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Abstract

MOSFET Replacement Devices for Energy-Efficient Digital Integrated Circuits
by
Hei Kam
Doctor in Philosophy in Engineering — Electrical Engineering and Computer
Sciences
University of California, Berkeley

Professor Tsu-Jae King Liu, Chair

Increasing power density is a daunting challenge for continued MOSFET
scaling due to non-scalability of the thermal voltage kg7/q. To circumvent this
CMOS power crisis and to allow for aggressive supply voltage reduction,
alternative switching device designs have been proposed and demonstrated to
achieve steeper than 60mV/dec subthreshold swing (S). This dissertation begins
with a general overview of the physics and operation of these MOSFET-
replacement devices. It then applies circuit-level metrics to establish evaluation
guidelines for assessing the promise of these alternative transistor designs.

This dissertation then investigates the abrupt “pull-in” effect of an
electrostatically actuated beam to achieve abrupt switching behavior in the nano-
electro-mechanical field effect transistor (NEMFET). To facilitate low-voltage
NEMFET design, the Euler-Bernoulli beam equation is solved simultaneously with

the Poisson equation in order to accurately model the switching behavior of a



NEMFET. The impact of various transistor design parameters on the gate pull-in
voltage and release voltage are examined. A unified pull-in/release voltage model
is developed.

Finally, this dissertation proposes the use of micro-relays for zero-standby-
power digital logic applications. To mitigate the contact reliability issue, it is
demonstrated that since relatively high on-state resistance can be tolerated while
extremely high endurance is a necessity, hard contacting electrode materials and
operation with low contact force are preferred for reliable circuit operation. Using
this contact design approach, a reliable relay technology that employs titanium
dioxide (TiO;) coated tungsten (W) electrodes is developed for digital logic
applications. Relay miniaturization will lead to improvements in density (for lower
cost per function), switching delay (for higher performance), and power
consumption. A scaled relay technology is projected to provide >10x energy savings

for digital circuits operating at up to ~100MHz.

Professor Tsu-Jae King Liu

Dissertation Committee Chair
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Chapter 1

Introduction:

The CMOS Power Crisis

1.1 CMOS Scaling Trend

The steady reduction in the dimensions of complementary metal-oxide-
semiconductor (CMOS) transistors from one technology to another has provided
for dramatic improvements in the switching speed, density, cost and functionality
of CMOS chips. As shown in Fig. 1.1, the physical gate length of a CMOS
transistor has been reducing at an exponential rate and is expected to be scaled
down to the sub-20nm regime in year 2010 [1.1]. However, due to the fact that the
thermal voltage kg7/g does not scale, the threshold voltage (V1) of CMOS
transistors can no longer be reduced along with their lithographic dimensions. This
non-scaling of the threshold voltage forces the supply voltage (Vyq) to remain
constant across technologies for a given switching speed, as shown in Fig. 1.2, Vg4
has saturated at around 1V from the 130nm technology forward [1.1]. Therefore,
the power density of integrated circuits has increased drastically. As an example,

the power dissipation in Intel’s state-of-the-art microprocessors has already reached



the level of 100W or more [1.2]. Power is now a major constraint for modern day

CMOS chip design.
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Fig. 1.1 Improvements in the switching speed, density, cost and functionality of
CMOS chips have been enabled by the steady miniaturization of the transistor over
the past four decades. By the year 2010, the physical gate length of a CMOS

transistor is expected to be scaled down to the sub-20nm regime [1.1].
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Fig. 1.2 To maintain constant power density, both the supply and the threshold

voltages of a CMOS integrated circuit should be reduced along with the
lithographic dimension of CMOS transistors. But due to MOSFET subthreshold
leakage, both V4 and Vr scaling have slowed down in recent technology

generations [1.1].
1.2 MOSFET Physics in the Subthreshold Regime

The CMOS power crisis is fundamentally due to the non-scaling of the
thermal voltage k7/g, which sets a lower limit for the subthreshold swing (S) of a
MOSFET. Fig. 1.3 shows the I4-V,s characteristics of a MOSFET. Below the
threshold voltage (V7), the MOSFET does not turn off completely; instead, /g
decreases exponentially with Vs with an inverse slope (“subthreshold swing”) S >
60mV/dec at room temperature. Thus, in the off state (Vg=0V), CMOS transistors

still dissipate leakage energy.
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Fig. 1.3 The subthreshold swing S of a MOSFET is limited by the thermal voltage

kgT/q; it is greater than or equal to 60mV/dec at room temperature.
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Fig. 1.4 The potential barrier for thermionic emission can be modulated (Ads) by
the gate voltage; and according to Boltzmann statistics [1.3], electron concentration
is exponentially proportional to q¢s/kgT. This sets a lower limit for the MOSFET

subthreshold swing, which is at least 60mV/dec at room temperature.



The origin of § > 60mV/dec can be explained by the electron energy band
profile of a MOSFET, which is shown in Fig. 1.4. As Vg increases, the channel

potential is modulated by the capacitive divider:

d¢$ — Cox
dVgs  Cox+Caep

for Vs < V7 (1.1)

where C,x and Cgcp are the oxide and depletion capacitances, respectively.

Increasing the channel potential (¢s) reduces the potential barrier for electron
injection, and hence the electron energy (E) increases. According to the Boltzmann
statistics [1.3], electron concentration n(E) increases exponentially with electron
energy; therefore, the drain-to-source current flow (/4) depends exponentially on

channel potential:

E S COX
I4s X n(E) < exp (m) X exp (Z%T) X exp (i—l(gs) (1.2)

kBT Cox+Caep

And the subthreshold swing of the MOSFETsS can therefore be expressed as:

-1
— (dlogiolds _ dlogiolas , dops _ kpT Cdep
5_( o ) = Stfolts s £ in(10) 2 (1+52) (13)

which is at least 60mV/dec at room temperature. Due to the non-zero depletion
capacitance in the transistor, S is typically ~100mV/dec for state-of-the-art
MOSFETs.

The subthreshold swing determines the lower energy limit for CMOS
electronics. Fig. 1.5 illustrates the dependence of MOSFET energy consumption on
the power supply voltage for a given switching speed. As the supply voltage is
scaled down, the dynamic energy (~CVa®) reduces quadratically; but to maintain

the same switching speed (oc (Vag-V1)), V't must be decreased together with Vg4 to



maintain the same on-state current. This, as a result, exponentially increases off-
state leakage (Eqn. 1.2) and static energy. To reach the minimum operation energy,
the dynamic and the leakage energies must be properly balanced; and for most
digital designs, this optimal ratio is roughly 30-50% [1.4]. As previously alluded to,
both the V44 and V1 have remained roughly unchanged from the 130nm technology
node and onwards; therefore the CMOS energy efficiency has not improved

proportionately as the transistor dimensions have been scaled down.

25 -
Leakage Dynamic

Energy Energy
Dominates Dominates

<~

Ideal MOSFET
(S=60mV/dec

N
o
T

-
(3]
1

(4
’ .
»2 Transistor

’
M _-” €— w/lower S

0.2 0.3
VaalV]

=N

o
T
”

Normalized Energy/cycle

o
o

g
BN

Fig. 1.5 Dynamic energy reduces quadratically as the supply voltage is scaled
down; but to maintain a certain switching speed, the threshold voltage of the
MOSFET must be scaled down as well, which increases the leakage energy.
Therefore there exists an optimal Vg4 that minimizes the energy dissipation.
Transistor designs with lower S value reduce the leakage energy; they therefore

improve the energy efficiency.



1.3 Various MOSFET Replacement Devices

To overcome the CMOS energy efficiency limit, alternative transistor
designs which can achieve a steeper sub-threshold swing (i.e. more abrupt
transition between on- and off-states) have been proposed. As shown in Fig. 1.5,
transistor designs with lower S value reduce the leakage energy; this allows for
more aggressive Vyq scaling and improvement in the energy efficiency.

To reach this goal, alternative transistor designs such as the tunneling based
field effect transistors [1.5, 1.6], impact ionization MOS [1.7, 1.8], ferroelectric
FETs [1.9, 1.10] and electromechanical devices [1.11-1.17] have been proposed
and demonstrated to achieve subthreshold swing (S) < 60mV/dec. Among these, the
tunneling field effect transistor (TFET) and electromechanical devices show the

most promise for low power electronics applications.
1.3.1 Tunneling Field Effect Transistor (TFET)

Among all the alternative transistor designs, the tunnel field effect transistor
(TFET) shows the most promise due to its relative simplicity and resemblance to
the conventional MOSFET. The TFET utilizes band-to-band tunneling (BTBT)
current to achieve a more abrupt on-to-off transition than what is achievable
through thermionic emission. Fig. 1.6 shows the energy band diagram of the TFET
in on and off states. In the off state, the wide energy barrier prohibits quantum
tunneling between the source and channel regions. When a large V,; is applied, the

energy barrier narrows, and allowed energy states in the channel conduction band



align with allowed energy states in the source valence band, so that electrons can
tunnel from the source to the channel. Since the TFET utilizes a different source
injection mechanism from the MOSFET, it can potentially achieve lower S values,
which has already been experimentally demonstrated [1.5]. Note, however, that a
TFET achieves S<60mV/dec only at low current levels and that S increases as Igs
increases. Consequently, at high Vg (~1V) values, a silicon TFET has a

significantly lower on-state current I, (~1pA/um at 1V) than a silicon MOSFET

(ImA/um at 1V). This remains a principal challenge for TFET designers.
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Fig. 1.6 Schematic diagram of a tunneling field effect transistor and its energy band

diagram in the off and on states (n-channel operation).

1.3.2 Electromechanical Devices

Besides band-to-band tunneling, the abrupt “pull-in” effect in micro-

electromechanical systems (MEMS) has also been harnessed to realize new



switching device designs with higher /,,/I ratio for a given gate voltage swing.
These devices utilize a movable beam for switching, and they can roughly be
divided into two categories: the nano-electro-mechanical field effect transistor

(NEMFET) and the micro-electro-mechanical relay (micro-relay).

_ Anchor }Mechanical
Sprin Model
Source Drain

Source

ON State

Fig. 1.7 Schematic diagram of a nano-electro-mechanical n-channel enhancement

mode field effect transistor in off and on states.

a. Nano-Electro-Mechanical Field Effect Transistor (NEMFET)

A nano-electro-mechanical field effect transistor [1.11-1.13] is essentially a
MOSFET with a movable gate electrode which can be physically separated from
the gate dielectric layer by an air gap (or vacuum gap). As shown in Fig. 1.7, the
gate, which is a mechanical beam anchored on both sides of the semiconducting
channel, can be modelled as a simple linear spring (with a characteristic spring
constant k) suspended over the semiconductor channel. The gate and the channel

form a parallel-plate capacitor with an equivalent air-gap.



In the off-state (V4=0V), the gate is separated from the gate dielectric; the
gate coupling to the channel is weak and the transistor is therefore turned off. When
a positive Vg 1s applied, the electrostatic force attracts the mechanical gate towards
the gate dielectric. While the electrostatic force increases quadratically with
increasing displacement, the spring restoring force, which counteracts the
electrostatic force, increases only linearly with displacement. Hence, there is a
critical pull-in voltage (V) beyond which the electrostatic force is always larger
than spring restoring force, causing the gap to close abruptly. When the gate is in
contact with the gate dielectric, the gate coupling to the channel is maximized and
the transistor is turned on. Taking advantage of this pull-in phenomenon, a
NEMFET with perfectly abrupt switching transition (S=0mV/dec) at V=V, have

been utilized for logic, memory and resonator applications [1.11-1.13].

b. Micro-electro-Mechanical Relay (Micro-Relay)

The abrupt pull-in effect has also been harnessed for micro-electro-
mechanical relays (“micro-relays™) [1.14-1.17]. The attractiveness of micro-relays
stems from the fact that a mechanical switch offers nearly ideal switching
characteristics: zero off-state drain-to-source and gate leakage currents, and perfectly
abrupt off-to-on transition. Since there is no trade-off between off-state leakage
current and on-state drive current, the relay threshold voltage and therefore Vyq can
in principal be reduced much more aggressively than for MOSFETs, potentially

leading to improved energy efficiency.
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In terms of device structure and operation (shown in Fig. 1.8), a micro-relay
for digital logic applications (“logic relays”) is very similar to one targeted for
radio-frequency signal DC switching applications (“RF relays”). In the off state, an
air gap separates the source from the metallic drain electrode so that no current can
flow. In the on state where the gate-to-source voltage is greater than the pull-in
voltage (V}i), the source, which is a movable beam, comes down and touches the
drain electrode, providing a conductive path for current to flow. Since the relay
switches on abruptly as Vg is increased above V;, the I3-V, characteristic of the

relay exhibits an extremely steep (nearly infinite) subthreshold slope.

Air gap

1 ] 1 ] 1 ]
Source Gate Drain

OFF State

[ ——

| ] | ] | ]
Source Gate Drain
ON State

Fig. 1.8 Schematic diagram of a micro-relay in off and on states
1.4 Objectives

This research focuses on the analysis, design and applications of MOSFET-

replacement devices, with emphasis on the TFET and electromechanical devices.

11



As alluded to previously, TFETs often have small S value at low current levels but
fail to achieve the required on-to-off current ratio across a range of Vgy. To
investigate whether TFETs can effectively replace MOSFETs, one needs to
compare the energy-performance tradeoff of a TFET with that of a MOSFET. To
achieve this goal, chapter 2 first reviews the energy-performance tradeoffs of
CMOS, and shows that the optimal /,,/Io value for most CMOS replacement
devices at the optimum energy depends only on the average activity factor and the
logic depth, and that its value is roughly insensitive to all other device parameters.
Thus, it is the device’s effective subthreshold swing (Sesf) over a range of voltage
rather than the steepest local subthreshold swing (S) value that determines the
energy efficiency. With this in mind, simple guidelines for assessing the energy
efficiency of CMOS replacement are established. As a concrete example, we use
this methodology to compare TFETs against CMOS, showing that TFETs may
offer substantial (~5x) energy savings for performance up to the 100MHz range.

To alleviate the issue of S degradation at high current level, the use of the
abrupt gate pull-in effect in NEMFET to achieve the required /on/Iog ratio with a
smaller V44 appears to be an attractive solution. To facilitate this goal, NEMFET
device physics and operation are studied in Chapter 3. Due to the beam bending of
the mechanical gate, the channel potential is non-uniform in the semiconductor.
The Euler-Bernoulli beam equation is solved simultaneously with the Poisson
equation in order to accurately model the switching behavior of NEMFETs. Using

this approach, the shape of the movable gate electrode and semiconductor potential

12



across the width of the channel are derived for the various regimes of transistor
operation (before gate pull-in, after gate pull-in, and at the point of gate release).
The impact of various transistor design parameters such as the body doping
concentration, gate work function, gate stiffness, and as-fabricated actuation gap
thickness, as well as source-to-body bias voltage and surface forces, on the gate
pull-in voltage and gate release voltage are examined. A unified pull-in/release
voltage model is developed, to facilitate NEMFET design for digital and analog
circuit applications.

Although the pull-in effect can be harnessed to achieve a perfectly abrupt
off-to-on switching transition for NEMFET; the presence of the air-gap in the off-
state also severely decreases the gate-to-channel capacitive coupling in the off-
state, limiting NEMFET scalability. In light of this limitation, chapter 4 discusses
the use of micro-relays for zero-standby power logic applications. Contact design
techniques to achieve reliable (high-endurance) micro-relay operation are
described. Utilizing TiO,-coated tungsten contacting electrodes, prototype relays
fabricated using a CMOS-compatible process are demonstrated to operate with low
surface adhesion force, adequately low on-state resistance (< 100kQ2) over a wide
temperature range (20°C-200°C), and >10° on/off switching cycles in N, ambient
without stiction- or welding induced failure. These results pave the pathway to
realizing reliable micro-relays for digital logic applications.

