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Abstract 
 

Nano-Electro-Mechanical (NEM) Relay Devices and Technology  
for Ultra-Low Energy Digital Integrated Circuits 

 
by 
 

Rhesa Nathanael 
 

Doctor of Philosophy in Engineering – Electrical Engineering and Computer Sciences 
 

Designated Emphasis in Nanoscale Science and Engineering 
 

University of California, Berkeley 
 

Professor Tsu-Jae King Liu, Chair 
 

 
Complementary-Metal-Oxide-Semiconductor (CMOS) technology scaling has brought 

about an integrated circuits (IC) revolution over the past 40+ years, due to dramatic increases in IC 
functionality and performance, concomitant with reductions in cost per function.  In the last 
decade, increasing power density has emerged to be the primary barrier to continued rapid 
advancement in IC technology, fundamentally due to non-zero transistor off-state leakage.  While 
innovations in materials, transistor structures, and circuit/system architecture have enabled the 
semiconductor industry to continue to push the boundaries, a fundamental lower limit in energy 
per operation will eventually be reached.  A more ideal switching device with zero off-state 
leakage becomes necessary. 

This dissertation proposes a solution to the CMOS power crisis via mechanical computing.  
Specifically, robust electro-mechanical relay technologies are developed for digital circuit 
application.  A 4-Terminal (4T) relay design is firstly developed.  Key technology features include 
tungsten contacts for high endurance; low-thermal-budget p+-poly-Si0.4Ge0.6 structure for post-
CMOS process compatibility; Al2O3 as a reliable insulation material; dry release step to mitigate 
stiction; and folded-flexure design to mitigate the impact of residual stress.  Fabricated relays 
show good conductance (RON < 10 kΩ), abrupt switching behavior (sub-threshold swing below 0.1 
mV/dec), and virtually zero leakage (IOFF ~ 10-14 A).  Switching delay in the 100 ns range and 
endurance exceeding 109 on/off cycles is achieved with excellent device yield (> 95%).  With 
relay design and process optimizations, pull-in voltage below 10 V with less than 1 V hysteresis is 
achieved.  Miniaturization reduces the device footprint to 35μm×50μm, ~10% of the first 
generation device footprint (120μm×150μm).  Relays with multiple source/drain electrodes and 
multiple gate electrodes are proposed for increased circuit functionality and reduced device count. 

Finally, simple relay-based logic circuits are demonstrated to show pathways to relay-
based digital integrated circuits.  The complementary inverter is the basis for all digital logic 
circuits and is investigated in depth.  Relay-based logic gates are demonstrated using CMOS-like 
and relay-specific design approaches.  Multi-input/multi-output relays are proposed to enable any 
complex logic function to be implemented compactly with only two relays. 
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Chapter 1  
Introduction 
 

 

1.1 CMOS Technology Scaling 

The invention of the integrated circuit (IC) in the summer of 1958 by Jack St. Clair 
Kilby at Texas Instruments [1], for which he received the Nobel Prize in 2000, was a 
revolutionary innovation that transformed the world into the one we know today.  For more 
than four decades, the world has seen a dramatic increase in computing power following an 
exponential trend.  The co-founder and Chairman Emeritus of Intel Corporation, Gordon 
Earle Moore, made an observation in 1965 that the number of transistors on a chip 
approximately doubles every two years [2], [3].  This trend has continued and famously 
became known as “Moore’s Law.”  The world’s first single-chip microprocessor, the Intel 
4004 (introduced in 1971), had 2,300 transistors and operated with a clock frequency of 
108 kHz.  Today’s top-of-the-line microprocessor for consumer products, the Intel Core i7 
Extreme Processor (2012 edition), has 2.27 billion transistors spread over six processing 
cores, each operating with a clock frequency of up to 4GHz [4]. 

This rapid technology advancement has been enabled by the steady miniaturization 
of the transistor.  Transistor scaling results in improved transistor performance and allows a 
higher degree of integration, leading to more functionality per chip and reduced cost per 
function [5].  Moore’s Law sets the pace of innovation.  The International Technology 
Roadmap for Semiconductors (ITRS) [6] is a manifestation of Moore’s Law that sets the IC 
technology targets which drive semiconductor device and process research and 
development.  Figure 1.1 shows how the physical gate length of a transistor scales over 
time, as outlined in the ITRS.  Although the industry and consumers have become 
accustomed to and expect the same rate of advancement each year, it is increasingly 
difficult to sustain this pace due to various device phenomena that emerge at the nanometer 
scale and power density constraints.  Nonetheless, this long-established scaling trend is still 
expected to continue for at least another decade according to the ITRS. 

