turn-ON and turn-
OFF voltages at each switching condition. Fig. 2.23 plots theoretically calculated values of
Vi against measured values, for all possible gate switching voltage combinations that turn
OFF the N-relay. For each combination, Vp was adjusted for Vpp = 1.5V; that is, |Vp|
is larger for the cases where more gates start (and end) in the ‘0’ state, i.e., the N-relay
was turned ON with fewer gates in the ‘1’ state. It can be seen from Fig. 2.23 that Vy
is smaller if more gates are transitioning from the ‘1’ state to ‘0’ state; this is because the
effective actuation area is larger, so a smaller reduction in gate voltage is needed to effect
the necessary reduction in electrostatic force to turn OFF the relay. Also, for the same
number of transitioning gates, the calculated V is slightly smaller for larger |Vz| because
the gate voltage swing required for switching is smaller. It can be seen that the measured



CHAPTER 2. MILLIVOLT MEM RELAY INTEGRATED CIRCUITS 36

values are well explained by theory, and that the minimum operating voltage of this relay is

approximately 0.75 V.
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Figure 2.23: Measured and calculated values of V for N-relay operation, for different turn-
OFF gate switching voltage combinations. Vg was adjusted so that Vpp = 1.5 V. Error bars
indicate +/— 1 standard deviation, measured across 10 Ipg-V4 /B/c DC sweeps for one relay.

Fig. 2.24 plots a comparison of the calculated Vy if |Vp| is adjusted such that Vpp = 1.5
V ws. the calculated Vi without body bias (Vg = 0 V). Including the effect of the body-bias
voltage |Vp| increases the hysteresis voltage (if one or more gates start (and end) in the
‘0’ state) because of the reduction in gate switching voltage (Vpp) contributing to reduced
difference in F,... However, the maximum calculated hysteresis voltage remains the same.
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Figure 2.24: The effect of body bias on Vy for each different gate transition. Vy was
calculated for Vg = 0 V, as well as for varied Vp such that Vg =1.5 V.

Complementary Multiple-Gate Relay Operation

The voltage at the output node of a digital logic circuit should be driven either high (corre-
sponding to logic state ‘1’) or low (corresponding to logic state ‘0’). Therefore, two relays -
one to pull-up the output node to Vpp and the other to pull-down the output node to Vyg,
operating in a complementary manner are needed to implement a logic gate. Depending on
the circuit configuration, the 3-Gate MEM relay can function either as a pull-up (P-U) switch
(Fig. 2.25a) or as a pull-down (P-D) switch (Fig. 2.25b), with AND, OR or MAJORITY
functionality.
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Figure 2.25: Circuit diagrams for (a) N-relay acting as a pull-up (P-U) switch and P-relay
acting as a pull-down (P-D) switch. R = 100 k€.

Measured voltage waveforms are shown in Fig. 2.26 and compared against expected
waveforms, for all possible ON and OFF transitions of the logic gate. It can be seen that
the relay functions with versatility as expected.
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Figure 2.26: Voltage waveforms demonstrating versatile functionality of a 3-input MEM
relay acting as a N-relay pull-up (P-U) switch or as a P-relay pull-down (P-D) switch with
AND, OR or MAJORITY functionality.

With a PFOTES self-assembled monolayer coating applied, the hysteresis voltage is re-
duced so that the 3-Gate relay operates with an input (gate) voltage swing of 275 mV, as
shown in Fig. 2.27. Note that the output voltage swing does not reach Vpp in some cases,
due to high effective ON-state resistance with SAM coating (see Section 2.8). In addition,
due to non-zero strain gradient in the polycrystalline silicon-germanium structural layer,
the movable body electrode tends to deflect out-of-plane upon being released, resulting in
slight variations in the as-fabricated actuation gap (go) for the different gates of the device
(because the actuation gap near the center of the body is larger than the actuation gap near
the perimeter of the body). Such differences in actuation gap can cause milli-Volt differences
in the turn-OFF and turn-ON voltages for the different gates, which become significant for
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sub-1 V Vpp operation. Thus it can be seen that in Region I, when G (with the largest
actuation gap and hence largest turn-OFF voltage) turns OFF, the MAJ output voltage
does not reach Vsg (Vour ~ 100 mV). Next, if Gg turns OFF as shown in Region II, the
MAJ output voltage comes somewhat closer to Vss (Vour ~ 50 mV). If G4 and G both
turn OFF in Region III, the MAJ output voltage is finally able to reach Vsg.
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Figure 2.27: Voltage waveforms demonstrating a SAM-coated 3-Gate MEM relay operating
as a pull-up (P-U) switch with AND, OR or MAJORITY functionality for Vpp < 275 mV
at 300 K.
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Generalized Case: Maximum Number of Gates

In principle, more complex logic functions can be implemented by a pair of complementary
relays if the number of gate electrodes is increased. This increased functionality comes at
the cost of larger operating voltage Vpp (hence switching energy Ey,;) because the hysteresis
voltage increases with decreasing effective actuation area; therefore, there may be a practical
upper limit for the number of gate electrodes. Suppose M is the number of equally sized
gate electrodes, Ay is the total actuation area of all of the gates, and each gate has actuation
area Ag/M. The maximum switching hysteresis voltage can be derived as follows, where we
assume NPI-mode operation for simplicity.

The generalized versions of the equations for turn-ON voltage (Eq. 2.26) and turn-OFF
voltage (Eq. 2.27) for M gates are derived as follows:

To calculate Vo :

M

1 €0 9

s ) An(Von = V) =k 2.28

2 (g0 — 94)° mzl (Vo = Va)" = kga (2.28)

To calculate Vorr:

2 M
=90 = 9)* (kg — Faan) > D _ An(Vorr — Vi)? (2.29)
0 m=1

where A, = Ag/M is the actuation area of each gate.

To derive the maximum hysteresis voltage, we can consider the worst-case hysteresis
voltage, which occurs in the gate transition where the relay begins with all gates ON (M),
then transitions to one gate OFF (M — 1). In this case, Equation 2.28 simplifies to:

2kga(go — 9a)*
v = 2.30
ONy \/ EOAO ( )
and Equation 2.29 simplifies to:

1 GOA()(M — 1) (2k9d<go — gd)Q) 1 60140 2
- + -V =kgy, — F, 2.31
2 M(go — ga)? €0y 2 Mgy — gap OFFu-1 = R~ Far  (231)

1 Evo 2

— [ (M — 1)(2k Vv =kgs— F, 2.32
i <( )(2kga) + (do — ga)? ' OF s 9d dh (2.32)
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—9q)?[—(M — 1)(2kgq) + 2M (kgq — F,
Vorr, . = \/ (90 — 9a)*[—( )(2kga) (kga = Fuan)] (2.33)
EoAQ
Solving for Vy:
v, — \/ngd(go —ga)* \/(90 — 9a)*[2M (kga — Foan) — (M — 1)(2kga)] (2.34)
€0 Ao e0Ao

_ 90— 9d B AN
Vir =/ 2k [1 \/M (1 kgd> (M 1)] (2.35)

2kga(go — 9a)? MF,q
Vi = 1—4/1— 2.36
i \/ e0Ao kgq ( )
MEF,
Vit = Von_npr [1 1 dh (2.37)
gd

where Vony_npr is the turn-ON voltage for a relay with one gate electrode with area Aj.
If MF,q, > kgq, the spring restoring force is insufficient to overcome F,.. + F,q, and thus
the relay will be stuck ON. If F,4, = 1.4uN, the maximum number of gate electrodes is 30,
as shown in Fig. 2.28. This implies an interesting energy-delay tradeoff to explore in the
future between the energy required to switch ON the relay vs. the potential circuit-level
savings of reducing circuit complexity with multiple-gate relays.
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Multi-Gate Relay Energy Scaling

Multi-Gate Relay vV, Scaling
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Figure 2.28: Trend in scaling the number of M gates of equal actuation area, in a multi-input
relay of total actuation area Ag.