Using calibrated relay delay and energy models, a sensitivity-based relay

energy-delay optimization methodology is developed in Chapter 5, in which simple

13



relay design guidelines are established. The proposed scaling methodology for
micro-relays is then presented, which leads to systematic improvements in device
density, performance, and energy consumption. Simulation results indicate that
scaled relay technology can potentially offer >10x improvement in energy efficiency
for applications requiring performance up to ~100MHz.

Chapter 6 summarizes the key results and contributions of this dissertation;

future research directions are also suggested.
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Chapter 2

Circuit-Driven Requirements for

MOSFET-Replacement Devices

2.1 Introduction

As alluded to in Chapter 1, many alternative switching devices [2.1-2.14]
have been proposed and demonstrated to achieve subthreshold swing ()
<60mV/dec to allow for power supply (V4q) and threshold voltage (V1) scaling to
alleviate the CMOS power crisis. However, many of these devices (e.g. the TFET)
achieve S<60mV/dec only at low on-current levels, and fail to maintain improved
Lon/Iofr across a range of Vgyqg. In addition, some of these devices (e.g., the NEMFET
and NEM relay) do not begin to conduct current until sometime after the control
voltage arrives, leading to an additional delay. To investigate whether these devices
can effectively replace MOSFETs, one needs to compare the energy-performance
tradeoff of these new logic devices with that for MOSFETs. To achieve this goal,
this chapter starts by describing the energy-performance tradeoffs of CMOS gates
in section 2.2. It is then shown in section 2.3 that for a given performance target,
the optimal I,/Ior value of CMOS at the optimum energy depends only on the

average activity factor and the logic depth. In section 2.4, this optimal ,,/Io¢ value
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is shown to remain roughly the same for most CMOS replacement devices. With
this optimal I,/ fixed, it is shown in section 2.5 that the device’s effective
subthreshold swing (Serr) over a range of voltage (rather than the steepest local
subthreshold swing (S) value) determines the device’s energy efficiency. With this
in mind, simple guidelines for assessing the energy efficiency of MOSFET
replacement devices are then established. Finally, as a concrete example, this
methodology is used to compare TFETs against CMOS, showing that TFETs may

offer substantial (~5x) energy savings for performance up to the 100MHz range.
2.2 Simplified Energy-Performance Analysis

Although digital chips clearly consist of a broad variety of circuit types, the
tradeoffs between energy and delay for the majority of CMOS gates on a chip are
similar to those of an inverter. Therefore, at least for devices whose qualitative
behavior is similar to a MOSFET, we can approximately compare the energy and
delay tradeoffs by using an inverter chain, as shown in Fig. 2.1. The total energy
consumption per operation of an inverter chain with logic depth L, , average
activity factor a , electrical fanout (FO) f, and capacitance/stage C can be computed
by adding the dynamic and the leakage energy components:

E = Eqyn + Ejear = aLaViyC - f + LaflofVaataeray (2.1)
where the f4c1ay 1s simply:

— LgC-fVaa (2.2)

tdelay 2Ion
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LTI

l J

Lq4-stage, average fanout=f, activity factor = a,

Gate capacitance per minimum sized inverter = C

Fig. 2.1 Lg-stage inverter chain considered for energy efficiency. For most digital
circuit, the energy delay tradeoffs of CMOS gates are similar to the tradeoff for an

inverter chain.

Optimized circuit design entails the choice of parameters such as supply
(Vaa) and threshold voltage (V1) that minimize the energy dissipation (Eqn. 2.1)
subject to a given delay target (Eqn. 2.2). To reach this goal, the dynamic and static
energies must be properly balanced. For CMOS circuits, dynamic energy can be
reduced quadratically by decreasing Vyy, However, in order to avoid increased
circuit delay, VT must be decreased along with V44 to maintain a high on-state drive
current (l,n) [2.15]. This results in increased off-state leakage current (/¢) and
hence increased static energy. For alternative devices that are MOSFET-like [2.1-
2.9], [2.12-2.14], the tradeoff between the dynamic and the leakage energies is
similar. Note that Nose and Sakurai [2.15] have previously proven that for an

optimized CMOS circuit design, the leakage-to-dynamic-energy-ratio of is roughly
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0.3-0.5 across wide range of parameters. In this dissertation, we follow a similar
derivation approach, but now from a device designer’s perspective, to show that
such an optimal energy ratio can equivalently be expressed as an optimal Ion/Iofr
ratio for CMOS. To reach this goal, in Appendix I, the method of Lagrange
multipliers is used to show that a generalized logic device is energy-delay

optimized if the device I, and I, values satisty the following condition:

4a I Iy, Al
4a lon +1 4 Zon off _ 0 (2.3)
Laf lofr Ioff dlon

As shown by (Eqn. (2.3)), the optimum /,,/Ios depends only on the circuit topology
and dlos/d/,n, a parameter which is related to the subthreshold swing, as will be
explained later.

Once the optimal /,,/I,¢ value is found, the energy minimum can readily be

obtained by Eqn. (2.1), which can equivalently be expressed by:

Io
E = VZ,CIAf? (L;Lf + L) (2.4)

2Ion

where Vyq 1s the supply voltage required to reach the target performance. Since the
optimal I,,/Iof 1s set by the circuit topology, we can see from Eqn. (2.4) that the
minimum energy is proportional to the dynamic energy CVqaq’. This implies that, as
will be explained more in detail later, any logic device that can achieve the required
Lon/Iose value at a lower Vyq than CMOS is going to be more energy-efficient. To
assess the promise of alternative switching devices for replacing the MOSFET, one
needs to know how /,,/Iof of these devices depend on Lyf/a. To reach this goal, the
optimal /o,/I,¢ for CMOS is first derived and then shown to be relatively constant
across regions of operation (strong inversion versus subthreshold).
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2.3 Optimal /,,/l; for CMOS

To find the optimal the I-V characteristics of MOSFETs are first

approximated as:

Vys—V

Iy = Isexp (‘iw—thT) Vs < Vr + anvy, (2.5a)
Vgs—Vr\ %

Iy = I.e® (jn—vt;) Vys > Vi + anvy, (2.5b)

where 7 is the subthreshold slope factor (n = 1.67 for S=100mV/dec), a=1.2 and vy
is the thermal voltage.

Using this I-V model, the optimal /I,,/I;sr can be found by first
differentiating /¢ with respect to I, (Eqn. (2.3)):

Aosr _ “lofr dVr (2.6)
dlon nvep dlon )

High performance CMOS digital circuits often operate in the strong inversion
region (Vg>V1), therefore dV'r/d/,, can be found by differentiating Eqn. (2.5b) with

respect to /,n, which gives the following expression:

1= 1 (=) a(Vgq — Vp)ot (S &) 2.7)

anvep dlon dlon

Substituting Eqn. (2.6) into Eqn. (2.7), we obtain the expression for d/ys/d/on:

Horr = L Lol (y,,(1 = a) = Vi) (2.8)

dlon anvep Ion
Finally, substituting Eqn. (2.8) into Eqn. (2.3), the optimal /,,/I,¢ can be expressed

by the following equation:

Jon _ M(Vdd(a—1)+VT—anvth) (2.9)

Ioff 4a ANVep

where V44 and Vr are set by the performance target (Eqn. (2.2)):
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_ LdC'f(anvth)“) Vaa
tdelay - ( 21se® (Vaa—-Vr)® (2.10)

Typically, the threshold and supply voltages lie within the following
bounds: 1>V44>0.4, 0.5>)1>0.3; substituting these Vyq and Vr values together with
o=1.2 into Eqn. (2.9), the optimal I/l can be expressed by the following

equation:

Ton 4 Laf
o~ Ky @2.11)

where K, lies within the range 1.6 to 3.2. This verifies that for CMOS circuits
operated in strong inversion region, I,/ at the energy optimum is mainly set by
the circuit topology.

Thus far in this discussion, the MOSFET has been assumed to operate in the
strong inversion region (V4s>V71); however, many alternative devices such as
TFETs achieve low on-current levels (~10pA/um) at supply voltages similar to
those used in current high performance CMOS circuits (~1V). These devices will
therefore only be competitive with subthreshold MOSFETs (operated with Vyg<V7r),
which dissipate the minimum energy required for CMOS to perform a given
operation [2.16, 2.17]. At the energy optimum, the optimal I/l ratio for
subthreshold CMOS similarly can be derived by first expressing off-state current in

terms on the on-state current (Eqn. (2.5a)) and the delay (Eqn. (2.2)):

-vr
NVt

) = lonexp (= L44) = 1, exp (—%Ion) (2.12)

NVth

losr = Isexp(

Therefore, d/os/d/,, 18:

dIOTL IOTL

dloss _ (1 +in (2&))’# (2.13)
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Substituting Eqn. (2.7) into Eqn. (2.3), the optimal /,n/Iofr ratio can be expressed by

the following equation:

Ton — _ LY/ jombertw (—4—aez) ~ (ﬂ) ~ KZM (2.14)
Ioff 4a Laf 4a 4a a

where lambertW(y) is the x that solves the equation y=xe' and K, lies within the
range 1.9 to 3.6. This result is consistent with previous published work [2.16, 2.17].
From Eqn. (2.14), it can be seen that the optimal /,,/I,¢ depends only on fxL4 /a,
and also that even in subthreshold operation, the optimal /,,/Io# ratio stays roughly
the same as that for super-threshold MOSFETs (Eqn. (2.11)). This is because, as
shown in Fig. 2.2, most of the change in I/l (as a function of Vy4) occurs in the
subthreshold region, and therefore even in strong inversion, the ratio is relatively
insensitive to small changes in Vy4. As a result, the optimal /,,/I¢ depends mainly

on fxL4 /a and is relatively insensitive to all other device parameters.
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Fig. 2.2. Most of the change in /,,/I, (as a function of Vyq) for MOSFET occurs in
the subthreshold region (approximately five orders of magnitude) rather than in the
strong inversion region (approximately 25), and therefore the ratio is relatively
insensitive to small changes in Vyq . Thus the optimal /,,/I, is roughly the same for

both sub-threshold and super-threshold MOSFETs.

2.4 Optimal I,,/l; for CMOS Replacement Devices

Thus far the discussion has only focused on optimizing MOSFETs. To
assess the promise of alternative switching devices for replacing the MOSFET,
similar analysis can be applied to CMOS replacement devices. To reach this goal,

as derived in Appendix II, Eqn. (2.3) is equivalently expressed by the following

equation:
4a Ion Iy [ Jon _ Ion \ @Sefr) _
Laf logy +2-ln (Ioff) <1 logo (Ioff) dVdd) =0 .15

where Sefr is the effective subthreshold swing:

Sy = (o togao (122)) 2.16)

Vaa Iofr
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Thus, the optimal Io/Iosr of the generalized logic device depends only on
fxLq /a and dSes/d Vg4, Wwhere dSes/dVyq is related to the log-concavity of the transfer
characteristics. For a broad variety of different logic devices that are MOSFET-
like, the § value degrades as the current level increases, i.e. their transfer
characteristics are logarithmically concave with dSes/dVyg ~ 0. Therefore, even
without knowing the exact characteristics of a new device, one can still

approximate the optimal I/l from Eqn. (15), which gives the following

expression:
lon — . x 2L (2.17)
Iofr a

where K3 is set by the exact of dSes/dVyq value, and K3 lies within the range ~2-8

for most logic devices, as shown in Fig. 2.3.
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Fig. 2.3. The optimal /,,/I,s of a generalized logic device depends on the logic style
(fxLg4/a) and the log-concavity of the device transfer characteristics (dSes/dVaq).
dSes/dVyq are approximately zero for most MOSFET-like devices, therefore

Ion/lofFK3Xf><Ld/a , where K3~ 2-8.

By comparing K3 against K; and K, (Eqns. (2.11) and Eqn. (2.14)), the
optimal I,/ ratio is roughly the same for MOSFET-like devices. This is because,
as was discussed earlier, most of the change in /,,//os (as a function of Vy4) occurs
in the region with the largest the steepest effective subthreshold slope, and
therefore the ratio is relatively insensitive to small changes in Vy4. Using the fact
that the optimal /,,/Iof ratio is fixed across a wide range of switching devices,
simple guidelines can be derived to assess the promise of MOSFET replacement

devices, which is the focus of the following section.
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2.5 Benchmarking CMOS Replacement Devices

2.5.1 General Considerations

As previously alluded to, for a given performance target and logic style,
there exists an optimal /,,/I,¢ ratio to minimize the total energy, and this value is
roughly the same for most MOSFET-like devices. Therefore if a logic device with
a small subthreshold swing can reach the required /,,/I¢ at a lower supply voltage,
it will achieve the same performance with lower energy dissipation. With this said,
merely focusing on the steepest local subthreshold slope (S) is misleading, since
devices with very small S only at low current levels may not achieve the required
performance. To compare the true energy efficiency, Fig. 2.4 summarizes a simple
method to assess the promise of alternative devices for replacing MOSFETs. For a
given the circuit topology, one first determines the optimal I,,/los~2fLa/a. With a
fixed reasonable off-state current (for instance I,~1pA/um) for both devices, one
can then determine the required on state current. The supply voltage required for
each device to reach such on state current is then graphically determined. With all
these parameters determined, the new device is both faster and energy more
efficient than the MOSFETs if it can achieve the required /,,/Ior at a lower Vyq (i.€.
with a lower Sefr). Notice that a device with a small S value at low current levels but
which require a large Vyq to reach the required I,/Iofr for the performance target,
like the one shown in Fig. 2.4, does not improve the overall energy efficiency.
Furthermore, the point at which the /4-V,s curves intersect roughly corresponds to
the point where the energy-delay curves cross over.
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Fig. 2.4 (a) For a given circuit topology, the optimal Ion/Iofr is set (~2fxLg/a). To
compare any new device against the MOSFET, a reasonable off-state current is first
fixed. The new device will be energy more efficient if it can achieve the required
current ratio at a lower Vyq, 1.e. at a lower effective subthreshold slope (Ser). (b)
The Vyq value at the point where the transfer characteristics intersect in (a) (denoted
as X) is roughly the same for the intersection point in the energy-performance
space (point X').
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2.5.2 Additional Considerations

Some alternative devices (e.g., the NEMFET and the IMOS) do not begin to
conduct current until sometime after the control voltage arrives, leading to an

additional setup delay (). The delay time is therefore:
LyCfV
tagelay = tpe + sy = % (1 + ¥su), where yo=tsu/trc (2.18)

Following a similar procedure as shown in Appendix I, the optimal /,, and Iy is
determined by the following condition:

4 I I dl
@ Jon 4 q g4 lnoff _ (2.19)
Laf (1+Ysy) Ioff Ioff dlon

Comparing Eqn. (2.18) and Eqn. (2.19) with Eqn. (2.2) and Eqn. (2.3), we can see
that these devices not only need to have 1+, times higher on current, but also
I+, times higher I/l (i.€. 1+), times smaller in Se than the MOSFET) to
compensate for the increased leakage energy.

Furthermore, for devices with a large setup time, circuit topologies with
short logic depth but large fan-out per stage are preferred to minimize the overall
delay. For the case of a simple buffer chain, the optimal fan out per stage fo, and

optimal logic depth Loy can be estimated [2.18] by the following equations:

fope = exp (1422 Loy = In (C/C) /10 fope (220)

fopt
where Cj, in the input capacitance of the inverter chain.
In addition to the non-zero setup time, many MOSFET replacement devices
may have gate or other parasitic capacitance (denoted as C’); the switching delay

for these devices are:
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taelay = Ldzclfo :dd Ve, where 3=C’/C (2.21)

For these devices, the optimal /,,//os remains unchanged, but the on current
can be y times lower for the same performance target. However, it should be noted
that for a given switching energy, even if a device has a low gate capacitance, it
may not necessarily allow for higher supply voltage. This is because the device
layout area impacts capacitance (e.g. of interconnect wires) and thereby impacts
circuit switching energy and constrains the supply voltage that can be used.