2.8 Non-Idealities in Relay Performance

For some of the circuit demonstrations above, the output voltage swing was less than Vpp.
From Fig. 2.9b, it can be seen that there is some variation in SS for SAM-coated relays,
which indicates that the coating process was non-uniform. For very low operating voltage,
poor SS results in lower ON-state current (nA range for Vpp = 50 mV, cf., Fig. 2.8) and
hence higher effective on-state resistance Roy. In this work, the output voltage waveforms
were measured using an oscilloscope probe with internal resistance (Rosc) of 10 M2, which
is not much larger than Roy for relays with poor SS operating at very low Vpp. As a result,
the output voltage does not reach Vpp in some cases (for example, Fig. 2.14d) due to the
resistive voltage divider effect modeled by the equivalent circuit shown in Fig. 2.29. When
either the N-relay or P-relay is turned on (and the input voltage at the corresponding source
of the relay is Vpp), the voltage divider consisting of Rpy connected in series with Rosc
limits the output voltage to be less than Vpp. If both relays are turned on, the output
voltage swing changes depending on the input voltages and Roy of each relay. It should be
noted that, since relays have nearly infinite OFF-state resistance (in contrast to the Rpogc
of the oscilloscope) due to zero OFF-state leakage, high effective Roy should not prevent
proper operation of relay-based ICs with complementary logic. Nevertheless, improvement
in the uniformity of the SAM coating process is expected to provide for uniformly low SS
(and thereby low Roy) in the future.
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P-Relay Rqy
Va

VOUT

o =

VB Rosc
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Figure 2.29: Equivalent circuit for relay measurement setup, explaining the high on-state
resistance Roy with subthreshold swing due to self-assembled monolayer.

It is also important to consider the mechanical switching delay of MEM relays. Fig. 2.30
shows how the mechanical turn-ON delay (7on) of the 2C relay can be improved by increasing
Vpp, albeit at a tradeoff of higher dynamic power consumption. In this measurement, a 2C
relay is measured in vacuum conditions with Vg varied from 50mV to 750mV, Vg = —14.3
V, and Vpg = 2 V. It is shown that the turn-ON delay is less than 1.5 ps.

Vg = 50 mV

0 400 800
v, (mV)

Figure 2.30: Measured 2C MEM relay turn-on delay 7oy vs. Vg at 300 K and 10 pTorr.
Vp=—-14.3 V.

2.9 Summary

In this chapter, a new body-biased MEM relay design is introduced to reduce the number
of contact dimples and thereby reduce the switching hysteresis voltage (V) to enable lower



CHAPTER 2. MILLIVOLT MEM RELAY INTEGRATED CIRCUITS 45

voltage operation. A self-assembled monolayer coating of PFOTES is effective for further
reducing Vy, albeit with a tradeoff of degraded subthreshold swing. Together, these im-
provements enabled the first relay-based digital ICs to operate reliably with a supply voltage
of 50 mV at room temperature.

A variety of MEM-relay based circuits are demonstrated to operate with a supply volt-
age of 50 mV at room temperature, including an inverter, OR, XOR, AND and 2:1 MUX.
MEM-relay circuits also are demonstrated to have greater versatility due to dynamic re-
configurability and the possibility of passing multiple signals simultaneously. Body-biasing
is demonstrated to be effective for reducing the operating voltage (Vpp) of a multiple-gate
MEM relay and for adjusting its functionality. Vpp scaling is limited by the relay switch-
ing hysteresis voltage, which increases with the number of gate electrodes for a fixed total
gate area. These experimental findings indicate that scaled electromechanical switches are
promising for ultra-low-power digital computing.
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Chapter 3

Practical Challenges and
Opportunities for MEM Relay
Circuits

In order to practically achieve large-scale MEM relay integrated circuits, a number of chal-
lenges remain to be overcome. Tungsten originally was chosen as the contact electrode
material because it is CMOS-process compatible, and a relatively hard material with good
mechanical wear properties [26]. However, exposed tungsten surfaces are susceptible to ox-
idation, increasing the on-state resistance, Roy, over the operating lifetime of a relay [27].
The rate of oxidation is affected by operating conditions such as the contact force and the
operating frequency [28-30]. Alternative contact metals have been explored, for example
ruthenium, but they have their own set of process integration challenges [31]. Methods to
‘break down’ the native oxide on tungsten electrode surfaces have been used in order to
achieve functional relay integrated circuits, as a sufficiently large applied electric field across
the oxide (between contacting electrodes) can cause it to become electrically conductive
[32]. The current understanding is that the breakdown process creates defects in the oxide,
forming a pathway through the oxide for electronic charges to percolate through [33, 34].

Contact electrode material property requirements are different for ultra-low-voltage relay
operation than for high-voltage relay operation, because native oxide cannot easily be broken
down and the contact impact velocity is lower for ultra-low-voltage operation. More suitable
contact materials (that would not oxidize in air) or packaging methods that can prevent
contact oxidation and Roy degradation are needed to enable large-scale MEM relay circuits
operating at ultra-low voltage.

This chapter addresses some of the aforementioned remaining challenges for achieving
reliable MEM relay integrated circuit operation. First the method of contact oxide break-
down is re-examined. The hot-switching breakdown approach is compared with a new cold-
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switching approach to elucidate the mechanism of contact failure, and a new method of
oxide breakdown using short voltage pulses is proposed to reliably break down native oxide
at the contact. Then the issue of Rpy degradation in ambient conditions is addressed by
investigating the use of liquid dielectric media.

Since MEM relays exhibit ideal characteristics (zero OFF-state leakage and abrupt switch-
ing behavior) under a wide range of operating conditions (in contrast to CMOS transistors),
they hold promise for operation in extreme environments. This is confirmed through the
demonstration of MEM relay integrated circuits operating across a wide range of tempera-
tures.

3.1 Relay Contact Oxide Breakdown

In prior work it was shown that the on-state resistance of a MEM relay can be improved
by applying a sufficiently large voltage across the source/drain contacts and switching the
relay into the ON state, causing the oxide to break and current to flow more easily, as shown
in Fig. 3.1. It is known that mechanical strain increases oxide defect density and aids
the breakdown process [35], so that physical impact upon electrode contact could play an
important role in the relay contact oxide breakdown process. Note that before the oxide is
broken down, Roy is so high that there is initially no measurable increase in drain current
when the relay is switched ON. Increasing the gate voltage well beyond the turn-ON voltage
increases the mechanical force on the contacting region, causing some leakage current to flow
between contacting surface asperities. Also, the hysteresis voltage seems to be significantly
larger prior to oxide breakdown, likely due to larger F 4, for the contacting oxidized surfaces.

104 - After Oxide Breakdown

< Eg:rrl?)rllitance
106 T
108 +

- /

Before Oxide Breakdown

10—10 -

1012 -

Drain Current /5 (A)

10 +—4+—+—+—+t+—t—t++tt+——t—t—t+—+
0 5 10 15 20
Gate Voltage V (V)

Figure 3.1: Measured Ips vs. Vg characteristics of a 2C N-relay before and after oxide
breakdown. Vg =0 V.
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The contact oxide breakdown method described above tends to have varying Roy results,
sometimes causing contact welding (so that the relay is stuck ON), and sometimes not
consistently breaking the oxide. To find a method that provides more consistent results,
several different oxide breakdown procedures were tested and compared. If Rpoy after the
breakdown procedure was > 1k€), the breakdown procedure was repeated and the lowest
Ron value was recorded.

Hot Switching Oxide Breakdown

The conventional oxide breakdown procedure is known as ‘hot switching’ oxide breakdown;
a voltage of 3V is first applied across the drain-source Vpg before the relay is turned ON by
applying a gate voltage V. Fig. 3.2 shows the circuit schematic and timing waveform for
the hot switching oxide breakdown procedure. The gate voltage is increased to Von + 2V
step-by-step; at each step the drain current is measured before proceeding to the next voltage
step. A current compliance on Ipg is set so that the drain current does not exceed 1uA.
This process is conducted using a Keithley 4200A or Agilent B1500 Semiconductor Device
Parameter Analyzer.

Figure 3.2: Hot switching oxide breakdown procedure (a) circuit schematic and (b) voltage
timing waveform (not to scale).

This method is fairly effective in breaking down the oxide; however, sometimes it causes
contact welding or damage due to the applied voltage across the contact, and Roy afterwards
is not consistently low (see Fig. 3.3). Also, it is difficult to precisely implement this procedure
because the time duration of source/drain contact is not well-defined.
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Hot Oxide Breakdown
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Figure 3.3: Hot switching oxide breakdown procedure results. Average Roy before oxide
break is 410 4+ 784 M€). Average Ron after oxide break is 1.7 + 2.1 k.

Cold Switching Oxide Breakdown

An alternative ‘cold switching’ oxide breakdown procedure was studied to compare with
the hot switching oxide breakdown procedure. Here, 'cold’ refers to the fact that there is
no voltage difference between the source and drain prior to contact. The relay is switched
ON by applying Vgs = Von + 2V. Then a millisecond voltage pulse Vpg is applied across
the contact using the Agilent BI500A Semiconductor Device Parameter Analyzer. Tunable
oxide breakdown process parameters include the magnitude (e.g., 3 V) and duration (e.g.,
5 ms) of the voltage pulse. Roy is measured afterward, and if the oxide is not successfully
broken, then an additional voltage pulse Vpg is applied.
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Figure 3.4: Cold switching oxide breakdown procedure (a) circuit schematic and (b) voltage
timing waveform (not to scale).