In setting device and circuit design parameters to optimally balance leakage
and dynamic energies, it is critical to consider the impact of variations. For
example, since o varies exponentially with the V't of a MOSFET, the average Iy
is much higher than Zom(VTaverage); thus, maintaining the appropriate energy ratio
requires a lower nominal /. In contrast to energy, the performance of a
synchronous digital circuit is set by the critical paths. While there is some summing
of delay variations along the path, the paths are not very long, so variations remain.
Thus 7,, must be increased to ensure all paths meet the performance target for the
worst-case variations.

Applications with low performance demands or large amounts of parallelism
can tolerate reduced device performance [2.19], so that V4 can be scaled more
aggressively (with margin for variation) to reduce energy. It can be shown that for
these applications, /on/Vaq 1s not as critical as the minimum supply voltage Vid.min,
which depends only on maintaining the optimal /,,/],; ratio and is proportional to

Seff.
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Before moving on, it should be noted that even if a device has low Ser but
requires a non-zero output voltage (V) [2.6, 2.14] to conduct, it may not improve
the overall energy efficiency. This is because digital gates built which such a
device would either dissipate significant static power, or would be significantly

constrained in terms of the number of devices that can be connected in series.
2.6 TFET Comparisons with CMOS: An Example

To illustrate how the aforementioned methodology can be used to assess the
promise of a MOSFET replacement device, we herein use the TFET as an example
and compare it against the MOSFET. The TFET (Fig. 2.5) utilizes band-to-band
tunneling (BTBT) current to achieve a more abrupt on-to-off transition than what is
achievable through thermionic emission. For the purposes of this study, it is
adequate to simply approximate /45 using the band-to-band tunneling model [2.20,

2.21], which predicts:

= AE,exp (- %) (2.22)

N

nVrn*Eg/z
2+/2qhE;

lys = AEgexp (—
where E is the electric field in the region where the tunneling occurs, which can be

estimated for a source-tunneling FET by the following simple expression:

— (Vgs+Vtunnel)
Ktox

E, (2.23)

where qVime 18 the minimum energy-band bending needed for band-to-band
tunneling to occur, « is the ratio of the semiconductor permittivity to the gate oxide

permittivity and 7. is the gate-oxide thickness over the source [2.22].
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Fig. 2.5 A schematic diagram and the energy band diagram in the OFF/ON state of

a source-tunneling field effect transistor.

This band-to-band-tunneling current model is used as it matches well with
the measured data of the germanium-source TFET [2.23] and the BTBT off-state
leakage current in silicon MOSFETs [2.22]. Note that a TFET has a very small S
value at low current levels, but that S increases as /4 increases. Furthermore, at
high Vyq (~<1V) values, a silicon TFET has a significantly lower on-state current /,,
(~1pA/pm at 1V) than a MOSFET (1mA/um at 1V). Current research efforts focus
on improving I, for instance, by using a smaller-bandgap material such as
germanium [2.23, 2.24]. Therefore, two representative TFET technologies are
compared herein: a normal low /,, TFET technology (“low /,, TFET technology”)
and an advanced TFET technology that provides a high I,, (‘“high /,, TFET

technology”) to show the implications of the energy-performance analysis. The
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device design parameters and the [-V characteristics of both TFET devices are

shown in Table I and in Fig. 2.6.

1.E-04
1.E-05 |
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0 0.2 0.4 0.6 0.8 1
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Fig. 2.6 Simulated I-V characteristic of two representative TFET technologies: the
“low I,,” and “high I,,” TFET technologies. The Viynner values for low 1,, and high
Ion TFETSs are respectively 0.13V and 0.07V.

Assuming Viyme 18 @ parameter that can be adjusted by utilizing advanced
processing technologies (e.g. gate work function engineering), the optimal on/Iof

can readily be found from Eqn. (2.22) and Eqn. (2.23):

Ion dloff _ (01~03-Vaa) (1 +_B ) (2.24)

Ioff dlon Vtunnel Vtunnel

where B '=kt,xB. For typical values of B’=3V, Vinnel =0.2V and Vyq =0.5V, ILon/lost
x dlog/dly, can be computed from Eqn. (2.24) and its value is roughly -30; the
optimal Zon/Iosr is therefore roughly 8xLyf/a, which matches the prediction of Eqn.

2.17.
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Fig. 2.7 Energy-Performance comparison of 30-stage FO4 65nm CMOS inverter
chain with a 65nm-equivalent two different TFET technology.

With this in mind, Fig. 2.7 shows the simulated energy-performance
comparison of a 65nm MOSFET vs. a 65nm-equivalent TFET, for a 30-stage fan-
out-4 inverter chain (transition probability=0.01, with optimized Va4, V1, and Vinnel
values). The device parameters for the MOSFET (Table 2.2) are chosen according
to the ITRS specifications for the 65nm LSTP technology [2.25]. With these circuit
design parameters (L4,=30 a=0.01 and /=4) given, the optimal /,,/Io¢ ratio for both
CMOS and TFET is approximately 2.4x10*. The Ses values for the two TFETS to
reach this I/l ratio at different /,,/Vyq values are plotted in Fig. 2.8. By
overlapping the I-V characteristics of the TFET with that of MOSFET (with Iy
fixed at 0.1pA/um for both devices), one can see that for relatively slow (sub-50
MHz) applications where /1,,/V4q 1s not critical, both high-/,, and low-1,, TFETs

have smaller Se values and hence can be more energy-efficient than a MOSFET.
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For moderate (50-500MHz) performance applications, only the high-/,, TFET can
achieve Seir < 100mV/dec ; and for high-performance applications (beyond 1GHz)
requiring /,, >100pA/um, both TFET technologies have Sesr >100mV/dec and they
therefore would consume more energy than a MOSFET. At the /,,/V4q where the
TFET achieves the same Ses value as a MOSFET (denoted as A' and B' in Fig. 2.8a
and A" and B" in Fig. 2.8b), both devices consume roughly the same amount of
energy (points A and B in Fig. 2.7). Based on this analysis, the high-/,, TFET
technology appears to be compelling for low power applications up to ~100MHz.
This simplified energy-performance analysis thus far assumes logic devices
just drive other devices; in reality, however, extrinsic wire capacitance (Cy) must
be considered in the analysis too, especially if the device has an area overhead. Fig.
2.9 shows the sensitivity of the energy consumption as a function of the wiring
capacitance. For slow (50MHz) applications, a TFET operates at a lower Vg4 than a
MOSFET and hence its energy consumptions (ocCyVuq’) is less sensitive to Cy; for
high performance applications (1GHz), the TFET operates at a higher Vyq and

hence the energy consumption is more sensitive to Ci,.
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Physical Gate Length (nm) 45nm
A (A/V/pm) 3.82E-13 7.26E-13
B (MV/cm) 7.78 4.09
Equivalent oxide thickness (nm) 1
K 4
C (fF) 0.741fF

Table 2.1. Summary of device parameters for the 65nm equivalent TFET

technology used in this work.

Physical Gate Length (nm) 45nm
a 1.18
n 1.667
I, (nA/pm) 8.259
C (fF) 0.741fF

Table 2.2. Summary of device parameters for the 65nm MOSFET technology used

in this work.
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Fig. 2.8 (a) Effective subthreshold values of TFET and MOSFET as different
Ion/Vaq values for a given circuit topology. For low-performance applications, a
TFET can achieve the optimal /,,/Io ratio with a small Se¢r and therefore it is more
energy efficient than a MOSFET Note that the cross-over points (denoted as A’ and
B’ in the figure) roughly correspond to the cross-over points (denoted as A and B in
the Fig. 2.7) in the energy-performance space and in transfer characteristics
(denoted as A” and B” (b)).
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Fig. 2.9 Impact of wiring capacitance on energy dissipation. For low performance
application, a TFET is operated at a lower V44 and wiring capacitance is less of an
impact to the energy consumption. For high performance application, however, a
TFET needs a higher Vyq to provide for the high on-state current. Therefore the

energy consumption is more sensitive to wiring capacitance.
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2.7 Conclusion

In this chapter, a simple evaluation guideline is established to assess the
promise of new device technologies. Based upon the energy-performance tradeoff
of logic gates, it is shown that the optimal 1,/ ratio for logic devices depends
largely only on the circuit topology, and that this optimal I,/ stays roughly
constant across a wide range of switching devices. With this optimal /,,/I,¢r ratio in
mind, it is then shown that the effective subthreshold swing, rather than the steepest
local subthreshold swing determines the energy efficiency of logic devices. As a
concrete example, this methodology is used to compare TFETs against MOSFETs,
showing that TFETs may offer substantial (~5x) energy savings for performance up

to the 100MHz range.
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Appendix I. Energy-Delay Optimization of the

Generalized Logic Device

To minimize energy consumption subject to a delay constraint, the

Lagrange multiplier method is used to set up the following expression:

LWVaa, Ion) = EWaa, Ion) — 4 (tdelaylon - Ldzlvdd) (A.1)
Where E(Vy4,on) 1s the energy consumption

EWVaa, Ion) = aLaVi,Cf + LaflorrVaataeray (A.2)
And D(V44,1on) 1s the delay constraint

D(Vaa, Ion) = taetaylon — % Vaa (A.3)

For a broad variety of different alternative devices, the off state leakage
current depends only on /,, and Vyg4. Hence differentiating L(V44,/on) With respect to

Vddi

oL al, LgfC
W 2aLgVaaCf + Laflorrtaeiay + LafVaataelay TZ + AdT =0 (A4

which can be simplified to:

4aV,y + 2lofrtdelay n 2Vaatdelay Oloff -3 (A.5)
C C Vaa

As the total differential of /. is:

_ orr Olofy
dlorr = T dVyq + T dl,y (A.6)
al
—1 can therefore be expressed by:
WVaa

610ff _ dIOff _ aloff dlon __ dIOff (d]on) . aloff dlon

WVaa avVaa 0lon dVgg - dlon \AVgq 0lyn dVga
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. __ Lafc dlpn
Since tdelay - 2Ion dd» aVaq Vad

Olofr _ (dIOff _ aIoff) Ion
WVaa dlon Olon / Vaa

Hence (A.5) is

I
= 2 Therefore,

21 t dl al
4aVyy +w+l‘dfvdd( off _ Off) —_3

dlon

On the other hand, if L(V4,lon) is differentiated with respect to Iy,

oL

al, dlon

anff
LafVaa EY A
on

Equating (A.8) and (A.10), we get

2o st di a1 a1
4aVyq + —offcdemy +LafVaa (_off - _off) = —LafVag 52

L Olosy
. LafVaataeiay 52> — Ataeiay = 0

dlyn

dlon 0lgn dlyn
which is equivalent to:
4ac LafVaqC dl
2% y.+1 afVaa off _
2Iofftdela.y 2Iofftdela.y dlon

Substituting the delay expression to (A.12), we finally obtain (2.3):

4a Ion Ion Aloff _

Laf lofr Ioff dlon
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Appendix Il. Derivation of Equation (2.15)

Equation (2.3) can equivalently be expressed by (2.15) by first knowing that:

Ion Aoy _ dlogioloff dlogmlon—se_flded -1 dSe_flded

Ioff dlon dlogiolon dlogiolon dlogiolon

And for a fixed performance, (2.2) can be expressed by:

logio Ion = logqo ( ) + log10 Vaa

tdelay

Therefore, using the chain rule, (A.14) can be simplified:

_ dS;ieVaa

-1
P Ly 1) SofiVaa In 10

S
=1- (Vddseff

After simplification, (A.16) becomes:

_ Ion _ Ion \ 4Seff
=1 ln( off) (1 logio (Ioff) dVdd)

Substituting (A.17) into (2.3), we obtain (2.15):

4a Ion Ion \ 4Seff
e+ 2= tni2) (1~ toguo (12) ) = 0
Laf loff Ioff 1o Iofr) AVaa
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Chapter 3

Nano-Electro-Mechanical

Field Effect Transistor Design

3.1 Introduction

In Chapter 2, it was shown that the effective subthreshold swing (rather than
the steepest, local subthreshold swing) determines a device’s energy efficiency.
With this consideration in mind, alternative transistor designs which offer perfectly
abrupt off-to-on transition to provide for high on/off current ratio with a smaller
supply voltage (i.e. small Se¢ value) are attractive for energy-efficient electronics.
One such device is the nano-electro-mechanical field effect transistor (NEMFET)
[3.1-3.10], which utilizes the pull-in and release behavior of a mechanical beam to
achieve a perfectly abrupt switching transition, and an effective subthreshold swing
S that is less than 60mV/dec.

In addition to low-power digital logic applications, NEMFETs also have
been proposed for analog circuit applications such as resonators and sensors [3.8-
3.10]. The motion of the mechanical gate (or body) changes the equivalent gate-

oxide thickness and hence the transistor current, so that a mechanical signal can be
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effectively converted into an electrical signal with high transduction efficiency
[3.9].

For digital logic applications, the pull-in voltage V), and the release voltage
Vi of a NEMFET are important performance parameters since they determine the
turn-on and turn-off voltages of the transistor, respectively [3.1-3.7]. Ideally, pull-
in should occur in the sub-threshold regime of operation, i.e. V), should be less than
V't (defined as the gate-to-source voltage Vg at which the transistor current
becomes linearly dependent on V) to achieve the highest on/off current ratio for a
given gate-voltage swing. |Vu| should be greater than zero to ensure that the
transistor turns off properly, i.e. that it is in the off state for Vg = 0V. On the other
hand, for analog circuit applications [3.8-3.10], V}; sets an upper limit for the bias
voltage and should be much higher than V7 to allow for a large DC bias current.
Thus, an accurate model for the pull-in/release voltages, as well as the threshold
voltage, is needed to guide NEMFET design for various applications.

Previous modeling efforts used a simple lumped parameter model [3.1-3.3]
to study the behavior of NEMFETs. While this approach provides intuition for
NEMFET design, it does not account for two-dimensional effects, e.g. a non-
uniform actuation gap thickness due to bending of the gate electrode. Furthermore,
previous efforts lacked a discussion of the conditions necessary for pull-in/release
to occur in the sub-threshold vs. inversion regime of FET operation. To address
these shortcomings, in this chapter, the Euler-Bernoulli equation (applicable to

mechanical beams and widely used for modeling micro-electromechanical systems
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[3.11-3.14]) is solved simultaneously with the Poisson equation to accurately
model V,; and Vy of a mechanically gated FET. Using this model, the effects of
various device design parameters (e.g. body doping concentration, gate stiffness,
as-fabricated actuation gap thickness, and source-to-body bias voltage) and surface
adhesion force are assessed in Section 3.3. A unified pull-in/release voltage model
which accounts for these effects is then provided in Section 3.4.

Although the NEMFET effective subthreshold swing is reduced by utilizing
the pull-in effect, the presence of an air-gap in the transistor drastically worsens the
short channel effects; the impact of such effects on the NEMFET’s scalability for

logic applications is discussed in Section 3.5.
3.2 Physics of NEMFET Operation

Fig. 3.1 illustrates the NEMFET structure, which is essentially a metal-
oxide-semiconductor field effect transistor (MOSFET) with a movable gate
electrode that can be physically separated from the gate dielectric layer by an air
gap (or vacuum gap). As shown in the cross-sectional schematic in Fig. 3.2a, the
suspended gate is a doubly-clamped beam anchored on each side of the
semiconductor channel.