Results for the cold switching oxide breakdown procedure are shown in Fig. 3.5. This
method was also found to have some issues with contact welding, suggesting that the issue
with the hot switching procedure is not metal-metal arcing during switching ON and OFF,
but rather due to Joule heating. The welding in the cold switching case may be due to the
fact that the voltage pulses were too long in duration, or that there is no current compliance
limit. However, shorter pulse duration was found to be less effective in breaking down the
oxide. This suggests that the cold switching oxide breakdown procedure alone is not sufficient
for effective oxide breakdown: some other means of preventing Joule heating is required.
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Figure 3.5: Cold switching oxide breakdown procedure results. Average Ron before oxide
breakdown is 90.2 4+ 154 M. Average Ron after oxide breakdown is 250 4+ 494 k€.

Pulsed Cold Switching Oxide Breakdown

The final oxide breakdown procedure studied in this work uses multiple short Vpg pulses,
approximately 10 ps in duration, applied using the pulse measurement unit (PMU) of the
Agilent B1500A Semiconductor Device Parameter Analyzer. A gate voltage of Vgg = Von +
2V is initially applied to turn ON the relay. Then, a voltage pulse train comprising 3 pulses is
applied across the drain-source contact, each 10 us in duration, with a 300 us delay between
each pulse. The voltage magnitude is initially set to Vpg = 6V. If found to be ineffective,
the procedure is then repeated but with a higher voltage Vps = 8V. We hypothesize that
a shorter pulse duration is effective for reducing Joule heating and metal material transfer,
thus allowing for a more consistent oxide breakdown. The results in Fig. 3.7 show that
short-pulse oxide breakdown can consistently achieve sub-1k{2 resistance with reduced Roy
variation.
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Figure 3.6: Pulsed cold switching oxide breakdown (a) circuit schematic and (b) voltage
timing waveform (not to scale).
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Figure 3.7: Multiple drain-pulse oxide breakdown. Before oxide breakdown, average Ron =
3.3 £ 7.41 GQ. After breakdown, average Roy = 0.95 4+ 0.30 k€.

To summarize this section, a study of contact oxide breakdown procedures was conducted
to elucidate the primary failure mechanism after oxide breakdown. Contact Joule heating
is identified as most likely, rather than metal-metal contact arcing. A new cold-switching
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oxide breakdown procedure using 10 us voltage pulses provides for reliable oxide breakdown
without causing contact welding or damage via Joule heating.

3.2 Study of Relay Operation under Ambient
Conditions

MEM relays must operate reliably in order for relay-based integrated circuits to find practical
application. On-state resistance (Roy) increase due to contact oxidation has been identified
as the main failure mode for proper MEM relay operation, and has been studied extensively
in the past [28]. For millivolt operation target of relay integrated circuits, this issue is
exacerbated because ultra-low drain-to-source voltage and reduced contact velocity are less
effective to break down the native oxide [27]. The relay integrated circuits that have been
demonstrated to operate with millivolt supply voltage all were tested in a vacuum chamber
in order to slow contact oxidation and thereby maintain low Rpy. The vacuum probe station
accommodates only a very limited number of probe tips, however, which precludes testing of
large-scale integrated relay circuits. Therefore, a means to achieve reliable relay operation
under room ambient conditions is desirable.

Herein we assess the impact of millivolt switching operation (enabled by body biasing)
and PFOTES self-assembled monolayer coating on the evolution of on-state resistance under
room ambient conditions. Then the use of dielectric liquid media to mitigate the issue of
contact oxidation is investigated.

Rony Degradation under Room Ambient Conditions

2C MEM relays were initially subjected to an oxide breakdown procedure such that the
initial Roy was below 1 k). The relay test setup shown in Fig. 3.8 was then used to
monitor Roy over many ON/OFF switching cycles. Note that the device is configured as an
N-relay pull-down device in an inverter circuit; a voltage pulse train is applied to the gate
electrode.
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Figure 3.8: Schematic illustrating the test setup used to monitor Roy for a MEM relay
operating under room ambient conditions.

Testing of the 2C MEM relays was conducted under room ambient conditions of ~60%
relative humidity, 1 atm pressure, and T ~ 300 K. The switching frequency was 1 kHz, with
peak |Vgg| = 17 V. As can be seen from Fig. 3.9, Roy increases rapidly after approximately
1000 switching cycles with Vpp = 0.5V under room ambient conditions. This is in contrast
to previously published results in [27] which show stable Roy over 10° switching cycles with
Vpp = 4V under 10 pTorr pressure. Body biasing (enabling lower gate voltage swing) does
not significantly affect the evolution of Roy.

The effect of a PFOTES self-assembled monolayer (SAM) coating on contact oxidation
can be ascertained from Fig. 3.9b. (We were curious to ascertain whether the SAM can
prevent oxygen diffusion and reduce the rate of oxidation of the contacts.) It can be seen
that the SAM does not help to mitigate contact oxidation, since Ry degrades just as quickly
(or even slightly more quickly). Therefore, oxygen easily permeates the SAM layer.
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Figure 3.9: Ron degradation under room ambient operating conditions, with Vpp = 0.5V

To conclude, body-biasing and SAM coating do not have significant impact on Roy
stability for MEM relays operating under room ambient conditions. Based on a comparison
with prior published works [27, 28, 36], the drain-source voltage and ambient environment
are two major factors contributing to Roxn degradation. (Low drain-source voltage is less
effective for continually breaking down the native oxide during relay operation, while higher
oxygen content in the ambient environment increases the rate of contact oxidation.)

Alternative dielectric media

To prevent contact oxidation in relays operating under room ambient conditions, the use
of an alternative dielectric media has been proposed [37-39]. Oil as a liquid dielectric,
with relative permittivity greater than 1, provides for lower Vpy as well as improved device
reliability (albeit at the tradeoff of longer turn-ON delay).

Fig. 3.10 shows the effects of immersing a 2C MEM relay in rotary pump fluid oil
(PELCO Ultra Grade 19 Rotary Pump Oil) with a dielectric constant of €, = 1.5. The drain
current vs. gate voltage characteristics were measured under room ambient conditions.
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Figure 3.10: Ip — Vi characteristics of a 2C MEM relay before and after submersion in oil.
(The current is artificially limited to 10 pA to prevent excessive Joule heating during the
DC measurement.)

Because oil has larger permittivity than air/vacuum, enhancing the electrostatic force
induced by an applied voltage across the gate and body, the turn-ON voltage is reduced
upon immersion in oil. The hysteresis voltage is reduced from 300 mV to 200 mV, beyond
the 1/,/€y dependence expected due to the change in dielectric constant alone, which sug-
gests that contact adhesive force is reduced and/or the oil induces force to help separate the
contacting electrodes. An initial study of Roy stability for an oil-immersed relay operating
under room ambient conditions shows promise for this approach to mitigating contact oxi-
dation. Fig. 3.11 compares Ip — Viz characteristics for 50 consecutive gate-voltage sweeping
cycles, measured using an Agilent B1500 Semiconductor Device Parameter Analyzer under
room ambient conditions, for relays with air vs. oil dielectric media. The ON-state current is
limited by the current compliance limit. After many cycles (indicated by the color changing
from blue to red in Fig. 3.11), Roy degrades for the relay with air as the dielectric, so that
its ON-state current eventually does not reach the current compliance limit. In contrast, the
relay with oil as the dielectric operates without noticeable degradation in Roy.
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Figure 3.11: Measured Ip — Viz characteristics of a 2C MEM relay over 50 gate voltage
sweeping cycles (a) with ambient air dielectric and (b) oil dielectric. Vpg = 200 mV, T =
300 K and relative humidity = 63%. The ON-state current was limited to 10 uA to prevent

excessive Joule heating.

Fig. 3.12 shows the evolution of turn-ON and turn-OFF voltages of the 2C MEM relays
over 50 Ips — Vg sweeps, for air vs. oil dielectric media. Vpy and Vppr tend to decrease over
the operating lifetime of the relay in air, possibly due to degradation of the polycrystalline
silicon-germanium structural material in oxidizing ambient (which affects the structural stiff-
ness). In contrast, Von and Vppp increase slightly over the operating lifetime of the relay
immersed in oil, possibly due to heating of the oil affecting its dielectric permittivity.
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Figure 3.12: Evolution of relay switching voltages for (a) relay in room ambient and (b)
relay immersed in oil with Vg = 0V and Vpg = 0.2V. The current compliance limit was set
to 10 pA.

To conclude, the use of alternative dielectric media is promising for achieving millivolt
relay integrated circuits operating under room ambient conditions. Further exploration is
needed to determine the best media to use. An ideal dielectric medium has a large permit-
tivity (to minimize Vpy) that is stable over a large temperature range. In addition, other
properties of dielectric media such as viscosity (which affects relay mechanical switching
delay) should be considered.

3.3 Operation in Extreme Environments

For electronics in extreme environments (for example, in outer space), packaged devices and
circuits must be able to operate reliably over a wide range of temperatures and also be able
to withstand irradiation. MEM relays have inherent resilience to extreme environments and
can operate across a wide temperature range [36, 40]. This is particularly advantage for
edge devices (in the Internet of Things) that must operate reliably across a wider range of
environmental conditions than cloud devices (in data centers).

Temperature Dependence of Relay Performance Characteristics

Large changes in temperature primarily induce significant structural expansion or contraction
and also can affect the Young’s modulus (hence stiffness) and thin-film strain gradient (hence
out-of-plane deflection) of the movable structure; they also can affect contact adhesive force.
Prior work showed that at cryogenic temperatures (below 90 K), Rox stability is greatly
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improved due to the lack of oxygen gas [36]. Figure 3.13 compares measured Ip — Vg
characteristics for MEM relays operated at 300 K and 70 K. The hysteresis voltage can
be seen to be significantly smaller at cryogenic temperature. Therefore, low-temperature
operation of MEM relays seems especially promising.
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Figure 3.13: Measured Ip — Vi characteristics of a MEM relay operated at room temperature
(300K) vs. at low temperature (70K).

The hysteresis voltage (V) sets a lower limit for the switching gate voltage swing (Vpp)
of body-biased MEM relays. A comparison of Vg measured at different temperatures in
Fig. 3.14 shows that Vj is lower at extreme temperatures (77 K and 400 K) than at room
temperature.
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Figure 3.14: Switching hysteresis voltage for MEM relays measured at different temperatures
under 10 pTorr pressure. The error bars indicate +/— 1 standard deviation, measured across
five relays.

A possible explanation for these observed results is that the presence of water molecules
adsorbed on the surface the tungsten electrodes increases capillary forces. Capillary forces
are strongest when water is in the liquid phase, which suggest a high adhesion force at 300 K.
When operating at temperatures below 273.15 K (0°C) or above 373.15 K (100°C), capillary
forces are expected to decrease due to freezing or evaporation of water droplets [41]. Other
contributing forces to total adhesion force include van der Waals forces and electrostatic
force, which do not vary significantly with temperature [42].

Another possible explanation is the effect of temperature on tungsten oxidation. At
high temperature, the thickness of the native oxide is likely slightly thicker due to increased
oxygen diffusivity. While tungsten is a moderately hydrophilic material (contact angle ~ 63°
[43]), tungsten oxide can be either hydrophobic or hydrophilic, depending on the material
structure [44]. Since a hydrophobic surface would also reduce capillary forces, the difference
in surface wettability of tungsten oxide compared to tungsten plays a role in adhesion force.
If capillary forces indeed play the largest role in relay contact adhesion force, a bake-out
procedure (conducted by subjecting the measurement chamber to high temperature and
high vacuum conditions for an extended period of time) prior to measurement can help to
remove water from the contacting surfaces. Another option is to develop a thin coating
with desirable hydrophobic surface properties that can reduce capillary forces and prevent
formation of native tungsten oxide by acting as a diffusion-blocking layer [45].

In any case, the non-monotonic behavior of contact adhesive force (hence Vy) indicates
that relay integrated circuits that function with low gate voltage swing at room temperature
also can be expected to function with low gate voltage swing at extreme temperatures. Fig.
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3.15 shows turn-ON voltage (Vpoy) values for a MEM relay measured across a wide range of
operating temperatures. The folded-flexure suspension beam design provides for relatively
stable native Vpoy (less than 10 percent variation over a 250 K range).
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Figure 3.15: Measured turn-ON voltage of a MEM relay for temperatures ranging from 150
K to 400 K, with and without body bias voltage. Pressure = 10 uTorr.

Relay IC Operation Across a Wide Temperature Range

Because the hysteresis voltage is lower, relay integrated circuits can be operated with lower
gate voltage swing at extreme temperatures than at room temperature, as shown in the
figures below. Although contact oxidation does not occur at temperatures below 90 K, relay
contacts may still be oxidized during the process of cooling to low temperature; thus it is
still possible to have high Roy for cryogenic operation of relay ICs. Also, at T = 400 K,
the contacting electrodes tend to oxidize quickly, resulting in high-on-state resistance. The
high Roy limits the output voltage swing due to the non-infinite internal impedance of the
oscilloscope, as explained in the previous chapter.
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Figure 3.16: 2:1 MUX (a) circuit schematic (b) measured voltage waveforms (timing dia-
grams) demonstrating 25 mV operation at 77 K and (c) 200 mV operation at 400 K.
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Figure 3.17: 2-input OR gate (a) circuit schematic (b) measured timing diagrams demon-
strating 25 mV operation at 77 K and (c) 200 mV operation at 400 K.
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Figure 3.18: Inverter (a) circuit schematic (b) measured timing diagrams demonstrating 25
mV operation at 77 K and (c¢) 200 mV operation at 400 K.

Summary

The ability to test relay circuits under room ambient conditions is desirable to demonstrate
very large scale integrated circuit functionality. Contact oxidation resulting in high ON-state
resistance is the limiting factor for achieving reliable MEM relay circuit operation. In this
chapter, a contact oxide breakdown procedure using short voltage pulses was developed to
consistently achieve < 1 k{2 ON-state resistance with low variability. The evolution of ON-
state resistance under room ambient operating conditions was investigated for low-voltage
(Vbp = 0.5 V) operation. Alternative dielectric materials are suggested to improve ON-
state resistance stability in room ambient environment. Finally, MEM relays are shown
to be capable of operating reliably over a wide range of temperatures from 70K to 400K.
Various relay integrated circuits (2:1 MUX, OR, and Inverter) are demonstrated at 77K and
400K with Vpp as low as 25 mV, showing promise for extreme environment applications.
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Chapter 4

Compensated Stiffness Relay Design

4.1 Introduction

For a conventional MEM relay, there are various design trade-offs in optimizing the structural
stiffness. A reduction in the effective spring constant (k) results in lower actuation voltage
hence lower dynamic energy consumption, but also increases the likelihood of stuck-ON
failure. Body biasing can be used to lower the switching energy by pre-actuating the relay
so that the gate voltage swing required to switch the relay is reduced, allowing for higher &
to reduce the likelihood of stuck-ON failure while simultaneously improving the energy-delay
tradeoff. The magnitude of the body-bias voltage required (> 500 mV for an aggressively
scaled relay) still can be a practical challenge for Vpp scaling, however [18, 22].

In this chapter, a novel method is proposed to improve the trade-off between low MEM
relay switching energy and high spring restoring force. Specifically, structural elements with
negative stiffness are incorporated to reduce the switching energy and thereby improve the
energy-delay trade-off. The concept of fixed-fixed buckling beams operating with negative
stiffness is first introduced in Section 4.2. Then, in Section 4.3, a compensated stiffness relay
design is proposed and analyzed for both pull-in (PI) mode and non-pull-in (NPI) modes of
operation. Section 4.4 discusses design optimization strategies to minimize Vpp for a scaled
compensated stiffness relay. Section 4.5 discusses the impact of process induced variations
on switching voltage for the compensated stiffness relay design and methods to improve
tolerance to such variations. Section 4.6 concludes this chapter with a summary.

4.2 Compensated Stiffness Beam Design

Negative stiffness in a MEM relay is analogous to negative capacitance in a field-effect
transistor to reduce the gate voltage swing required for switching [46]. Although negative
capacitance also has been proposed to reduce the switching voltage of MEM relays [47-50],
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negative stiffness provides an additional opportunity to reduce the switching voltage of a
MEM relay without the use of ferroelectric materials.

Compressive stress in a fixed-fixed beam can cause the beam to buckle due to an axial
load, as shown in Fig. 4.1a. According to Euler buckling theory, this point occurs if:

m2El
Faxial S — (KL>2 (41)

where E is the Young’s Modulus of Elasticity, I = W H?/12 is the second moment of area
of the cross-section of the beam (in this case a rectangle), and W, H, and L are the width,
thickness, and length of the beam, respectively. K is the column effective length factor, and
K = 0.5 for a fixed-fixed beam.

Axial force can be applied by designing a beam to be under compressive stress
Fam’al - UOWH (42)

where o is the value of axial stress (a negative value indicates compressive stress while a
positive value indicates tensile stress). Note that W H is the cross-sectional area of the beam.