Fig. 3.1 also presents the NEMFET operation. In the off state, an air gap
separates the gate from the gate dielectric; as Vs increases, the electrostatic force
attracts the gate to the gate dielectric. In the on state (Fig. 3.1d) where the gate-to-
source voltage is greater than the pull-in voltage (V;i), the gate is pulled down and

is in contact with gate dielectric, which increases the gate-to-channel coupling,
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Once the gate is pulled in, the thin dielectric thickness ensures that the electrostatic
force is larger than the spring restoring force, and therefore the NEMFET exhibits

hysteretic switching (Fig. 3.1 (d)) - i.e. the release voltage Vo=V value is lower

than V.
(b) Anchor las
Spring Gate “On”
Dielectric < <— Air gap
Gate dielectric EN LD “Off”
Semiconductor
Gate >
Air gap Cyap Vi Ve Vgs

Dielectric Cox Off State On State
Semi- I
conductor —[ Caep él é

A = N =
(@)

(@) Semiconductor (c)

Fig. 3.1. (a) Schematic diagrams of a nano-electro-mechanical field effect transistor
(NEMFET). (b,c) Simple lumped-parameter model for a NEMFET. (d) the abrupt

pull-in/ release of the gate electrode provide for perfectly abrupt on/ off transitions.

The change in the gap thickness at Vo=V, (or Vg=Vy ) can be equivalently
described as a dynamic reduction (or increase) in the threshold voltage Vr. If V1 for
a MOSFET is defined as the value of Vg for which the channel is just barely
inverted, then the change in V'r due to the movement of the gate at Vo= V)i and V=

V4&siqNgdp
€o

Vi is approximately |AVr| = tgq, [3.1], where g, 1s the as-fabricated

air-gap thickness, N, is the body doping concentration, and 2¢y is the channel

potential at the onset of strong inversion in the channel. Since the threshold voltage
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changes abruptly as |Vy| 1s increased above Vi, (or decreased below V) the Iy-V,
characteristic of the NEMFET exhibits an extremely steep (nearly infinite)
subthreshold slope [3.1-3.4] at Vi and V. To achieve low Seir value, the supply
voltage must be scaled down. To achieve this goal, V,; and Vy need to be
minimized. In the pursuit of this goal and to facilitate NEMFET design, this section

aims at developing an accurate model for V), and V.
3.2.1 Lumped Parameter Model

A simple lumped parameter model previously has been used to study the
behavior of NEMFETs [3.1-3.3]. In this model, as depicted in Fig. 3.1b, the gate is
treated as a simple linear spring (with a characteristic spring constant k) suspended
over the semiconductor channel. The gate and the channel form a parallel-plate
capacitor with an equivalent air-gap that is uniform in thickness across the
transistor channel. The details of this lumped parameter model are well covered in

the literature [3.1-3.3]; the key results are summarized herein.
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Fig. 3.2: (a) Schematic diagrams illustrating the physical parameters of the
NEMFET. (b-d) Shapes of the deflected gate beam, corresponding to the different
regions of NEMFET operation: (b) Before pull-in, (¢) Ves > Vpi, (d) Ves =Va.

Current flow in the semiconductor channel is controlled by the voltage
applied between the gate and the source, V. Because the gate beam is assumed
not to bend, the voltage drops across the air gap Vg, the dielectric Vox and the
semiconductor surface potential ¢ are assumed to be independent of x:

Vos ¥ Vsp = Vip + Vyap + Vox + s = Vi + Vo + ¢ (3.1)
where the flat-band voltage Vg, is a function of the channel dopant concentration

Na: Vip = @y — g = C — kq—T In (:—‘L‘) where C is a constant and @,, and @, are the

work functions of the gate and the semiconductor channel, respectively. Ve = Veap
+ Vox 1s the voltage drop across an equivalent air gap. If the gate beam is not pulled

in, the spring restoring force is equal to the electrostatic force:
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2
tox ) _ EoWLVgyy - EWh3
k(tgap +722—9) =552 k~39557

(3.2)

where g =d + tgq, + tox/Kox is the equivalent air-gap thickness, d<0 is the
displacement of the mechanical gate, #,x and x.x are the thickness and dielectric
constant of the gate dielectric, k is the spring constant for a clamped-clamped beam,
h and W and L are the thickness width and length of the gate beam, respectively. £
is the Young’s modulus of the gate beam material. Non-ideal effects such as
dielectric charges and fringing capacitances are assumed to be negligible.

To ensure proper NEMFET operation, the spring restoring force must be
significantly greater than the surface adhesion force, F,. In the absence of capillary
forces, the adhesive interactions are dominated by the attractive van der Waals

force between non-contacting surfaces [3.15]:

_2r
F, = d—OWL, for 0 < |d| < tyqp (3.3)
where I' is the adhesion energy per unit area and d, is the average distance between

the two surfaces.

Vegr can be computed from the amount of areal charge in the channel, Qs:
Voer=—2 3.4
eff = 5, Os (3.4)

where O, depends on the channel potential ¢. To simplify the analysis, we can

approximate Qs as follows [3.16]:

—/2&,;qN, P o < 2¢, + Vgp,; indepletion
Qs = L (bs=20bVap) (3.5)
—\/ZesiNakaeZka b5 = 2¢, + Vgp; ininversion
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where &; is the dielectric permittivity of the silicon channel material, N, is the
channel dopant concentration, 4k, 1is the Boltzmann constant, and
d=(koT/q)In(Ny/n;).  Solving Eqns. (3.1-3.5) either numerically [3.1-3.2] or
analytically [3.3] gives the position of the gate and semiconductor surface potential
for different gate voltage biases, including V), and V1. The details of the solutions
are discussed elsewhere [3.1-3.3]. We will use this model as a reference for

comparison against the more accurate Euler-Poisson model.

3.2.2 Euler — Bernoulli Equation for the Mechanical Gate

Beam Shape

To accurately model the switching behavior of the NEMFET, the non-
uniform actuation gap thickness due to bending of the gate electrode must be taken
into account. The various voltage drops are functions of the position along the
beam length direction (x):

Vgs + Vsp = Vep + Verp () + s () (3.6)

An applied gate voltage results in an electrostatic force on the mechanical
gate. The shape of the gate beam can be found by solving the Euler-Bernoulli
equation [3.17] and depends on the state of the beam: not pulled in (Vg<Vi), as
illustrated in Fig. 3.2b; pulled in, as illustrated in Fig. 3.2c; or just at the point of
release (Vys=Vu), as illustrated in Fig. 3.2d.

1.  Beam not pulled in
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Before pull-in occurs, i.e. when the gate and the gate-dielectric are not in contact,
the shape of the mechanical gate is governed by the following equation:

EI d4g(x) — _ gOWVeff(x)Z _ Z_F
dx* 2g(x)2 do

w (3.7)

where [ is the moment of inertia of the gate beam. Note that in Eqn. (3.7), non-
ideal effects such as residual stress, vertical strain gradient, beam stiffening due to
bending, dielectric charges and fringing capacitances are assumed to be negligible.

For a clamped-clamped beam, we can take advantage of symmetry (as
depicted in Fig. 3.2a) to establish the boundary conditions at x=0 and x=L/2 as
tabulated in Table 3.1.

ii.  Beam pulled in

While the electrostatic force (Felec) increases quadratically with increasing
displacement, the spring restoring force (Fpring, Which counteracts the electrostatic
force) increases only linearly with displacement. Hence, there is a critical
displacement beyond which Fe. 1s always larger than Flping, causing the gap to
close abruptly. This critical displacement has a corresponding value of |Vg| known
as the “pull-in” voltage V};. Upon pull-in, a portion of the gate will zip into contact
with the gate dielectric, as illustrated in Fig. 3.2c. Denoting /, as the total length of
the gate regions which are not in contact with the gate dielectric, the shape of the
gate electrode can be determined in a piecewise manner:

_ goWVeff(x)z _ar
2g(x)? do

gx) = lox f0r|x—£| <
Kox 2

d*g(x) _ L L—lg
El=e = W for - ==

(3.8)

L—lg
2

iii.  Beam at the point of release
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With the beam pulled in, /, increases as Vs decreases. If Vy is reduced to the
release voltage (i.e. if Vg=Vy), then ;=L and the gate touches the gate dielectric
only at x=L/2. Thus, Eqn. (3.8) is reduced to Eqn. (3.7).

The governing equations and boundary conditions for the different regimes of
gate-beam operation are summarized in Table 3.1. To determine the shape of the
gate, Ver(x) must be known. It is related to the semiconductor surface potential

which can be found by solving the Poisson equation.

l;:%;(;n Governing Equation x=0 | x=L/2 or ,/2
Before 2'(L/2)=0
Pull-in 2 (L/2)=0

El d4g(x) - _ SoWVeff(x)z _ EW

At release dx* 2g(x)? d, - 8(L/2)=t/Kox
gx g'(L/2)=0
voltage “g | FL2)=0

g'(x)

El d4g(4x) — EOWV@ffgx)z _ Z_FW fOT' |x - £| > Lla g(la/z):tox/’(ox
Zip-in dx 2g(;(6)1 do . L 2 2 g;( 1/2)=0
gx) = o for |x - 5| <= 2°(1,/2)=0

Table 3.1: The governing equation and the boundary conditions for the

mechanical gate in different regions of operation (gate not pulled in, gate pulled in,

and gate at point of release).

3.2.3 Poisson Equation for the Semiconductor Surface

Potential

Verr(x) and ¢y(x) can be found by solving the Poisson equation [3.16], and

the result is as follows:
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Veff(x) =

() kpT —i=ps(x) kpT\ | 12 (kpT 1=(s(x)=Vip)
el (2 4 g0 =) 4 (e T

1
b5 (x) — "Z—T e‘#"“’ﬂE (3.9)
Note that Eqn. (3.9) assumes a long-channel MOSFET with small drain-to-source
voltage (so that the drain voltage does not significantly impact the channel
potential).

For a given ¢(x), the channel potential ¢(x,y) can be solved iteratively using the

equation:

0¢(xy) _ ~y24&siNa [(kb_Te—#Mx.y) +(xy ka) n nf (kb_T e#@b(x.y)—Vsb) _

oy Esi q q Nz \ q

1
P(x,y) — ’j—Te‘k%TV”)r (3.10)
with the following boundary conditions at the channel surface and deep within the
semiconductor:
¢t M) ly=0 = ¢s(x) , ¢(x,¥)|y00 = 0. (3.11)
The static behavior of a NEMFET in each regime of gate-beam operation is
obtained by solving Eqns. (3.6)-(3.11). Numerical simulations utilizing the finite
difference and Newton-Raphson methods are implemented using Matlab 7; the
details of the simulation methodology used to study the behavior of a NEMFET are

summarized in Fig. 3.3
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Voltage Bias: Vg, Vg, + Device Parameters: N;, @, Viiee, 9o, €tC.
Initial guess solution: g and ®;
N
Poisson Equation. Compute @ using the guess g,

voltage biases anddevice parameters
\2

Euler-Bernoulli Equation: Compute new g using @ ,
voltage biases anddevice parameters
I

Update g

g
converges?

More than 50
No iterations?

Yes

Solution found.
S] J (I)S

Pull-in
occurs

Fig. 3.3: Simulation methodology used to study the behavior of a NEMFET.

Parameter Value Parameter Value

YoungModulus, E | 160GPa Dielectric 3.9
constant ko

Beam Width Gate 100nm Dielectric 1nm
Length, W thickness, tox
Beam Length .
Gate Width, L 800nm Body biasing Vg ov

Gate thickness, H 20nm Body Doping, N, | 1e17cm?®

Gap Thickness, 9.7nm Surface 0.4nm
Roughness, do

tgap

Table 3.2: NEMFET device parameters used for the Euler-Poisson simulation

study in this work.
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3.3 Results and Discussion

3.3.1 Mechanical Gate Shape and Channel Potential

The static characteristics of a 100nm (channel length) NEMFET, with
device parameters as shown in Table 3.2, were simulated using the Euler-Poisson
model. Figs. 4a-4e show the equivalent gap thickness g(x) and the channel

potential contours ¢(x,y) for V=0V and 1.6V (before pull-in), V,;;=1.814V (just
below the pull-in voltage), Vp+l-=l.814V(just above the pull-in voltage), and

Vi=0.308V, for V=0V and I'=0 pJ/mz. At Vg=0V, the mechanical gate is slightly
deflected due to the electrostatic force induced by the built-in voltage (-V); since
the gap thickness g(x) is non-uniform, the channel potential also varies with x.

As Vg increases, the channel eventually becomes inverted (to be n-type).
The channel potential contours for Vg=1.6V and Vg=1.814V are shown in Figs.
4b-4c. The contour line for @(x,y)=2#=0.8349V is shown in each plot to delineate
the inversion region. Since the gate capacitance varies with x, the region of the
channel near x=L/2 reaches strong inversion first, as Vg, is increased. The lateral
extent of the inversion region then spreads as Vg, is further increased, as can be
seen from Fig. 3.4c.

For Vo>V, (Fig. 3.4d), the gate is pulled in, with its central portion in
contact with the gate dielectric. If V, were to be reduced back toward OV within
this regime of gate-beam operation, the length of the contacting region would

decrease; at Vy=V}, the gate would only be in contact with the gate dielectric at
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x=L/2 (Fig. 3.4e). Any further reduction in V' would cause the gate to be released
from the gate dielectric.

As will be explained below, the magnitudes of V},; and V; and the channel
condition at these gate bias voltages depend on various device parameters including
the body doping concentration, gate work function, mechanical gate properties, gap

thickness, source-to-body voltage, and surface adhesion force.
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3.3.2 Impact of body doping concentration, N,

The threshold voltage (V1) of a conventional MOSFET can be tuned by
adjusting the body doping concentration N,: in order to increase Vr, N, is
increased. In contrast, for a NEMFET, V},; and Vy are independent of N, below
some critical concentration level; above this level, Vi and Vy decrease with
increasing N, (Fig. 3.5). To explain this dependence of V,; and V;; on N,, we plot
¢ at x = L/2 against N,, for Vo = Vi and Vg = Vy in Fig. 3.6a and Fig. 3.6b,
respectively. The ¢=2¢, line, which corresponds to the onset of strong inversion in
the channel at x=L/2, is also shown for reference. The ¢ curves for Vy = Vi and
Ves = Vu intersect the 2¢, reference line at the body doping concentrations Ngpp;
and Nppy, respectively. For N, >Neppi, the surface channel is “fully depleted”
(since @,<2¢, for all x) when Vs = Vyi. If No< Neppi, s at x = L/2 increases by 60
mV for every 10x increase in N,; on the other hand, if N.>Ngpyi, @ at x = L/2
decreases very rapidly (>60mV/decade) with increasing N,. A similar dependence
on NV, is seen for ¢ at x = L/2 with Vy = V4. In the subsequent analysis, we refer to
the case where N,< Nrp pi (or No< Npp,i1) as “inversion pull-in (or inversion release)”
and the case where N.>Nrppi (or N> Nepg) as “sub-threshold pull-in (or sub-

”1

threshold release)” .

! Strictly speaking, there also exists the case where pull-in/release occurs when
the semiconductor surface is only moderately inverted [3.16]. As was well
discussed in [3.16], analytical models for this region of operation are rather
complicated; for simplicity, our lumped parameter model does not include the
“moderate inversion pull-in/release” case.
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Fig. 3.5: Dependence of (a) V), and (b) V' on the body doping concentration N,.
The results of the lumped-parameter model (dotted line) are also shown for

comparison.
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a. Inversion pull-in/release
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For zero body bias, Vo=Vt Verrtds. At Ves=Vpi, Ve can be estimated using
Eqgn. (3.4). In strong inversion, the depletion capacitance is screened by the free
carriers in the channel; thus, the negative feedback stabilization [3.18] vanishes and

therefore

sk(tgap+,2—§)3
Veff = 27e,WL = Vpicc (3.12)

9= 2 (tgap + ) (3.13)

Kox

where Vi 1s the pull-in voltage of a conventional clamped-clamped beam. The

total areal charge in the semiconductor at Vg, = V,; is given by the equation

_ EoVerf _ 3&oVpice
& T T i) (3.19)
9P Txeox

Then ¢ can be found from Eqn. (3.5):

2, 2,
d)s _ kb_Tln( 9€oNanlCC . ) — Mln( 9€onLCC ) + kb_Tln (%) (315)

.2
a 8Ksinlz(fgap+%) kpT q 8KsinigokpT q
. . . d . . .
which implies —dwgdz]sv 3 = 60mV /dec, consistent with Fig. 3.6a.
a

By adding Vi, Verr, and ¢ together, we obtain the following expression for Vi

Vor = € = “2Lin (%2) 4 v + ["Z—Tln (%) + 20 (’Z—)] (3.16)
The expression for V}; can be derived similarly:
( 2kt gap(tox/Kox)?
Verr = \/ oWl
At Vo = Vi <Qs=—%=— Z’“VQV_LPE (3.17)
| b=l (WIL(:?—:BNW)
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V,=C-— "Z_Tln (&) + JSktgap(tox/Kox)z 4 [kb_Tln (ktg;,p) LT (&)]

n; 27goWL q WLksikpTn; q n;
(3.18)

Eqns. (3.16) and (3.18) explain why both V,; and ¥V are independent of N, for
inversion pull-in/release: any increase in ¢ due to an increase in N, is compensated
by a reduction in the flat-band voltage.
b. Sub-threshold pull-in/release

For sufficiently large N,, pull-in/release occurs before the semiconductor
surface becomes strongly inverted. As shown in Fig. 3.5, both V},; and V;; decrease
rapidly with increasing N, in this case. This is because the depletion capacitance
Caep increases with N,. To understand this qualitatively, we can use the capacitive
divider model as shown in Fig. 3.1c:

av Ca
eff — dep (3.19)
dVgs Cgap+Cdep

Thus, for a given Vg, Verr increases with increasing N, so that a smaller
value of V is needed to achieve a certain electrostatic force required for pull-in (or
release), and hence V), (or Vi) decreases with increasing N,. This is consistent with
previously published work [3.3]. Notice also that for intermediate body-doping
concentrations, pull-in occurs when the semiconductor surface is moderately
inverted; therefore, as depicted in Fig. 3.7, negative feedback stabilization [3.18]
reduces the pull-in gap thickness.

For very high body doping concentration, ¢(x) approaches zero. Eqn. (3.7)

then becomes:
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d*g(x) €oW(V—Vfb)2
EI —_ (3.20)

dx* 29(x)?

Eh3g3
gol*

and Vpi-Vi=Vox converges to [11.7 = 2V; the pull-in gap thickness at x=L/2

also converges to 0.603g, as indicated in Figs. 5a and 7. This is exactly the same as
the pull-in voltage and the pull-in gap thickness of a clamped-clamped beam with a
metallic actuation electrode, which is not surprising (since degenerately doped
silicon is a conductive material) and is consistent with the results obtained using the

lumped parameter model [3.3].
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Fig. 3.7: Dependence of the gap thickness at x=L/2 on N, for a gate-to-source bias

equal to V.

i.  Minimum N, for sub-threshold pull-in
The values of Neppi and Nepy are of interest to design the NEMFET for

different (digital vs. analog) applications. If pull-in occurs at the onset of strong
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inversion, ¢ at x = L/2 for Vg = Vi 1s 2¢, and the total areal charge in the

semiconductor is

kpT N i
Qs = VEeTNroi (@) = [4esiaeo i 2 n (2222 (3.21)

n;

By equating Eqn. (3.12), (3.14) and Eqn. (3.21), we obtain the following equation:

t
NFD,pi In (NFD,pi) _ k(tgap+ﬁ) (322)
n; ni enikpTkgiWL
Letting = k(tgap"',z_z) ) )
etting = ————2*= _ the solution to Eqn. (3.22) is
6nkpTrgiWL
Ngppi = n; a/lambertW (a) (3.23)

where m=IlambertW(n) is the Lambert W function, the solution to the equation
n = me™.
Following the same procedure, Nrp 1 can similarly be found:

Nep i = n; y/lambertW (y) (3.24)

ktgap
2nikpTkgiWL

where y =

Although the exact values of Neppi and Nepy can only be obtained
numerically, we can still note that since a and y are always positive, Nrppi and
Nrpy are monotonically increasing functions of a and y, respectively. Thus, the

minimum body doping concentration required for sub-threshold pull-in/release

operation is larger for a stiffer gate, a larger air-gap, or a smaller actuation area.
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3.3.3 Impact of Gate Work Function

In a conventional MOSFET, the gate work function @,, can be used to tune
the threshold voltage [3.19, 3.20]. Similarly, the gate work function can be used to
tune the pull-in and release voltages of a NEMFET, since the built-in voltage
between the gate and the semiconductor channel induces an electric field. Since

Vos = Vep + Vesr + @5 and Vp=@n-D;, both the pull-in voltage and the release

voltage shift linearly with @,
3.3.4 Impact of Gate Stiffness

The stiffness of the mechanical gate depends on the gate dimensions

(W,h,L) and the gate material Young’s modulus (E). As was discussed in [3.21],

Eh3g3
golt’

the

these parameters can be lumped into a single parameter Vp;.. = [11.7

pull-in voltage of a conventional gap-closing actuator with metallic electrodes
[3.22]. Fig. 3.8 plots V,; and Vy for different values® of Voice. Increasing Vpice
increases the gate stiffness, hence both V,; and Vy increase with V. over the entire
range of body doping concentration. Note that Nrppi and Nepy also increase with
the gate stiffness, as expected from Eqns. (3.23)-(3.24). This is because a higher
body doping concentration is needed to increase the value of Vg at which the

surface becomes strongly inverted to be equal to Vy; (or Vy).

*Note that V.. depends on g,, the as-fabricated equivalent gap thickness. But g, not
only changes V.. , but also the equivalent gate-oxide thickness of the built-in
transistor, as indicated by the Poisson equation (Eqn. (3.9)). In this subsection, we
assume a constant g, as we change V.. The impact of g, on V,; will be discussed
in detail in the following subsection.

70



3.3.5 Impact of As-Fabricated Air-Gap Thickness, t,.,

It is well known that a reduction in the gap thickness can improve the
transduction efficiency of an electrostatically actuated device [3.23]. Similarly, a
reduction in the gap thickness reduces the pull-in voltage of a NEMFET. Fig. 3.9
plots Vi and Vy for various values of effective as-fabricated actuation gap
thickness, g,. A decrease in g, reduces V),; in two ways: first, it reduces V.. of the
doubly-clamped beam; second, for a given applied gate voltage, it increases the
channel surface potential ¢, and hence the electric field across the equivalent air
gap (Eqn. 3.9). V; also decreases because the spring restoring force decreases

linearly with decreasing #gqp.
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Fig. 3.8: Impact of beam stiffness (correlated to the pull-in voltage of a

conventional doubly clamped beam, Vi) on Vi and V. An increase in beam

stiffness increases the voltages required for gate pull-in and release.
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Fig. 3.9: Impact of as-fabricated equivalent gap thickness (tgqp + tox/Kox) ON V)i

and V. A reduction in the gap thickness increases the electrostatic force on the gate

and hence reduces V). It also reduces the spring restoring force and V.
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3.3.6 Impact of Source-to-Body Bias Voltage, Vs,

Thus far in our discussion, we have assumed that the source and body
electrodes are biased at the same potential; however, this is not necessarily the case,
since transistors may be connected in series. Since the body terminal of an n-
channel FET is usually grounded, the source of an n-channel NEMFET can be at a
potential that is higher than the body potential. The source-to-body voltage Vg,
due to a “floating” source can significantly affect the threshold voltage of a
conventional transistor. The impact of Vg, on V},; and 7y of a NEMFET depends on
whether pull-in/release occurs in the sub-threshold or inversion regime of
operation.

For the inversion pull-in/release case, both V,; and Vy are independent of
Vs, as shown in Fig. 3.10. This is because in strong inversion, although Vg, causes
a redistribution of charge between the inversion layer and depletion region, the total
charge in the semiconductor (Qinv + Qqep) remains unchanged [3.16]: Qi +
Qaep = Cox (I{gs —Vip — 2¢b) . Thus, Vesr (Which determines the actuation force)
and therefore V},; and V} are all independent of V.

For the sub-threshold pull-in/release case, however, an increase in Vg, increases the
electric field across the air gap; thus, the value of Vs required to achieve a given
surface potential and Vs decreases:

Vo=Vt @t VeV (3.25)
Therefore, Vi and Vy decrease linearly with Vy, :

VpimVpi(Vee=0) - Vap - sV=Vu(Var=0) - Vs (3.26)
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Fig. 3.10: Impact of source-to-body voltage, Vs, on Vy,; and V. Both V,; and Vy
show no dependence on Vy, if pull-in/release occurs in the inversion region of
operation. V), and ¥V} decrease with increasing Vg, if pull-in/release occurs in the

inversion region of operation.
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As can be seen from Fig. 3.10, Ngppi and Nepy also depend on Vi, for the
sub-threshold pull-in/release case. At the onset of inversion, ¢=2@y+Vy,. Following

the derivation in Eqns. (3.28)-(3.30), Nrp,i can be determined from the following

equation:
Vsb
Neppi = n;a/lambertW <aez"bT> (3.27)
4Vsh
Similarly, Nep i can be derived: Npp .y = n; y/lambertW (ye?sT) (3.28)

If Vo> 0, the gate voltage required for the semiconductor channel surface to
reach inversion is increased. Thus, the range of body doping concentration for sub-
threshold pull-in/release is increased, i.e. Npppi and Nppy each decrease with

increasing Vip.
3.3.7 Impact of Surface Adhesion Force

Thus far in our discussion, surface forces have been ignored; but for the
small air-gap thicknesses assumed herein, the Van der Waals force should be
considered. Fig. 3.11 plots V,; and V} for various values of interfacial adhesion
energy per unit area. As expected, an increase in the adhesion energy decreases the
Vi and Vy values. For the NEMFET device parameters used in this work, the
spring restoring force is roughly 96nN, which is significantly greater than the
surface adhesion force (~3.2nN for I'=2pJ/m” [3.15] with d,=0.1nm). Thus, the

impact of surface force on V}; and V7 is negligible.
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Fig. 3.11: Impact of surface adhesion energy, I', on V), and V;. An increase in the

surface adhesion force decreases both V,; and V.
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3.4 Unified Model for V,; and V,

A primitive sub-threshold pull-in model was derived in [3.3]. Here we add
the impact of body biasing and expressions for Ngppi and Nepy, in order to make

the model complete:

3.4.1 Pull-in Voltage V,;

Vpi:Vfb+¢s +Veﬁ"Vsb (329)
where
( kpT 9eoNgV 2 e
%ln <8KsinggngT) sb Na = NFD’pi
¢s = . i\ (3.30)
18q3;c;"iN§(WL)2 <1 + \/1 + :go - O) Ng > NFD,pi
Vpicc Na < NFD,pi
|4 =12 (9o/2q&siNg (331)
eff S (% - ¢s) Ng > Ngp p;

tgaptic,

lambertW T K(tgap %) 8kg3
N ;= n;a/lambert ae?*p a = Voice =
FD,pi i / ’ 6nkpTrg WL~ PLCC 27goWL

3.4.2 Release Voltage V;

Vrl: Vfb+¢s +Veff‘Vsb (332)
where

k N
Eln (M) +Vip Ny < Nppr

q WLksikgTn?
b, = — o (3.33)
WLksiqNg a FD,rl
_ Zktgap(tox/’fox)2
A J o (3.34)
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aVsp
kt
=N 2kpT - 9ap
Ngp 1 = nyy/lambertW <ye b >, e
To ensure that the effect of surfaces forces is insignificant, the spring
restoring force must be much greater than the surface adhesion force. Eqns. (3.29)-

(3.34) can be used to design the NEMFET in order to achieve the desired values of

Vpi and Vy for a particular application.
3.5 NEMFET Scalability

The introduction of a thin air-gap in a NEMFET drastically improves the
effective subthreshold slope. However, such an air-gap also drastically decreases
the gate-to-channel capacitive coupling in the off-state, making the device more
susceptible to short channel effects [3.16] than the conventional MOSFET. Results
from quasi 2-D analysis [3.16] indicate that the minimum channel length of a
MOSFET for a given short channel control is correlated to the characteristic length

(L), which is given by the following equation:

A= /;—x teotX; (3.35)

where 7. 1s the equivalent gate oxide thickness, JX; is the source-drain junction
depth. Assuming the NEMFET and the MOSFET have the same source-drain

junction depth, the NEMFET channel length needs to be at least ANgmreT/AMOSFET

=,/10nm X 3.9/1nm ~ 6 times longer than a MOSFET with a Inm thick SiO, gate
oxide for the same short channel control. This would drastically increase the circuit

layout area and hinder compact logic implementation.
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The NEMFET limited scalability remains an issue for logic applications;
but the built-in transistor gain makes the device very attractive for sensor and
resonator applications where layout area is not as critical. To fully harness the
benefits of the NEMFET, the designs of the mechanical gate and the intrinsic
transistor must be co-optimized. As an example, consider a NEMFET resonator
where the resonant motion of the gate is sensed by the modulated drain-to-source
current. The resonant frequency can be adjusted by changing the gate dimensions
and the motional current can be maximized by optimizing the transistor
transconductance. To achieve this goal, though, techniques are required that are

beyond the scope of this thesis.
3.6 Summary

The Euler-Bernoulli equation is solved consistently with the Poisson
equation to model the behavior of a nano-electro-mechanical field effect transistor.
Using this Euler-Poisson model, the shape of the deflected gate electrode and
channel potential profile across the width of the channel for various gate voltages
can be studied. The dependence of the pull-in voltage (V,;) and gate release
voltage (V) on the body doping, gate work function engineering, gate stiffness, as-
fabricated gap thickness, the body bias and surface force are examined. The Euler-
Poisson model well matches the results of the unified model for V,; and ¥V}, which
is provided to aid NEMFET design for digital and analog applications.

To circumvent the limited scalability issue of the NEMFET, a better

transistor design is needed to fully harness the benefits of the abrupt pull-in effects
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without sacrificing short channel control; with this goal in mind, micro-relays for

logic applications are discussed in Chapter 4.
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Chapter 4

Design and Reliability of Micro-

Relays for Logic Applications

4.1 Introduction

Chapter 3 presented the operation and design of the NEMFET, which
harnesses the pull-in effect to achieve a perfectly abrupt off-to-on switching
transition. The presence of the air-gap in the off-state severely limits NEMFET
scalability, however. In face of this limitation, micro-electro-mechanical relays
(“micro-relays™) [4.1-4.5] appear to be an attractive alternative for zero-standby
power logic applications. The attractiveness of micro-relays stems from the fact
that a mechanical switch offers nearly ideal switching characteristics: zero off state
drain-to-source and gate leakage currents, and perfectly abrupt off-to-on switching
transition. Since there is no trade-off between off-state leakage current and on-state
drive current, the relay threshold voltage and therefore Vi can in principle be
reduced much more aggressively than for a MOSFET in order to improve the
energy efficiency.