If a point load is applied in the center of the fixed-fixed beam in the z-direction, as shown
in Fig. 4.1a, the spring restoring force of a fixed-fixed beam is modeled using the following
equation [51]:

o WH m*EWH3 T EWH 3
+

\ ~ - e’
st’fLIN KNS—-CUB
where x is the displacement of the beam. Under compressive stress, if ”2"20#| >
”4€%H3 |, then kys_p7n is negative and the beam will buckle.

The spring stiffness kg is defined as the slope dFygs/dz. The relay region of operation
corresponding to a negative slope is considered the negative stiffness region.

dFns(z) m?o)WH rw'EWH? T EWH
kns = = 3 4.4
vs= =y~ U T )i s @ (4.4)
st?_rL[N kNStrC‘UB

Buckled fixed-fixed beams have a bistable energy landscape, in which the beam reaches
its lowest-energy state in one of two positions, as shown in Fig. 4.1a-b. By taking the first
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derivative of the energy vs. displacement curve, one can find the spring restoring force of
the beam Fy, = dE;,/dx (where Ej, is the stored spring energy), as shown in Fig. 4.1c.
Negative stiffness (NS) is indicated by a negative slope of the Fy, vs. x plot. If sufficient
force is applied to overcome the spring restoring force in one stable state, then the beam
position can switch to the other stable state.
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Figure 4.1: Behavior of a fixed-fixed buckled beam

When two springs are connected in parallel, the effective stiffness is the sum of the
stiffnesses of the individual springs. We propose to combine conventional positive stiffness
beams in parallel with a NS beam, resulting in an overall ‘compensated’ spring structure
with nonlinear effective stiffness (k.rys), as illustrated in Fig. 4.2.
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Figure 4.2: Model of a compensated spring structure

For a fully compensated spring system, the magnitude of the positive stiffness (linear)
term is equal to the magnitude of the NS linear term, i.e., kp;jn = —kns_rin, and the
resulting spring restoring force Fj, has a cubic dependence on displacement. Effectively, the
negative stiffness linear component is ‘compensated’ by the positive spring. Such a stabi-
lized spring amplifies the effect of the applied actuation voltage on the displacement of the
movable component of the MEM relay, thereby lowering the voltage needed to operate the
switch. Note that even though conventional MEM relays already have abrupt switching char-
acteristics (in contrast to CMOS transistors), negative stiffness beams are still advantageous
for reducing relay switching energy and can improve the energy-delay design trade-off.

An initial proof-of-concept compensated spring design is shown in Figure 4.3a-c. A fixed-
fixed buckled beam of linear stiffness kys_rrv (Fig. 4.3a) is combined with a folded flexure
spring of stiffness kp;v = —kns_rrn, which acts as a linear spring (Fig. 4.3b). The linear
spring is designed as a folded flexure to help relieve residual stress and is based on [17]. The
total effective spring restoring force is thus:

Fy = kins—cup - @° (4.5)

In Figure 4.3, the initial double-well energy landscape of the NS beam is simulated using
Coventorware, and it is shown that by compensating the structure with a linear spring, the
overall energy landscape can be stabilized (flattened).
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Figure 4.3: Coventorware simulations of (a) Fixed-fixed buckled beam, (b) Folded flexure
linear spring, and (¢) Compensated spring structure. (d) Spring restoring force of each
effective spring and (e) Spring restoring energy of each effective spring.

Buckled Beam Spring Coefficient

In this subsection, practical limitations on beam dimensions for a fixed-fixed buckled beam
are discussed. Recall the stiffness terms of the fixed-fixed buckled beam from Eq. 4.3:

m2ooWH n T EW H3

2L 613 ) (46)

kNSfLIN = (

and
T EWH

T (4.7)

KNS—CUB =

The design goals are 1) to develop NS beams that have linear spring coefficient kys_prn <
0, and 2) to maximize the non-linear spring coefficient kys_cyp in order to achieve high
effective stiffness to overcome the adhesive force of the MEM relay contact. Fig. 4.4 shows
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how the linear and cubic spring coefficients depend on various design parameters. The
structural beam material is assumed to be polycrystalline Sig4Gegg, with nominal beam

thickness H = 30nm. Typical thin-film residual stress ranges from —100 MPa to —160 MPa
[19].

There are several design criteria that limit the feasible range of kys_rrv and kKys_cuB.
While increasing the magnitude of compressive residual stress can result in a high kys_cup
and kygs_rrn, devices with high residual stress exhibit undesirable out-of-plane deformation
of the actuated electrode (plate) resulting in failure to actuate correctly. In Fig. 4.4, this
high-residual-stress design region is marked as Region I. Regions II and V correspond to
designs for which the kys_rrny < 0 requirement is not satisfied. The remaining feasible
design regions are marked as Regions III and IV. In short, while it is desirable to increase
kns—_cup to achieve large spring restoring force, increasing the cubic stiffness term too much
may cause buckling failure or not result in negative stiffness.
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Figure 4.4: Parameters for tuning the linear and non-linear spring coefficients of the NS
Beam. For Figs. (a) and (c), beam width W = 0.49 ym and beam length L = 2 pm. For
Figs. (b) and (d), the stress o9 = -160 MPa, and Thickness H = 30 nm.
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In order to meet design feasibility requirements, a realistic maximum value of kys_cup ~
8000uN /pum? is used in this work. If higher effective stiffness is required, multiple fixed-fixed
buckled beams can be used.

4.3 Switching Energy and Voltage Analysis

In this section, equations for the switching voltages of fully compensated relays are derived.
Similarly as for a conventional MEM relay described in Ch. 2.2, a compensated stiffness
relay can be designed for pull-in mode or non-pull-in mode operation.

Pull-In Mode Compensated Stiffness Relay Analysis

To analyze the compensated stiffness relay operating in pull-in mode, first consider the
following simplified model:

Drain
X
I

Source

Figure 4.5: Simplified model of compensated stiffness relay.

To develop the analytical model for this device, we combine Eq. 2.2 and Eq. 4.5, repeated
here for convenience:

1
Felec = §CGBVC%B (48)

Fy = Frin + Fxs = kins—cup - @° (4.9)

By Newton’s second law, Y F = 0, so the quasi-static displacement can be derived:

16()*’4ACT 2 3
ZF:O:§ Go—2 VGB_KNS—CUB'Z' (410)
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The displacement at which pull-in instability occurs is found by solving for zp;_ g such
that dF'/dx = 0. This yields zp;_ns = 3/5 - go. If the device is designed such that g4 >
rpr_ns, then the relay will turn on when the voltage applied across the gate and body causes

the displacement to reach xp;_ng.

Solving Eqn. 4.10 for Vo = Von_prys, the turn-on voltage is:

216
Von—PIys = ﬁKNS—CUBQSEOAACT (4.11)

Fig. 4.6 shows how both the electrostatic force (F.) and compensated spring restoring
force (Fyp) increase with increasing displacement. The relay turns ON when the displacement

reaches rpr_pns.
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Figure 4.6: Compensated spring restoring force (Fj,) and electrostatic actuation force (Fie.)
vs. gate displacement (z) for a device with actuation gap go = lpm. Pull-in occurs at

rpr-ns = (3/5)go.

To turn OFF the device, the spring restoring force must overcome the electrostatic force
plus the contact adhesive force, i.e.

Fsp > Felec + Fadh (412>
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2 kns—cung’ — Fuan)(go — ga)?
Vormxs :\/ (kns C’UBged — an) (90 — 9a) (4.13)
oAacr

The hysteresis voltage, Vj is the difference between the turn-ON and turn-OFF voltages:

216 2k ng_ 3 _F, — 2
Viu_pi-ns = \/ﬁHNSCUBQSEOAACT - \/ (s CUBg: oo an)(90 — 9a) (4.14)
0oAacr

Scaling Analysis

To understand the impact of a compensated spring system (compared against a conventional
linear spring system) on relay turn-ON voltage and switching energy, consider the simple 2-
terminal parallel-plate MEM switch in Fig. 4.7 as a model system. The movable conductive
anode of doped polycrystalline Siy4Geg ¢ with residual stress op = —100 MPa is suspended
above a fixed cathode. The spring structure comprises one fixed-fixed buckled beam and 4
folded-flexure beams. When a voltage difference is applied across the anode and cathode, the
anode is actuated towards the cathode, moving through the air gap of thickness go. When
the anode is displaced by gg, it contacts the cathode allowing current to flow between the
cathode and anode.

‘ Folded
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Figure 4.7: Model 2-terminal MEM switch with compensated stiffness.

Fig. 4.8 compares Von_pry for relays of equal spring restoring energy.
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Figure 4.8: Comparison of turn-ON voltage as a function of spring restoring energy for
compensated vs. conventional pull-in mode MEM switch designs.

Note that the maximum spring restoring energies (Ej,) for the conventional (positive
stiffness spring) design and the compensated-stiffness spring design are Fy, = 0.5kg? and
E,, = 0.25ksg;, respectively. Substituting into the corresponding Vox_ py formulas, the ratio
of pull-in voltage values is:

Von-pIys _ 216/€NSfC’Ung/ 8kygs (4.15)
VON,p[ 3125€0AACT 3125€0AACT '

VoN—PIys :\/ 864 Espgo \/16ESP90 (4.16)

Von-pr1 3125egAacr’ V 27egAact
This indicates a turn-ON voltage reduction > 30%, which provides for > 50% reduction
in switching energy since Eqy, = sCV3 .

As the relay size is scaled down in all dimensions, its pull-in voltage also is reduced
according to the following table:
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Table 4.1: Pull-in voltage scaling for the compensated-stiffness pull-in mode relay design.

Device Parameter Scaling Factor ‘

W 1/S

H 1/S

L 1/S

1EWH %%
KNS = T ]1,3 S%S - S
S

90 1/5
Asor 1/52
Von—pPIys %

Coventorware simulations were found to match well theoretical predictions that compensated-
stiffness switches retain a switching energy advantage with scaling, as shown in Fig. 4.9.
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Figure 4.9: Turn-ON voltage scaling for pull-in mode relays.
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Non-Pull-In Mode Compensated Stiffness Relay Analysis

If the as-fabricated contact gap size is smaller than 3/5 of the actuation gap, i.e., g5 <
Tpr_ns, a compensated-stiffness relay will turn ON prior to reaching the pull-in condition;
thus the device operates in non-pull-in (N PI — N.S) mode. By solving Eq. 4.10 for Vgp =
Von_nPIys When x = gq, the turn-ON voltage for a compensated-stiffness relay operating
in non-pull-in mode can be found:

2/43 _ 3 _ 2
VON-NPIyg :\/ Al cg)zgjéio 94) (4.17)

The turn-OFF voltage remains the same:

2 rkins—cong’ — Faan)(go — ga)?
Vorr s _\/ (kns C’UBged AAC;h)(go 9d) (4.18)
0

Therefore, the hysteresis voltage for a compensated-stiffness NPI-mode relay is:

(4.19)

v _[26ns—cuBgq(go — 9a)*  [2(kns—cuBgy — Faan)(9o — 94)?
e eoAdacr €oAdacr

The switching energy can be modeled as the change in energy stored in the capacitor,
from the ON state to the OFF state.

E =Vep(ConVer — Corr|Va|) (4.20)

Comparison between Conventional and Compensated-Stiffness
Relays

Conventional wisdom suggests that the minimum switching energy is achieved by reducing
the spring stiffness; however, prior work found that body-biased relay designs with increased
stiffness can achieve improved energy-delay tradeoff [18, 22]. In this section, the hysteresis
voltage and switching energy of low-stiffness vs. high-stiffness compensated relay designs are
examined.

Fig. 4.10 shows how the hysteresis voltage depends on actuation gap to contact gap ratio,
for conventional vs. compensated-stiffness relays with fixed contact gap g4 and increasing
go, and barely enough spring restoring force to overcome the contact adhesive force (i.e., for
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the compensated relay Fy, = Foan = kns—cungs (O kns—cup = ko = Faan/gs), and for the
conventional relay Fy, = Foan = koga)-
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Figure 4.10: Hysteresis voltage vs. actuation-to-contact-gap ratio for conventional vs.
compensated-stiffness relay designs with minimum spring restoring force (Fy, = Fyqn, when
T = ga)-

From this figure it can be seen that, for a low stiffness spring, the minimum hystere-
sis voltage is achieved with gy = g4 (PI-mode operation). However, this design is more
susceptible to stuck-ON failure.

As can be seen from Fig. 4.11 for relays with high spring stiffness (knys_cup = 10k for
the compensated-stiffness relay design and k = 10kq for the conventional relay design), the
minimum hysteresis voltage is achieved with a gap ratio at the boundary between PI-mode
and NPI-mode operation, at gy = 3g4 for the conventional design and gy = (5/3)g4 for the
compensated-stiffness design.
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Figure 4.11: Hysteresis voltage vs. actuation-to-contact-gap ratio for a conventional and
compensated-stiffness relay design with high spring restoring force (Fy, = 10F,q, when
T = gq).

Note that compensated-stiffness relay designs can achieve lower hysteresis voltage than
conventional relay designs of equal spring restoring force. To minimize the hysteresis voltage,
it is ideal to select a high-spring-restoring-force compensated-stiffness design with g4 = 0.6¢o.

The effect of the actuation gap-to-contact gap ratio on switching energy is shown in Fig.
4.12. For the high-stiffness designs, which can provide for improved device manufacturing
yield due to larger spring restoring force (to avoid stuck-ON failure), the switching energy of
a compensated-stiffness relay is lower than for a conventional relay. In each case (for high-F,
or low-Fj,) the minimum switching energy for a compensated-stiffness relay is lower.
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Figure 4.12: Switching energy FEj, vs. actuation-to-contact gap ratio for conventional and
compensated relay designs with (a) minimum spring restoring force to overcome F,g4,, and
(b) high spring restoring force (Fy, = 10F,q, when = = gg4).

4.4 Compensated-Stiffness Relay Design
Optimization

In the previous sections, the dependence of compensated-stiffness MEM relay performance
characteristics on various structural design parameters was presented. The important param-
eters to consider for design optimization are the contact adhesion force (F,q;), as-fabricated
contact air gap thickness (gq), as-fabricated actuation air gap thickness (go), actuation area
(Aacr), structural poly-Sip4Gegg layer thickness (H), cubic spring coefficient (kns_cug),
body bias voltage (Vp) and operating voltage (Vpp). Fuan is dependent on the area of the
contact dimple region and should be as small as possible. A cr may be limited by device
density and cost considerations. Herein the following parameter values are assumed to be
achievable with the capabilities of current manufacturing technology: g; > 5nm, Ascr =1
um?, H = 30 nm, and F,4 = 1.81 nN. A practical challenge for compensated-stiffness relay
design is that, although a high value of kyg_cup is beneficial, it is difficult to achieve this
in practice based on material properties. Below we consider both the case where the value
of kns_cup is unlimited and also the case where kys_cup < 8 x 1015 N/m3.

Vpp Optimization with Unlimited kys_cup

Minimizing Vpp can be the design objective if the energy consumption is dominated by
interconnect delay. If this is the case, then we can set Vpp to the minimum voltage of Vi
and set Vg to —Vgy. In this case, go, g4, and kKys_cuyp remain to be optimized.
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For a large value of cubic stiffness kys_cup it is best to minimize g4 for low switching
energy. gq is therefore set to a value of 6.1 nm (= Q/Fadh/S x 10" N/m3) for the contour
plots in Fig. 4.14 which show the dependence of Vpp, switching energy and switching delay
on kns_cup and go. In these plots kys_cup is set to be within the range from 8 x 10 N/m?
(= Faan/g3, or the minimum value required to ensure Fy, > F,q) to 8 x 10" N/m?, and go
is set to be within the range from 6.1 nm to 10 nm, traversing PI-mode and NPI-mode
operation. It can be seen that Vpp is minimized by increasing both kys_cup and go.
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Figure 4.14: Vpp, switching energy and switching delay as a function of the cubic spring
coefficient kys_cyp and actuation gap go. g¢ = 6.1 nm. A high-kns_cup design provides
for minimum Vpp (denoted by the red triangle) while a lower-kys_cuyp design achieves

minimum switching energy (denoted by the white star).

For low-Fy, relay operation with no body biasing, Iig. 4.15 compares the energy-delay
trade-off for a compensated-stiffness relay against that for an optimized conventional relay
as designed in [18]. It can be seen that the compensated-stiffness design has slightly lower
minimum switching energy but increased switching delay relative to the conventional design.
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Figure 4.15: Energy-delay trade-off for minimum-Fj, relay designs for operation with zero
body bias voltage.

For high-F, relay operation with body biasing to enable low Vpp, Fig. 4.16 compares
the energy-delay trade-off for a compensated-stiffness relay against that for an optimized
conventional relay. The curves (labeled ”Constant Vpp + |Vp|”) show how relay switching
energy can be decreased by increasing the magnitude of the body bias voltage in order to
lower Vpp. The symbols (labeled ”Increase Vpp”) show how the switching delay can be
improved further by increasing Vpp (with a fixed maximum value of |Vp|) with improved
overall energy-delay tradeoff. It can be seen that the compensated-stiffness design provides
for substantially lower switching energy at sub-20 ns switching delays.
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Figure 4.16: Energy-delay trade-off for high-F;, (= 10F,q, when z = g4) relay designs for
operation with body biasing.