In terms of device structure and operation, a micro-relay for digital logic

(dubbed “logic relays™) applications is very similar to that for used for radio-
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frequency signal DC switching (dubbed “RF relays”) applications [4.6-4.9].
However, the relay contact resistance requirements for these two applications are
drastically different. For RF relays in which achieving ultra-low on-state resistance
(Ron < 1Q) is the primary target, the relay design (e.g. device dimensions,
contacting electrode material, contact force, efc.) is optimized to achieve the
required metal-to-metal contact conductance. In contrast, for logic relays, Ron can
be as high as 10-100kQ (for load capacitance of 10-100fF) because the switching
delay of a relay-based circuit is dominated by the mechanical pull-in time (zpj,
typically 10- 100ns) rather than the electrical RC delay (#rc) [4.2]. Since extremely
high endurance, fast switching speed, high energy efficiency and high layout
density are necessities in this application while relatively high Ron can be tolerated,
the design space for RF and logic relays are drastically different.

To date, no systematic design, optimization, and scaling methodology for
logic relays has been proposed. To remedy this issue, this chapter begins with a
general description of relay structure and operation in Section 4.2, followed by
contact design considerations and a tungsten-based relay technology discussed in
Section 4.3. Section 4.4 then presents the calibrated relay delay and energy models
which are used to develop a sensitivity-based energy-delay optimization and

scaling methodology in Chapter 5.
4.2 Relay Structure and Operation

In terms of device structure and operation, a logic relay is very similar to

larger micrometer-scale mechanical switches that have been developed for radio
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frequency electronics. Fig. 4.1 shows the schematic 3D view of the
electrostatically-actuated relay structure and indicates several important relay
features and design parameters. As shown, the relay is comprised of a movable
actuation plate (the “source”) supported at the four corners by four support beams,
each of which is anchored to the substrate. Folded-flexure beams are purposely
used to ensure the relay design is robust against residual thermal stress and vertical
strain gradient effects. The position of this actuation plate depends on the electric

field across the actuation gap (thickness g) between the gate and the source.

Contact Dimples

Serpentine
Spring

Anchor

Fig. 4.1 A schematic 3D view of the electrostatically-actuated relay structure.
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Fig. 4.2 ANSYS simulated displacement contours and the schematic cross-sectional
view of the source electrode in the (a) Off state and (b) On state.

In the off state (Fig. 4.2a), an air gap separates the source from the metallic
drain electrode so that no current can flow. In the on state (Fig. 4.2b) where the
gate-to-source voltage is greater than the pull-in voltage (V,), the actuation plate
comes down and rests upon the metal-coated contact dimples; the source is in
contact with drain electrode, providing a conductive path for current to flow. Since
the relay switches on abruptly as |Vg| is increased above Vy,;, the Ig-V, characteristic
of the relay exhibits an extremely steep (nearly infinite) subthreshold slope. Note
that since electrostatic force is ambipolar, the equivalent of an n-channel MOSFET
(which turns on when a positive bias voltage is applied to the gate) or a p-channel
MOSFET (which turns on when a negative bias voltage is applied to the gate) can
be achieved with the same switch design by appropriately biasing the source
electrode. Thus, electro-mechanical switches can mimic CMOSFETs and can be

used to implement digital logic circuitry accordingly.
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Although three terminal relays are discussed in this section, many types of
micro-relays have been described in the literature, with variations in the mechanical
spring design, the location of the air-gap actuator, number of electrode terminals
[4.3] and the orientation of beam deflection. While this paper, unless specified,
mainly focuses on the three-terminal relay design, the analysis and design
techniques presented here can easily be extended and applied to any specific relay

design.
4.3 Reliable Micro-Relay Technology

Despite the relay ideal switching behavior alluded to previously, the
principal challenge facing micro-relay designers is achieving good reliability while
maintaining sufficiently low contact resistance. The contact resistance is
determined by material properties and is limited by asperities on the contacting

metallic surfaces, and can be computed by the following equation [4.10]:

4pp (1+0.83)1p/a) p @.1)

1+41331,/a) 2a
where a is the radius of the contact asperities, p and A, are the resistivity and
electron mean free path of the contact material, respectively.

The area of the contact asperities 4, is a function of the material hardness H,
the deformation coefficient £ at the contact and also the loading force F, which is

approximately the electrostatic force:
A, =ma? =1 (4.2)
where 1>£>0 and & is inversely proportional to the loading force.

90



Because the on-state conductance of a micro-relay is limited by asperities
on the contacting metallic surfaces, for RF relays applications, one can infer from
Eqns. (4.1) and (4.2) that soft contacting electrode materials (esp. gold) and a large
applied load to plastically deform [4.11-4.14] the contacting surfaces (i.e. such that
the metallic material liquefies) are preferred in order to minimize asperities and
achieve the required contact resistance (<1Q2). However, this makes high endurance
very difficult to achieve with such designs [4.13]. In contrast, for logic relays, Ron
can be as high as 10-100kQ2 (for load capacitance of 10-100fF) because the
switching delay of a relay-based circuit is dominated by the mechanical pull-in
time (zp, typically 10-100ns) rather than the electrical RC delay (trc) [4.2]. Since
extremely high endurance is a necessity in this application while relatively high
Ron can be tolerated, hard contacting electrode materials [4.15-4.17] (e.g. tungsten)
and operation with low contact force [4.15-4.17] are preferred. In addition, a
surface treatment can be applied to reduce adhesion [4.16, 4.18] as long as Ron is
not increased beyond ~10kQ. With these considerations in mind, we have
developed a reliable relay technology suitable for digital logic applications using
titanium dioxide (TiO,) coated tungsten (W) electrodes. The TiO; coating limits the
current flow at the contact asperities, and the relay contact can therefore better
avoid issues with contact welding. TiO; is also a high electron affinity dielectric
(qxTio=4.2eV), and thus presents only a moderate potential barrier to electron
conduction from W, i.e. it degrades on-state conductance least among common

dielectric materials.
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Fig. 4.3 4-mask process flow used to fabricate prototype micro-relays (A-A’ cross-

section).

Parameter Value Parameter Value

Young Modulus, E 145GPa Electrode Length, Lg 15um

Shear Modulus, G 57GPa Truss Width, Wt 5um

Density 4126kg-m-3 Truss Length, Lt 12um

Beam Width, W 5um Beam Thickness, h Tum
Beam Length, L {10,...,50}xpum Fabricated Gap Thickness, g 200nm
Actuation Plate Width, Wx 30um Dimple Gap thickness, gq4 100nm

Actuation Plate Length, La 27um Dimple Area, Ap 2x{4,10,15,25}xpm?

Table 4.1. Relay device parameters
Relays with parameters shown in Table I were fabricated on oxidized Si
wafer substrates as follows. Amorphous silicon (which promotes adhesion of W to
Si0,) and W layers, each 50 nm thick, were sequentially deposited by sputtering and
then patterned to form the drain and gate electrodes (Fig. 4.3a). 100nm-thick LTO

was then deposited at 400°C as the first sacrificial layer. Contact dimple regions
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were then formed by optical lithography and dry etching (Fig. 4.3b). After the
deposition of a 2™ 100nm-thick LTO sacrificial layer (Fig. 4.3c), a 50nm-thick W
layer was sputtered and patterned to form metallic contacting electrodes (Fig. 4.3d).
Next, a Ium-thick structural layer of in-situ boron-doped polycrystalline Sip4Geo s
was deposited at 410°C [4.19]. The Sig4Geos layer was then patterned (Fig. 4.3¢)
and the structures were released (Fig. 4.3f) with a timed isotropic oxide etch using
vapor 49% hydrofluoric acid at 27°C. Immediately afterwards, the entire relay
structure was coated with TiO, at 275°C using 12 cycles of atomic layer deposition
(ALD). One ALD cycle consists of one pulse of titanium tetrachloride (TiCly)
followed by Ti oxidation, and deposits ~0.25A of TiO,. Note that since the
maximum process temperature is 410°C, this relay technology is suitable for

fabrication over CMOS circuitry [4.20] or on glass substrates.

_Contact.
‘Dimples

Fig. 4.4 Plan view scanning electron micrograph of a relay before the release step.
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4.4 Results and Discussion

Several logic relays with beam length L in the range from 10 to 50um were
fabricated using the process flow detailed in Section 4.3; Fig. 4.4 presents a plan-
view scanning electron micrograph (SEM) of a prototype L =20um relay. All
measured relays (>200) were found to be functional. Before actual measurement,
each fresh device is first electrically “burned in” by switching it on/off with a
relatively high drain-to-source voltage (Vps=1~2.5V) several times [4.21]. This will
break the native tungsten oxide and other contaminants on the contacting surfaces
to obtain a clean and stable contact resistance. Measured Ip-Vgs and Ip-Vps
characteristics of a L=40um relay are plotted in Fig. 4.5. As expected, the relays
have zero off state drain-to-source and gate leakage currents. Abrupt switching is
seen at Vgs=5.35V and Ron=8.1kQ; the measured Ron matches well with the contact
resistance model, which predicts Ron ~10kQ for F.=0.89uN at Vgs=5.35V, using
TiO, resistivity of 0.26Q-cm, tungsten hardness of 1.1GPa [4.22], A,=33nm and
€=0.3 [4.22]. As depicted in Fig. 4.6, the relay can endure 1.25 billion on/off “hot”
switching cycles with Vps=1V in N, ambient without stiction or welding-induced
failure, making tungsten an attractive candidate for reliable relay contact materials.

With a pathway to enable reliable micro-relay for digital logic applications
experimentally demonstrated, the following section aims to develop and calibrate
relevant models and analytical formulations for relay performance (e.g pull-
in/release voltages, switching speed and energy) in order to facilitate design

optimization for relay-based circuits.
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4.4.1 Static Performance Analysis

a. Pull-in and Release Voltages
Since the relay is operated in the pull-in mode (gg>g/3), hysteretic switching
behavior is observed as indicated by Fig. 4.5. Analytically, the pull-in voltage V;

and release voltage V; can be calculated as:

_ [Bkerrg® _ |2(kerrga—Fa)(9-ga)?
Pi T 27504 V= oA (4.3)

%

where k. 1s the effective spring constant of the folded-beam, A4 is the actuation area
: A= Lgx Wy and F}, is the surface adhesion force. Note that in Eqn. 4.3, non-ideal
effects such as fringing capacitance and actuation area reduction due to the release

holes are assumed to be negligible.
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Fig. 4.5(a) Measured Ip-Vs and (b) In-Vps characteristics for a relay with =40 mm.

The two drains are externally connected .
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Fig. 4.6 Measured contact resistance vs. number of on/off hot switching cycles (at
Vps=1V to mimic scaled-relay operation). Due to the formation of tungsten native

oxide, contact resistance is unstable.
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Fig. 4.7 (a) ANSYS-simulated displacement contours of the source electrode in the
on-state. (b) the spring exhibits both bending and torsional motions when the

actuation pad moves.
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As indicated by the ANSYS-simulated displacement contours of the
actuation plate shown in Fig. 4.7, the spring exhibits both bending and rotational
motions when the plate moves. The exact k. model that accounts for shear
displacements and rotary inertias is rather complicated [4.23]; by sacrificing some
degree of accuracy, ke can be rendered into a more intuitive form, which consists of

flexural (cc1/L*) and torsional (oc1/L) [4.24] terms:

-1 -1

—=0T) + () (@.4)

where yr and v, are the flexural and torsional constants. By using ANSYS, yr and vy,
are found to be 3.66 and 1.341x10"°m™ respectively. As indicated in Fig. 4.8, the
analytical model is within 10% of ANSYS simulation; Eqn. 4.3 predicts V,; values
within 10% of the measured data, as shown in Fig. 4.9

To ensure that the relay can be turned off, i.e. V>0, the spring restoring force
must be sufficient to overcome surface adhesion force, Fis. 5 is dominated by the

metal-to-metal contacts and it can be estimated by expressing ¥} as a function of Vj;:

27 2 2(g-g4)>
V=20 (1 -0 yz KISy, 4.5)

The average F, is extracted to be 0.45uN for a dimple area (Ap) of 2x10pm?, with
individual relays’ extracted F5 varying by =1uN around this value, as indicated in
Fig. 4.10. The extracted F» value matches well with results obtained by atomic
force microscopy [4.25]. Using the extract Fy value, Eqn. 4.3 predicts V; values

within 10% of the measured data, as shown in Fig. 4.11.
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Finally, as previously alluded to, the serpentine spring design ensures that
the relay is robust against thermal stress effects through expansion; therefore, the
measured values of Vi, Vi and Ron do not significantly change with temperature,
as shown in Fig. 4.12 and 4.13. The negative Young’s modulus temperature

coefficient account for the slight reduction in V}; and Vy values.
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Fig. 4.12 a) Measured V}; and Vy vs. T for L=17pum. (b) ANSYS shows that the

folded spring design releases the thermal/residual stress by expansion.
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Fig. 4.13 Measured contact resistance vs. temperature for a L=40um relay.

b. Dimple Support Design

When the relay is turned on, the actuation plate comes down and rests upon
the contact dimples (Fig. 4.2b); proper relay design involves not only the choice of
relay device dimensions that give the desired pull-in and release voltages, but also
includes device dimensions that prevent the actuation pads from catastrophically
pulling in and shorting the electrodes. To determine the catastrophic pull-in voltage
(Vepi) value, exact information for the contact dimples (e.g. surface roughness,
contact friction, efc.) is needed, which is complicated. Fortunately, sacrificing some
degree of accuracy, a conservative V,; estimation can once again be obtained by

modeling the actuation pad as a simply-supported beam pinned at its two dimples,
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as indicated in Fig. 4.2b. The bending of the actuation plate can be estimated by the

Euler-Bernoulli equation [4.24]:

goW4V?2
E dtz* _ oA . . .
( ) zt { ———— in actuation region (4.6)

1-v2) A gxt T 2(9-94=2")" ,
0 otherwise

where v is the Poisson ratio of the structural material. £/(1-v*) instead of the Young
Modulus E is used to account for the plate effects; /4 is the moment of inertia
=WAh3/12, and z* =z - gg.

Eqn. (4.6) is solved with the appropriate boundary conditions at both dimple ends:

_azz*

x=0-_ dx?

d?z*
dx?

zZ"(x=0)=z"(x=L,) =0;

=0 (4.7)

x=Lg

which gives the analytical formulation for Ve, :

- [Er3(g-g0)®
Vepi = 1.516 :;L;d (4.8)

Eqn. 4.8 predicts a Ve, value of 14.6V; ANSYS simulation gives V,=18.9V. As
previously alluded to, Eqn. 4.8 is a conservative estimate of V¢y; therefore, the

calculated V. is lower than the measured value, which is 23V.
4.4.2 Dynamic Performance Analysis

In addition to the static voltages, circuit designers are particularly interested
in the mechanical delay time as it determines the circuit performance. When a bias
voltage (V) is applied between gate and source electrodes, the motion of the
actuation plate is governed by Newton’s Second Law of Motion, which yields the

following second order differential equation [4.26]:

NI eff . 2
Mypes + eI 5y g S0V (4.9)
eff 0

1% = 2ig-ay

103



The right side of the equation is the electrostatic force, Q is the quality factor; z is
the actuation plate displacement, and m.sr is the effective mass of transport.