Interestingly, for the compensated-stiffness relay design, increasing Vp while keeping
Vbp + |VB| constant shows a non-monotonic relationship between switching energy and
switching delay: initially, increasing |Vg| improves delay as the spring restoring force in-
creases at a slower rate than the electrostatic actuation force; however, the spring restoring
force eventually increases at a faster rate as |Vg| continues to increase, causing the switching
delay to increase.

Vpp Optimization with Limited kys_cup

If polycrystalline Sig 4Geg g is used as the structural material, it is difficult to achieve very high
kns—cup; therefore, in order to increase Fj,(= KNs—cuBgs), ga must be increased. Herein
the case where kxys_cpp is limited to be no greater than 8 x 10 N/m? (an achievable value
of spring coefficient, cf. Fig. 4.4), is analyzed.

The contour plots in Fig. 4.18 show how Vpp, switching energy and delay depend on g4
and the actuation gap-to-contact gap ratio. g; ranges from 6.1 nm to 13.1 nm, corresponding
to the value required to achieve Fy, = 10F,4, when o = g4. It can be seen that although
increasing g, can help to reduce Vpp, this comes at a trade-off of larger switching energy.
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Figure 4.18: Vpp, switching energy and switching delay as a function of the contact gap
gq and actuation gap-to-contact gap ratio. kys_cup = 8 x 101°N/m3. A large-g; design
provides for minimum Vpp (denoted by the yellow circle) while a lower-g; design achieves
minimum switching energy (denoted by the white star).

In summary, compensated-stiffness relay designs can achieve lower Vpp than can con-
ventional relay designs, which is beneficial if energy consumption is interconnect-dominated.
The manufacturing yield for compensated-stiffness relays can be improved by increasing the
contact gap size g4 to increase Fj),, at the trade-off of larger switching energy. It is a practical
challenge to achieve fixed-fixed beams with sufficiently high F§, to avoid stuck-ON failure.
Optimized non-linear springs designs or different material systems may allow larger values
of knyg_cup to be achieved in the future.

4.5 Impact of Process-Induced Variations

The addition of the fixed-fixed buckled beam in a compensated-stiffness relay can result in
greater sensitivity of the turn-ON voltage (Von) and turn-OFF voltage (Vorr) to variations
in the device fabrication process. In this section, an aggressively scaled compensated-stiffness
relay is proposed and studied to identify critical process variation parameters.

In developing the scaled relay design, some challenges and practical considerations were
taken into account. The design window for the fixed-fixed beam is quite small, since adjust-
ments to design parameters to increase |kys_p;y| will also decrease kys_cup. Also, it is
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unrealistic to have very high residual stress in the structural material, because this would
undesirable buckling of the movable plate electrode. To relax the design constraints, a relay
design incorporating two fixed-fixed buckled beams is proposed, as shown in Fig. 4.19.

In this compensated-stiffness relay design, the doped polycrystalline-Siy 4Geg ¢ gate elec-
trode is suspended above a fixed tungsten body electrode by two compensated-stiffness spring
structures, separated by an actuation gap (go = 10 nm). Each compensated-stiffness spring
structure consists of a fixed-fixed buckled beam and two folded-flexure beams (linear springs)
designed such that kp;y is close to —krv_ns. When a voltage is applied across the gate
and body, the movable gate is actuated toward the body until the tungsten drain electrodes
(attached beneath the movable gate electrode and separated from it by a thin layer of elec-
trically insulating Al,Ogz) physically contacts underlying source electrodes (coplanar with
the fixed body electrode). Note that this relay design incorporates two pairs of source/drain
electrodes, so that it has a total of six terminals. To turn off the device, the spring restoring
force must be greater than the electrostatic actuation force plus the contact adhesive forces.

Source

BI

Source

e via
chor

Folded Flexures

Figure 4.19: Plan view schematic illustrating the scaled compensated-stiffness relay design.
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In principle this relay can be fabricated using the following process steps, starting with
an insulating substrate (e.g., AlyOs-coated silicon wafer): a 3 nm-thick tungsten (W) layer
is deposited and patterned to form the body electrode, source electrodes, and drain anchors.
Then, a 4.2 nm-thick SiO, layer (SiO,-1) is deposited as a first sacrificial layer. The contact
dimples are defined by etching away the SiO5-1 in the source electrode contact regions. A
5.8 nm-thick second sacrificial layer of SiO5 (SiO2-2) is then deposited. (The sum of the two
SiOy layer thicknesses corresponds to gy, while the thickness of SiO9-2 corresponds to gg.)
Afterwards, the SiOy in the drain anchor regions is etched away (not shown), and a second
layer of 3 nm-thick W is deposited and patterned to form the dimpled drain electrodes. Then
another 1 nm-thick layer of AlyOj is deposited to electrically insulate the drain electrodes
from the movable gate electrode. Anchor regions for the movable gate electrode are then
formed by removing the AlyO3 and underlying SiOs in these regions before deposition of
30 nm-thick heavily p-type doped (p+) poly-Sig4Gegg structural film (assumed to have
residual compressive stress oy = -100 MPa). A hard-mask layer of SiOs is deposited prior
to patterning the structural film and the topmost Al,O3 layer, exposing the SiO»-2 layer.
Finally vapor HF is used to selectively remove the sacrificial SiO,, to avoid capillary-force-
induced stiction. Fig. 4.20 shows a schematic cross-section of the relay along the B-B’ cutline
prior to sacrificial oxide removal.

B B’
[ Al,O,
Gate 1 8io,
Drain i mw
| SiO,-2
w - S
gfo | 3 | SiO,-1 [ p+ poly-Siy 4Geg g
Boldy

Figure 4.20: Schematic cross-section of the proposed scaled compensated-stiffness relay, prior
to removal of the sacrificial oxide layers.

Four of the aforementioned steps are selected for process-induced variation study. The
SiOo-1 and SiO,-2 deposition steps are important because they determine gy and ¢g4. In
addition, the Sig4Gegg deposition step is important because the structural film thickness
affects the spring stiffnesses kr;y and kyg. Patterning of the Sig4Geg ¢ layer is also important
because overetch can affect the spring stiffness as well as the actuation area.
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Fully Compensated Stiffness Relay

To study the sensitivity of the compensated stiffness relay switching voltages to process-
induced variations, the impact of +/- 5% change in each process parameter on Von_npryq
was assessed using an analytical method. Values of go, g4, krin, kns and kKys_cup were
calculated and used in the force balance equation 4.10, assuming non-pull-in mode operation,
to numerically solve for the turn-ON voltage (Von_~npiys):

1 eoAacr
2 go — Gga

VEN-_NPIys = ENS—cUBYs + kNs—LiNGd + kLingd (4.21)
The corresponding equation was numerically solved to find Vorr,:

legAacr
2 90— 9ga

Viriys + Faan < kns—cupgy + kns—ringa + kringa (4.22)

Fig. 4.21 shows the effects of process-induced variations in SiOs-1 thickness, SiO5-2
thickness, Sig4Gegg thickness, and Sig4Gegg overetch on the switching voltages for a relay
designed to have i.e., kp;n = kys—rrnv for 0% process variation. It can be seen that the most
critical parameters to tightly control in the manufacturing process are the Sig4Geg¢ layer
thickness and the SiO,-2 layer thickness, and that it is possible for Vorp_nprys to have no
real solutions (so that the relay does not turn OFF for zero gate voltage) if these layers are
too thin.
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Figure 4.21: Impact of process-induced variations on the switching voltages for a scaled,
fully compensated-stiffness relay design.

With a decrease in the thickness of the SiO,-2 layer, g; decreases, which reduces the
total spring restoring force (Fi, = rns_cupgs). In this case, the spring restoring force is
no longer sufficient to overcome the adhesion force with F.. = 0 N and hence the device
will be susceptible to stuck-ON failure. To avoid this mode of failure, the relay should be
designed to have larger spring restoring force.

A decrease in poly-Sig 4Geg ¢ thickness (H) causes the spring restoring force to no longer
be fully compensated. This can be understood by examining the coefficients of linear stiffness:
krin oc H? and kys_rin o< oH + BH? [17]. Decreasing H will decrease kr;y at a faster rate
than |kys_prn|. If the spring restoring force is no longer fully compensated, the device will
not turn OFF when F,,.. = 0 N. This issue can be resolved by only partially compensating
the stiffness of the linear springs, i.e., designing the relay such that kp;n > |kns_rin]-
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Partially Compensated Stiffness Relay
Suppose the nominal stiffness of one folded-flexure beam (linear spring) is kprn, [17]:

1 1 1 1 1

— — -+
kLINO kf kt o Ev}jfg o GV[;H3

(4.23)

where 7 is the flexural constant, - is the torsional constant, and G is the Shear Modulus
(about 57 GPa).

If the thickness of the poly-Sip4Gegg structure is reduced by 5 percent (AH = —5%),
then the stiffness of the folded-flexure beam becomes:

kLINAH = (1 -+ AH)gkLINO (424)
With four folded flexures, the total nominal linear spring constant is 4k, .

The total linear stiffness still must be greater than or equal to zero for AH = —5%:

2]{:NS_LINAH:75% + 4kLINAH:—5% >0 (425)

wooWH(1+AH) 7w EW(+AH)3H?

2 5] + E -+ 4kzLINAH:75% >0 (4.26)
k'NSIIN_ kizvsj;rz\ur

2((1 + AH)kns—ring. + (1 + AH)kns—ring. ) +4(1+ AH)?kpin, > 0 (4.27)

(1 + A}I)QIQVS,L[]\IO+ + 2(1 + AH)2kLIN0 > _stfLINo, (428)

Eq. 4.28 shows that, in order to account for the possibility of -5% process variation in
H, the sum of the positive stiffness terms should be at least 1/(100% — 5%)? ~ 110% of the
magnitude of the negative stiffness term kyg_rrn,_ -

Fig. 4.22 shows the impact of process-induced variations on the switching voltages for
a partially compensated stiffness relay design. It can be seen that by increasing the linear
stiffness terms increased by about 10%, this design is robust to +/- 5% process variation.
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Figure 4.22: Impact of process-induced variations on the switching voltages for a scaled,
partially compensated relay design.

NPI-Mode Partially Compensated Stiffness Relay Analysis

In this subsection the operation of a scaled, partially compensated stiffness relay design
is analyzed. The design parameters used for Coventorware simulations are as follows:
kns—cus = 3.5 x 10 N/m3, krry + kns_riv = 0.85 N/m, go = 10 nm, g; = 4.2 nm,
AACT = 1/LH12, VON—NPI = 140 mV, opg = —100 MPa.

Fig. 4.23 shows how the spring restoring force depends non-linearly on gate displacement,
to allow for lower turn-ON voltage and adequate spring-restoring force to avoid stuck-ON
failure.
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Figure 4.23: Spring restoring force vs. displacement of a partially compensated relay.
KNS—cUB = 3.9 X 1015N/m3, kiin + kns—piN = 085N/m

Fig. 4.24 plots the contact gap size vs. voltage across the gate and body electrodes Vip;
the point at which the drain electrodes physically contact their corresponding source elec-
trodes is indicated, corresponding to gate displacement x = g4. Non-pull-in mode behavior
is observed (i.e., there is no sudden change in contact gap size). Note that the simulated
native turn-ON voltage (Vi required to turn ON the relay) is only 140 mV.
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Figure 4.24: Device contact displacement for a partially compensated relay with an applied
voltage across the gate and body. The turn-on voltage Von_nprys = 0.140 V.

4.6 Summary
A novel approach is proposed in this chapter to reduce relay switching energy without loss

of spring restoring force in the ON state (necessary to ensure proper turn-OFF operation),
by incorporating one or more structural elements with negative stiffness (fixed-fixed buckled
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beams) to compensate the positive stiffness of the linear springs (folded-flexure beams) in a
conventional relay design.

For a conventional relay design, the boundary between pull-in and non-pull-in operation
corresponds to a contact gap-to-actuation gap ratio g4/go = 1/3. In contrast, the boundary
between pull-in and non-pull-in operation for a compensated-stiffness relay corresponds to
ga/go = 3/5. A compensated-stiffness relay design can achieve significantly lower hysteresis
voltage and improved energy-delay trade-off, for high spring restoring force and body-biased
operation.

To minimize Vpp for a body-biased compensated-stiffness relay, a high spring restoring
force can be used together with a large actuation gap size. Ideally, a high value of kys_cupB
also is desirable for reducing the switching delay (7). Because this is difficult to achieve in
practice, an alternative is to increase the contact gap size (g4) to increase the spring restoring
force in the ON state.

The impact of process-induced variations is assessed, and variation in structural layer
thickness is identified as the most critical parameter to tightly control in order to achieve high
manufacturing yield for the fully compensated stiffness relay design. A partially compensated
stiffness relay design is projected to be robust against 4/ —5% variation in the poly-Sip 4Geg g
structural layer thickness.
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Chapter 5

Conclusion

Summary

Micro-electro-mechanical (MEM) relays have the ideal switching properties of abrupt turn-
ON and turn-OFF behavior and zero OFF-state leakage current, which provide for ultra-low-
voltage operation (sub-50 mV gate voltage swing). These properties make them attractive to
use as switches for energy efficiency digital computing, e.g., for the Internet of Things. This
dissertation addresses remaining challenges and opportunities for millivolt relay integrated
circuits (ICs) to find practical application.

This dissertation investigates approaches to reducing relay operating voltage, including
reducing the number of contact dimples from 4 to 2, coating with an anti-stiction self-
assembled monolayer (SAM) and body biasing are investigated and found to be effective,
enabling the demonstration of a variety of relay logic circuits operating with sub-50 mV
voltage signals, including an inverter, AND, OR, XOR and 2:1 multiplexer (MUX) circuit.
Since the operating speed of a relay-based IC is dominated by relay mechanical switch-
ing delay, it is desirable to enhance the functionality per relay to minimize the number of
mechanical delays and also provide for more compact implementation (smaller chip layout
area). Accordingly, multi-functional MEM relays and dynamically reconfigurable MEM re-
lay circuits are demonstrated, including a differential XOR/XNOR circuit, 2-bit 2:1 MUX
and body-biased multiple-gate relay circuit.

Practical challenges and opportunities for low-voltage MEM relay IC operation are also
examined. In order to test large-scale integrated circuits, it is ideal to be able to operate the
relays under room ambient conditions. A new pulsed-voltage method is shown to reliably
break down native oxide on tungsten contact electrode surfaces to achieve sub-1k{2 ON-
state resistance with low variation. Degradation of Roy for low-voltage relay operation
under room ambient conditions is studied, including examining the effects of anti-stiction
self-assembled molecular coating and body-biasing. The use of a liquid dielectric medium is
explored as a method for improving Roy stability in room ambient conditions. MEM relay
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integrated circuits are demonstrated to operate over a wide range of temperatures, with
switching voltage swings as low as 25 mV at 77 K and 200 mV at 400 K, showing promise
for extreme environment applications.

Finally, this dissertation proposes a novel compensated-stiffness MEM relay design that
incorporates fixed-fixed buckled beams with negative stiffness to reduce the switching voltage
by > 50%. Compensated stiffness relay designs are found to provide for improved trade-off
between relay switching energy and turn-on delay for both pull-in-mode and non-pull-in-
mode operation. The effects of process-induced variations on compensated stiffness relay
switching voltages are studied and the structural layer thickness is identified as a key process
parameter to control tightly. A partially compensated stiffness relay is proposed to mitigate
the increased susceptibility to process-induced variations. To achieve improved energy-delay
trade-off with a compensated stiffness relay, high xkys_cup is identified as a key design
criterion.

Future Work

Some suggestions for future research directions are offered below, toward the goal of demon-
strating large-scale integrated MEM-relay-based circuits operating with millivolt supply volt-
age for energy-efficient digital computing.

MEM relay integrated circuit design algorithms can be developed to automatically de-
sign and layout large-scale integrated circuits that take advantage of their capability to
incorporate multiple source/drain pairs and multiple gate electrodes and to perform with
dynamically reconfigurable functionality. A direction for future study could be to develop
generalized algorithms to design integrated circuits with multi-functional relays as building
blocks in order to minimize the number of logic stages and enhance the benefit of MEM
relays.

Packaging or new contact materials for improved ON-state resistance stability should be
developed to enable large-scale integrated MEM relay circuits to operate reliability under
room ambient environment.

While a separate body bias voltage could be used for each relay to minimize its gate
switching voltage and thereby enable the smallest supply voltage for the entire integrated
circuit, this approach is impractical. Approaches to reduce process-induced variations in
the native turn-ON voltage (magnitude of Vip required to turn ON the relay) are needed
to enable a single body bias voltage for all N-relays and a single body bias voltage for all
P-relays to be used in a large-scale integrated circuit. Reduced process variation could be
achieved with more precise control of thin-film thicknesses and residual stress.

The improved energy-delay trade-off of an ultimately scaled compensated-stiffness relay
design makes it attractive for future ultra-low-power digital computing applications. How-
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ever, significant challenges for minimizing process-induced variations and controlling the
effective stiffness of fixed-fixed buckled beams remain to be overcome, to achieve high man-
ufacturing yield. It is also worth noting that an experimental proof-of-concept has yet to be
demonstrated.
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