To develop a rigorous delay model, it is worthwhile to spend some effort in
deriving an accurate analytical formulation to the effective mass. To reach this
goal, we first note that the effective mass consists of the mass of the actuation plate
and the loaded mass from the springs, and can be determined from the total kinetic

energy in the relay (KEy) and the velocity of the actuation plate (v,) [4.27]:

1 2,1 2.1 2 2
KEpor _ gMpVptamevi+3 ) vpdmy (vt> 4pWh 2
Merr = = =m,+m(—) + z dL
eff %vg %vg P t Up [Zb(y)]z f[ b(Y)]

(4.10)
where m’s and v’s are the masses and velocities, and the subscripts p, ¢ and b
denote the actuation plate, trusses and the folded beams, respectively. The trusses
are displaced by a distance z/2, and therefore,
v, =0, 4.11)

zp(y) is the beam deflection. For beam AB, as depicted in Fig. 4.14,

2 =26 - ()] am
And for beam CD
2,(y) = z [1 - ;(f)z + (§)3] (4.13)

Substituting Eqns. (4.11)-(4.13) into (4.10), megr is given by:

1 12
Mesr =My + 2 Mt + 3™ (4.14)
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Substitute the plate, truss and beam dimensions into Eqn. (4.14), meyr can be
simplified and expressed by:
Merr = aopAh + a;pWLh (4.15)

where a,=1.93 and a; =2.74; ANSYS simulation predicts o,,=1.43and a,;=3.83.
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Fig. 4.14. The effective mass of the folded spring can be estimated by the beam

Truss

kinetic energy, which is determined by the mode shape of segment AB and CD.

Substituting Eqn. (4.4) and Eqn. (4.15) into Eqn. (4.9), the plate position is
obtained by solving the resultant equation. But in order to provide insight for relay

design, we analytically approximate #4clay by the following expression:

me Yoy -B
taetay = @ /k—g (%) (VL; —x) for 5V = Vaq > 1.1V, ,gq = g/3

(4.16)
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where ¥=0.8; a, f and vy, to the first order, depend only on Q and their values are
plotted in Fig. 4.15. The details of the derivation are discussed in Appendix 1. Over
the range of interest, Eqn. (4.16) predicts f41ay values within 20% of Eqn. (4.9), and
the accuracy improves as Vqd/Vyi increases. Note that Eqn. 4.16 shows that Zgejay not
only depends on the relay resonant frequencym , but also on the Vad/V}i

ratio, which from now on we denote it as the “gate overdrive”.

0 1 2 3 4 5
Quality Factor Q

Fig. 4.15a. Dependence of a on quality factor, for 5V > Vag> 1.1V}, ga=g/3
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Fig. 4.15b. Dependence of B on quality factor, for 5V, > Vaa> 1.1V}, ga=g/3
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Fig. 4.15¢. Dependence of y on quality factor, for 5Vy,i> Vaa> 1.1V, ga=g/3
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Fig. 4.16 (a) Relay delay measurement setup. Measurements were made in N,
ambient (b) The total delay #o can be extracted from the difference between the
input and output signals. (€) telay= Fotal —Lcable, Where Zeaple 1 the electrical delay of the
cable.

To calibrate the delay model, relay delay measurements were taken in
nitrogen ambient using the test setup shown in Fig. 4.16. As shown in the figure, a
load resistor is utilized in this measurement setup to allow for application of a step
voltage to the gate electrode and measure to trigger a voltage drop (delayed by #ta1)
at the drain electrode (Fig. 4.16b). To separate the cable delay (cabie) from the pull-
in time, f.pie 1S first measured using an on-chip, dummy metal line (Fig. 4.16¢);
tdelay can then be extracted from the difference between fio1 and feaple. Utilizing this
measurement setup, Fig. 4.17 shows the measured delay of three relays with
L=14pm, 40pm and 50pum at different Vyq values. fqelay decreases with increasing

Vaa and 1/k.sr , as expected. Note that no contact bounce is observed; measured #gelay
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values match predictions using Eqn. 4.9 within 20%, with an extracted quality
factor value O = 0.3.

Finally, since the relay is purely electrostatically actuated, all of the energy
consumed by switching it on and off is supplied by the voltage source driving the
gate electrode and any wiring and load capacitance at the drain electrode. The total
energy consumed in switching the relay on and off is simply set by the charge

supplied by the supply voltage:

A
E, = (gigd +C,) V, (4.17)

where Cp, is extrinsic load capacitance. With a reliable relay technology, together
with accurate static and dynamic models properly developed, we are now ready to
optimize relay based digital circuits and project the performance of scaled relays.

These topics will be addressed in Chapter 5.
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Fig. 4.17 Measured fp; vs. Vpp for three different relays.
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4.5 Conclusion

A pathway to enable reliable micro-relays for digital logic applications
through proper contact design is proposed and demonstrated with TiO,-coated W
contacting electrodes. Prototype relays fabricated utilizing a CMOS-compatible,
poly-Sip4Geo ¢ surface micromachining process have been demonstrated to operate
at near 5V supply voltage with reasonable (~10kQ) contact resistance over a wide
temperature range (20 °C -200°C). The devices have low surface adhesion energy
(~4pJ/m®) and can endure more than 10° on/off hot-switching cycles in N, ambient
without stiction- or welding-induced failure. In order to facilitate design
optimization and scaling for relay-based circuits, relevant models and analytical
formulations for relay performance are also developed in this chapter. It should be
note that the relatively high supply voltages demonstrated in this chapter do not
necessarily represent the ultimate voltage limit for relay technology. Through
proper relay energy-delay optimization and device scaling, scaled relays will offer
substantial reduction in supply voltage and improvements in energy efficiency over

CMOS. These topics will be addressed in chapter 5.
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Chapter 5

Optimization and Scaling of
Micro-Relays for Logic

Applications

5.1 Introduction

With a pathway to reliable micro-relay for digital logic applications
experimentally demonstrated in Chapter 4, the focus of this Chapter is on achieving
fast, energy-efficient, and compact relay-based digital circuits. To date, no
systematic optimization and scaling methodology for logic relays has been
proposed. To remedy this issue, this Chapter begins with a sensitivity-based
energy-delay optimization methodology in Section 5.2, allowing the establishment
of simple relay design guidelines. Based upon these guidelines, together with the
measured adhesion force scaling with contact dimple area, we then propose a
scaling methodology for micro-relays in Section 5.3, which leads to systematic
improvements in device density, performance, and energy consumption.

Simulation results indicate that scaled relay technology may offer >10x
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improvement in energy efficiency for applications requiring performance up to

~100MHz. Finally, section 5.4 concludes this chapter .
5.2 Relay Energy-Delay Optimization

Having developed the relevant relay energy-delay models in Chapter 4, the
focus of this chapter is now on optimizing relay-based circuits. As was described in
[5.1]-[5.3], the optimal topology for relay circuits is drastically different from that
for CMOS circuits. Specifically, because the delay of relay-based circuits is
dominated by the mechanical delay rather than the electrical RC delay, an
optimized relay-based circuit should (as shown in Fig. 5.1) consist of single stage
complex gates [5.2, 5.4] such that the mechanical motions of all the relays in the
circuit occur simultaneously”.

In optimizing the relay design for the appropriate circuit topology, it is
important to note that, as for CMOS circuit design [5.5- 5.10], relay energy and
performance trade off against each other. The goal of the optimization is to
minimize relay circuit delay subject to a given energy budget, which in essence
boils down to solving the following constrained optimization problem for an N-

relay stack:

14 -B
P . mEff dd Vdd
Minimize: t = q |— (_) (_ _ )
delay kerr \g Vi X

. Aj
Subject to: Epr = Y04 (gg_gd + CL,i) vz, (5.1)

? Note that this only work for four-terminal relays.
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Fig. 5.1 (a) Optimal relay circuit topology. (b) The energy-delay optimization
problem can be simplified to optimizing one single relay driving the average
capacitance Cio/ N

where E is the total energy; A4; and Cy; are the area and the load capacitance,
respectively, of the i-th relay in the stack. Assuming all relays have the same
fabricated gap thickness g and dimple gap thickness gy, the total energy can be

rewritten as:

EAtot

Eror = (S22 + Cror ) Vi (52)

where A4i¢ and Cj are the total actuation area and load capacitance, respectively.
Given that the electrical delay is negligible when compared against the mechanical
delay, then by symmetry, an optimized relay circuit design would size all relays
identically so that the devices have the same switching delay and energy

consumption:
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Eto A
Es = % - (gigd + CL) ded where A = N x A, CL=Ciot /N (5.3)

Therefore, the energy-delay optimization problem is now reduced to optimizing the
energy-delay of a single relay driving one capacitive load Cp, where Cp is the
average capacitance driven by each relay. To solve this constraint optimization
problem, we first apply the sensitivity-based analysis to explore the relay energy-

delay tradeoff.
5.2.1 Sensitivity analysis

Sensitivity-based analysis for CMOS circuit optimization has been extensively
explored in [5.5-5.10] to explore digital integrated circuit energy-delay
optimization. The optimization can equally applied to optimize relay circuits,
therefore the key concepts are here briefly reviewed. The energy-delay sensitivity

of a given tuning variable var is defined as:

Otgelay/dvar
— Otdelay/Ovar 4
Svar 0Eg/0var (5 )

which is interpreted as the delay reduction per energy cost by adjusting variable
var. For most relay designs, the beam width W is the minimum feature size set by
photolithography; thickness 4 and the minimum dimple gap thickness g4 are set by
process constraints. Once the thickness is fixed, the quality factor and therefore the
o, B and y values are known. Therefore, the supply voltage Vy4, actuation area A,
fabricated gap thickness g and the beam length L are the available design variables
for optimization. By adjusting these variables, the optimal relay design is reached

when the sensitivities to all tuning variables are balanced [5.5, 5.6, 5.9]. With these
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goals in mind, we herein derive the analytical formulations for sensitivities to these
variables.
1. Sensitivity to Supply Voltage
We begin our analysis by exploring the sensitivity of delay to energy due to
the change in V4. As Vyg increases, the switching delay decreases because the
electrostatic force increases. Of course, the switching energy also increases with
Vaa. With the power-law dependences of both delay and switching energy on Vyq,

the resultant negative sensitivity to supply voltage is given by Eqn. 5.5:

Otdelay/OVad _ _ Ptdelay x (@)/(L‘C’i - )() (5.5

0Eg/0V gq 2Eg Vpi

Where f41ay and E are respectively the nominal delay and energy at a given Vyq.

Note that, as will be discussed later, typical a Vya/Vyi value lies within the range

1.5-3. Therefore the normalized sensitivity [5.11], which is defined as - B x
delay

atgzla/%, is roughly —(0.7-1.1)xpB. Hence, as a simple rule of thumb, every 2X
s dd

energy increase can be sacrificed for ~1.6-1.8X reduction in relay delay by Vg4
adjustment.
il. Sensitivity to Actuation Area
In addition to Vyg adjustment, relay sizing is also an effective means to
adjust the tradeoff between energy and delay. The sensitivity of delay to energy due

to the change in the actuation area is given by Eqn. 5.6:

Otgelay/0A _ tdelay |aophA _ Vaa Vaa £04
0Eg/0A o 2E [meff B <Vpi>/<vpi X)] (1 + CL/(g—gd)) (56)
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As the actuation area A increases, the on-state capacitance and therefore the
switching energy increases. On the other hand, increasing A has a two-fold impact
on the relay switching speed: the pull-in time decreases due to the reduction in V;;
but the increase in the actuation mass counteracts this effect. For high-Q relays (i.e.
small B), as will be discussed later, the resonant frequency term dominates
switching delay. Therefore, reducing the actuation area is attractive because it
decreases both the switching delay and energy, leading to a positive sensitivity. But
it is important to note that the sensitivity diminishes with reduction in actuation
area because, the gate overdrive Vyd/Vp; decreases and the spring-loaded mass
becomes increasingly significant in determining the resonant frequency. All these
eventually lead to a negative sensitivity.
1il. Sensitivity to Fabricated Gap Thickness

In designing micro-relays, it is desirable to use use the thinnest dimple gap
(gq4) to minimize the travelling distance of the actuation plate. A thinner fabricated
actuation gap (g) also provides for larger actuation force. However, it is important
to note that reducing the fabricated gap thickness increases the on-state capacitance
and therefore the switching energy. This results in a negative sensitivity to g, as

shown by Eqn. 5.7:

HaoylO _ Sy (1 2 (14 ¢, /(£ )) (—p + 2 (20) /(B2 - ) 657

1v. Sensitivity to Beam Length

Finally, if the beams do not contribute substantial capacitance, then to first

order, relay switching energy is independent of the beam length. Therefore, the
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beam length can be optimized to maximize the switching speed with no energy
penalty. Before doing so, it is important note that the pull-in time depends not only
on the resonant frequency, but also on the gate overdrive. Therefore, increasing the
beam length has a dual impact on the relay switching speed: the pull-in time
decreases due to the reduction in V,;, but the increase in the loaded mass
counteracts this effect. Therefore, there exists an optimal beam length that properly

balances the resonant frequency and the gate overdrive:

dtgela 160 16Vl V
Dhday - o:[( @ ”] [1 X dd l=ﬁ (5.8)

wo V,,l aL Vpi
where the left-hand side if the equation is proportional to mesx[1-y(Vad/ Vpi)'l].
Therefore, for high-Q relays (i.e. low B wvalue), short beams are preferred to
decrease the mass and increase the relay resonant frequency. For low-Q relay, on

the other hand, one would prefer to use long beams to decrease V), and therefore

increase the gate overdrive.
5.2.2 Relay Design Optimization

With analytical expressions for the sensitivities, the relay design can now be
optimized. As previously alluded to, this goal can be reached by balancing the
sensitivities of all of the design variables. This means that we can use the
normalized sensitivity to supply voltage (—(0.7-1.1)xp), to pick all other design
variables. It also implies that for an optimized relay, every 2x energy increase can

be sacrificed for ~1.6-1.8x reduction in relay delay by changing any design
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variable. Using this result, simple guidelines for energy-efficient relay design are
established in this section.
1. Optimal Gap Thickness Ratio
We begin the optimization process by exploring the optimal g4/g ratio. By

balancing the sensitivities to Vyq and to g,

—%(p:—(l—%‘i)(1+f)(—y+§<p) (5.9)

where ¢ = f (M) / (M — )(), f=c/ ( £of ) is the fan-out of the relay. Since

Vopi Vpi 9—9d
1~0.3 and B~1, y<<1.5¢, the optimal g4/g ratio is approximated by Eqn. 5.10:

94 o, 2*31 (5.10)

Therefore the optimal g4/g ratio is roughly 0.66-0.75 across a large fan-out range,
and this value is largely independent of the quality factor value (B). This implies
that pull-in operation is preferred for optimal energy efficiency. These results are

consistent with the simulation results shown in Fig. 5.2.
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Fig. 5.2. The optimal relay g4/g ratio stays roughly at 2/3, i.e. pull-in operation is
preferred, for a wide range of design parameters.
ii. Optimal Actuation Area and Supply Voltage

Once the gy4/g ratio is known, the relay can be sized optimally if the optimal
relay fan-out is known. Although the exact analytical formulation for optimal fan-
out is complex, since mechanical delay dominates, the effect of the relay sizing on
the RC delay of the gate input signal is negligible. As a result, all that is left is the
quadratic dependence of energy on Vg vs. the linear dependence on gate
capacitance. If the relay has to drive a load capacitance under a given energy
constraint, it would be preferable to upsize the relay and lower Vy4 to reduce the

energy spent on the load capacitance. In doing so, the pull-in voltage (V}; oc AV %)

drops at a faster rate than the supply voltage (V4 & Cjﬁ « (14 A)™%%), and
L m
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results in an increase in the gate overdrive. Together with the fact that delay is
relatively insensitive to sizing (tdelayocA(l'ﬁ)/2~Ao'l), it can be concluded that it is
worthwhile to upsize the relay gate in order to allow for an overall reduction in
delay. Therefore the optimal fan-out is less than one, as shown in Fig. 5.3.

Once the optimal values for the fabricated gap thickness and actuation area

are obtained, the optimal Vy, is simply set by the energy constraint. The upper

bound for Vy4 value is the catastrophic pull-in voltage.

1
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2 0.6 — Analytical
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Load Capacitance C. [F]
Fig. 5.3. Optimal fan-out for a relay for a range of design parameters.
iii. Optimal Vy4/Vi and beam length
As previously alluded to, the beam length dictates the balance between the

relay gate overdrive and the resonant frequency. It can be shown at the optimal

beam length, the gate overdrive and the resonant frequency are balanced when
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¢=1—K<1—M) (5.11)
Meff

Where ¢ = f8 (M)/(M — )() and k¥ = (%)/(%) . K is roughly -1/3 for

Vpi Vpi
most relay designs.

To compute the optimal gate over drive, once needs to know oaphd/mesr
ratio. Optimal aphA/mes ratio can be obtained by balancing the sensitivities to area
and to fabricated gap thickness:
sl - oG/ G- = (-2 (- + () G- )

Since the optimal g4/g value is roughly 0.7 and y~0.3 is negligible, the

optimal aphA/megs ratio is proportional to ¢, as shown in Eqn. 5.12:

apophA

_ 4394 _
oo = 2+3g)—0.1(p (5.12)

Substituting Eqn. 5.12 into Eqn. 5.11 the optimal gate overdrive can be obtained:

Vda Vaa _ o 1-k
g (W)/(ﬁ _X> == on s 129 (5.13)

For low-Q relays with B > 0.8, Vya/V,>>2 and therefore long beams are

preferred. However, it is important to keep in mind that the longest beam length
will be set by the surface adhesion energy, or by layout area constrains. On the
other hand, for high-Q relays with f~0.6, the optimal Vy4/V); ratio lies within the
range 1.5-2. Therefore, shorter beams are preferred. These results are consistent

with the simulation results shown in Fig. 5.4 and Fig. 5.5.

125



25
20.
3 o
e | A o 069
L AY
= (
@ 15 |
3 E.=2pJ
9
R ® Q=03 Lumped
E Tr O a=5 Parameter
."3_ - .
) Analytical
0.5
1.E-14 1.E-13

Load Capacitance C, [F]

Fig. 5.4 The optimal gate overdrive (Vqa/V;i) value for high and low-Q relays.
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Fig. 5.5 The optimal relay beam length is chosen to achieve the required gate
overdrive (Fig. 5.4); low-Q relays have higher gate overdrive and therefore longer
beams are preferred. Note that we assume the longest beam length is 50um in this

study.
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5.2.3 Relay Optimization Example

Simple guidelines for designing energy-efficient relays have already been
established in this section. As a concrete example, the previously described
methodology is used to optimize a Sum wide relay (with parameters shown in
Table I). The relay delay is optimized for E~=2pJ with total load capacitance
ranging from 10fF to 100fF, and the results are shown in Fig. 5.6. As expected, the
delay increases with increasing load capacitance. In addition, as also previously
alluded to, relays with high-Q values do not provide substantial (~2X) speed

improvement over their low-Q counterparts.

2.0

-—
(=]
T

® Q=03 Lumped
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— Analytical
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L]
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©
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Minimized Delay tyejay [KS]
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0.0 : _
1.E-14 1.E-13
Load Capacitance C. [F]

Fig. 5.6 For a given energy constraint and load capacitance, relay delay can be
minimized by properly choosing the relay design parameters. The lumped
parameter model is in close agreement with the analytical model.
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For ultra-low power electronics applications such as wireless sensor
networks, switching energy [5.12] (rather than speed) is the primary concern, and
hence the relay’s minimum switching energy is the most important metric. This
minimum switching energy is dictated by the need to overcome surface adhesion
energy (I') in order to break physical contact:

0.5 kegrga® =T (5.14)

This gives the minimum pull-in and supply voltages:

_ _ , 16I'g3
Vdd,min - Vpi,min - 2750A-9z21 (5-15)

If the load capacitance is ignored, the relay switching energy is expressed by:

(eA\yz (e s
Es_(g—gd)Vdd'mm (27)(1—9d/9)(gd/g)2 (5.16)

which has a minimum value of 4I" at g4/g = 2/3. Of course the switching energy
will be higher for any practical relay designs because a relay operating at exactly
Vaa=Vpi has no noise margin and is highly susceptible to process or environmental

variations.
5.3 Relay Scaling

The need for large supply voltage and layout area remains an issue for the
relays demonstrated in this work, but can be alleviated if the relay dimensions are
properly scaled down. In a manner very much analogous to the classic scaling
theory developed for MOSFETS [5.13], extensive treatments of constant-field
scaling for micro-electromechanical-systems (MEMS) have been reported [5.14].

This scaling methodology maintains the electric field across the actuation gap at a

128



constant value while all of the dimensions of the device are scaled by a factor S.
Although this simple scaling methodology provides useful relay scaling insights,
the scaled relay may not correspond to the optimal design for a given operating
situation. To remedy this, we expand upon prior work by developing an optimized
relay scaling methodology and assess its implications for relay switching speed,

energy, and layout area.

2.5
Extracted I'/Ap=4-6puJ/m?
20 r T

1.5 )
1.0 | ()

0.5

Surface Adhesion Force [uN]

0.0 f

_0.5 L 1 L 1 L 1 L L L 1

0 10 20 30 40 50
Dimple Area [pm?]

Fig. 5.7 Extracted average F's (with standard deviation indicated) vs. Ap. Each data
point is obtained by measuring more than 10 relays with different L values.

As previously alluded to, relay energy efficiency is determined by the
surface adhesion energy. Furthermore, the normalized sensitivity is roughly —(0.7-
1.1)xp for any design variable. Therefore, by focusing on the impact of scaling on
the minimum energy point, one can automatically find out how relay energy-

performance in general changes with technology. As depicted in Fig. 5.7, the
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extracted surface adhesion energy, which consists of Van der Waals forces,
capillary forces, and hydrogen bonds [5.15], reduces with dimple contact areas.
This means that relay designs with lower beam stiffness, smaller dimple gap
thickness and therefore lower actuation area and supply voltage are feasible if a
smaller contact dimple area is utilized. With this in mind, suppose that the contact
dimple area is reduced by a factor $* and that W, h, gg and Cy are reduced by a
factor S. To maintain the same optimal g4/g ratio of 0.6-0.8, the fabricated gap
thickness is reduced by S. As a consequence, the actuation area is reduced by S* to
reach the same optimal fan-out. Since the total capacitance is reduced by S and the
switching energy improves by S°, the power supply voltage can be scaled down by
§*. And finally, to maintain the same optimal gate overdrive, ¥, is also reduced by
$°3; to achieve this goal, the beam length is reduced by S**. As a consequence, the
switching speed is improved by (S° +5'%3)%7.

Ultimately, for aggressively scaled contacts (~50x50nm?®), I is set by
metal-to-metal bonding at the contact asperities [5.15, 5.16], with the associated
energy typically in the 0.2al/bond range [5.16, 5.17]. To achieve a contact
resistance less than 10kQ), the radius of the contact asperities is only a few
nanometers. Using the calibrated analytical relay model with scaled device
dimensions and predictive model parameters listed in Table II, the energy
performance (Fig. 15) of a relay in a 65nm equivalent technology is simulated and

compared against that of MOSFETs. For Ap= 5x5nm” and the extracted area-

dependent portion of T' (4uJ/m?), the minimum energy of the relay would be set by
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the number of bonds. For example, with five contact bonds, Emin = 4aJ (>10x lower
than CMOS) would be achievable. Since relays have low gate capacitance due to

the air-gap, relay performance is very sensitive to load/ wire capacitance, as

depicted in Fig. 5.8.

1.E15 g
- MOSFET Ctor=120fF
_ 1.E-16 ;
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Fig. 5.8 Simulated energy-performance comparison of the MOSFET vs. relay, for a
30-stage FO4 inverter chain / relay chain (average transition probability =0.01) [8].
MOSFET parameters are taken from the ITRS, for the 65nm LSTP technology
node. Relay parameters are tabulated in Table II. The minimum energy is set by I'.
Notice that due to the low air-gap capacitance, relay performance is more sensitive
to load capacitance than the MOSFET [8].

131



Parameter Value Parameter Value
Young Modulus, E 145GPa Electrode Length, Lg 15um
Shear Modulus, G 57GPa Truss Width, Wt 5um

Density 4126kg-m3 Truss Length, Lt 12um
Beam Width, W 5um Beam Thickness, h 1um
Beam Length, L {10,...,50}xpm Fabricated Gap Thickness, g 200nm
Actuation Plate Width, Wa 30um Dimple Gap thickness, gq4 100nm
Actuation Plate Length, La 27um Dimple Area, Ap 2x{4,10,15,25}xpum?
Table I. Relay device parameters
Parameter Value
Beam Width, W 65nm
Beam Thickness, h 15nm
Fabricated Dimple Ga
Thickness,pgd i 10nm
Dimple Area, Aq 50x50nm?2
Truss Width, W+t 65nm
Truss Length, Ly 156nm
(v 1) (215, 5.13x103 m2)
(OL0,0L1) (1.11,0.5)

Table II. Relay device parameters for 65nm-equivalent technology

5.4 Conclusion

Using the calibrated relay delay and energy models, a sensitivity-based

analysis was developed in this Chapter for relay design optimization, establishing
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simple rules for relay design (as shown in Fig. 5.9). It should be noted that the
relatively high supply voltages used in this work do not represent the ultimate
voltage scaling limit for relay technology, especially given that the measured
surface adhesion force reduces with smaller contact dimple area. By properly
scaling down the relay dimensions, analytical theory and modeling results indicate
that scaled relays can offer substantial reduction in supply voltage, switching delay
and energy. Relays may therefore provide for dramatic improvements in energy

efficiency for applications requiring performance up to ~100MHz.

Given: W,h and g4

Design Variables: 3
Vaa, A, gand L 5|  3-Energy target
\L sets Vyq
1. Optimal g=1.5g4
4. Adjust L so that
Vaa/Vpi~2
2. optimal fanout
~0.2> -

set optimal A

Fig. 5.9 Design rules for optimal relay
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Chapter 6

Conclusion

6.1 Summary

Increasing power density is a daunting challenge for continued MOSFET
scaling due to the non-scalability of the thermal voltage kg7/g. To circumvent this
CMOS power crisis and to allow for aggressive Vyq reduction, many alternative
switching device designs have been proposed and demonstrated to achieve steeper
than 60mV/dec subthreshold swing (S). This dissertation began with a general
overview of the physics and operation of these MOSFET-replacement devices. It
then applied circuit-level metrics to establish evaluation guidelines for assessing
the promise of these alternative transistor designs. This work shows that for a given
performance target and logic style, there exists an optimal /,,/Io ratio to minimize
the total energy, and this ratio is roughly constant for most MOSFET-like devices.
This implies that the device effective subthreshold swing (Sefr) value, rather than
the steepest local subthreshold swing (S) value, determines whether these designs
are more energy-efficient than MOSFETs. As an example, we used this
methodology to compare TFETs against MOSFETs, showing that TFETs may offer

substantial (~5x) energy savings for performance up to the 100MHz range.
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This dissertation then investigated the abrupt “pull-in” effect of
electrostatically actuated MEMS to achieve perfectly abrupt (S~OmV/dec) turn-on
switching behavior in NEMFET. To facilitate low voltage NEMFET design, the
Euler-Bernoulli beam equation is solved simultaneously with the Poisson equation
in order to accurately model the switching behavior of NEMFETs. Using this
approach, the shape of the movable gate electrode and semiconductor potential
across the width of the channel are derived for the various regimes of transistor
operation. The impact of various transistor design parameters on the gate pull-in
voltage and gate release voltage are examined. A unified pull-in/release voltage
model is developed, to facilitate NEMFET design for both digital and analog circuit
applications. Simulation results show that by utilizing a 10nm thick air-gap,
NEMFET operation with 2V supply voltage is possible.

Although NEMFET design with perfectly abrupt turn-on transitions are
achievable, the large equivalent oxide thickness in the off-state due to the presence
of the air-gap makes NEMFETs susceptible to short channel effects, and therefore
limits their scalability. To alleviate this issue, this dissertation then proposed using
micro-relays for logic applications because of their ideal switching behavior: zero—
off state leakage and perfectly abrupt turn-on transition. To mitigate the contact
reliability issue, this dissertation demonstrated a contact design methodology for
reliable logic applications. Since relatively high Ron can be tolerated while
extremely high endurance is a necessity, hard contacting electrode materials and

operation with low contact force are preferred. Using this contact design technique,
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this work then developed a reliable logic relay technology that employs titanium
dioxide (TiO;) coated tungsten (W) electrodes. Prototype relays fabricated using a
CMOS-compatible, poly-Sip4Gegs surface micromachining process were
demonstrated to operate with low surface adhesion force, adequately low on-state
resistance (Ron < 100kQ) over a wide temperature range (20°C-200°C), and >10°
on/off switching cycles in N, ambient without stiction- or welding-induced failure.
This paves a pathway to realizing reliable (endurance > 10'* on-off cycles) micro-
relays for digital logic applications.

Using the measured relay characteristics, this dissertation then developed
and calibrated relevant models and analytical formulations for relay performance
(e.g pull-in/release voltages, switching speed and energy) to facilitate relay design
optimization. A sensitivity—based energy-delay optimization is developed, which is
then used to establish simple relay design guidelines. Based upon these models, a
general scaling theory for electro-mechanical switches is proposed. Much like
CMOS transistor scaling, switch miniaturization leads to drastic improvements in
density (for lower cost per function), switching delay (for higher performance), and
power consumption. A scaled relay technology is projected to provide >10x energy

savings for circuits operating at up to ~100MHz.
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6.2 Recommendations for Future Work

6.2.1 Tunnel Field Effect Transistor

Among all the candidate MOSFET-replacement devices, the TFET appears
to be the most likely to be adopted due to its simple transistor structure and its
resemblance to the conventional MOSFET. The principal challenge that TFET
designers face is to achieve high on-state current while maintaining a low effective
subthreshold slope. To reach this goal, the physics of band-to-band tunneling for
various semiconductor materials should be understood. The simple model used in
this thesis is sufficient to provide initial investigation of TFET performance, but in-
depth quantum-mechanical studies are needed to fully understanding the tradeoff

between on-state current and effective subthreshold slope.

6.2.2 Electromechanical Devices

a. Nano-Electro-Mechanical Field Effect Transistor

Since the NEMFET has limited scalability due to the presence of the air-
gap, it is highly unlikely to be adopted for digital logic applications. However, the
built-in transconductance gain eliminates any parasitic loss and therefore makes it
attractive for sensor and resonator applications. It is also an attractive interface
device that converts tiny motions in nano-electro-mechanical systems into electrical
signals and transmit them to the outside world.

b. Micro-Relay
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This work constitutes an initial investigation to provide a pathway to
realizing reliable micro-relays for digital logic applications. The contact reliability
of metal-to-metal contacts at the asperities needs to be more fully understood
before its potential for application in low-power electronics can be realized. To
achieve this goal, a technique for real-time contact characterization to monitor how
the contact asperities change with the number of switching cycles is needed. Such a
technique would allow for systematic relay reliability studies at different operating
conditions, such as pressure, temperature, efc. If relays can be fabricated with low
surface forces and operated reliably over trillions of cycles, relay technology could
potentially provide dramatic improvements in energy efficiency over a wide range
of performance.

Finally, with the fact that early digital computers such as ENIAC are relay-
based, it is intriguing to see scaled relay technology can potentially lead integrated

circuits “back to the future” and revolutionize computation technology®.

* This footnote is for future historians. On 11/08/2005, in an electronic mail, I asked my advisor
Professor Tsu-Jae King Liu “why don't we just scale a RF MEMS switch down (to a RF NEMS
switch) and use it as a logic device (thus no semiconductor is needed) ? ” This was how relays
redux...
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