In the recent decades, the planar bulk silicon Metal-Oxide-Semiconductor Field 
Effect Transistor (MOSFET) has been the main building block with which ICs are built.  
MOSFETs with n-type (n-channel) and p-type (p-channel) source/drain regions can be 
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utilized together to achieve complementary switching behavior, i.e. only one device is 
turned on at a time when the gate voltage is high (VDD) or low (0V).  Specifically, a p-
channel MOSFET turns on when gate voltage is low to help “pull-up” the output node to 
VDD, while an n-channel MOSFET turns on when the gate voltage is high to help “pull-
down” the output node to ground (GND).  A direct current path from VDD to GND is 
avoided, limiting static power dissipation when the devices are not switching.  As the 
device density in integrated circuits grew exponentially over time, this complementary 
metal-oxide-semiconductor (CMOS) transistor technology became the technology of choice 
since it offered lower static power dissipation than other transistor technologies. 

 

Figure 1.1:  Transistor scaling trend as outlined by the ITRS [6]. Physical gate lengths for 
high performance (HP) and low power (LP) applications are shown. 

Originally, simply scaling all device dimensions proportionately had been sufficient 
to keep improving performance.  In the deep-submicron regime, however, an onslaught of 
new challenges makes scaling increasingly difficult [7]-[9].  These include lithography 
limitations for printing sub-wavelength features, short-channel effects, increasing static 
leakage with threshold voltage reduction, increasing variability in transistor performance, 
etc.  To continue transistor scaling, the use of novel materials, process techniques, and 
structures becomes a necessity.  While creative solutions have so far been able to alleviate 
these challenges, a power crisis has emerged due to a more fundamental issue inherent in 
the operating principle of the MOSFET itself. 

While the density of transistors has increased greatly, their operating voltage has not 
scaled proportionately.  Figure 1.2 shows how the CMOS supply voltage (VDD) and 
threshold voltage (VTH) have scaled with each technology generation.  Traditionally, 
CMOS power consumption was reduced by lowering VDD and appropriately scaling VTH to 
maintain the same gate overdrive (VDD-VTH) and therefore performance.  However, due to 
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exponentially increasing off-state leakage with VTH reduction, voltage scaling has become 
limited, especially since the 0.13µm generation of CMOS technology. 

 

 

Figure 1.2:  Plot of VDD and VTH scaling with technology generation, reproduced from 
[11]. VTH is no longer being scaled down proportionately with transistor dimensions. 

 

 

Figure 1.3:  Power density for various microprocessor chips, reproduced from [10]. A 
multi-core approach (Core 2) is adopted to continue to improve system performance within 
a power density constraint. 
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Figure 1.3 shows how microprocessor chip power density has increased 
exponentially over the past decade, a trend that would have led to levels that can no longer 
be supported by conventional cooling technology.  Clearly, power density has become a 
constraint for chip design.  Parallel processing (i.e. a multi-core approach) has been 
employed to prolong scaling trends, but this approach will ultimately be insufficient, due to 
a fundamental limit in CMOS energy efficiency as described in the next section. 

 

 

1.2 The CMOS Energy Efficiency Limit 

A MOSFET is essentially an electronic switch whose on/off state is controlled by 
the voltage difference between the gate and the source (VGS).  With the channel doped of 
opposite type as the source/drain regions, a built-in potential barrier is formed at the source-
channel junction in the off state.  The height of this barrier governs the rate at which mobile 
charge carriers diffuse from the source into the channel region via thermionic emission and 
then drift across the channel region to be collected by the drain (i.e. the amount of current 
flowing through the device).  By changing VGS, the channel potential and hence the source 
potential barrier height is modulated, to control the current flowing through the channel. 

Consider the typical drain current (ID) vs. gate voltage (VG) characteristic of a 
MOSFET (Figure 1.4(a)).  When the magnitude of VGS exceeds the threshold voltage (VTH), 
the potential barrier at the source side is insignificant so that carriers can easily diffuse into 
the channel region.  In the on state, a conductive path of mobile charge carriers forms in the 
channel region and current flow is limited by the rate of carrier drift to the drain.  The on-
current (ION) of a long-channel MOSFET is given by the following equation: 

 𝐼𝑂𝑁 ∝ 𝜇𝑒𝑓𝑓𝐶𝑜𝑥
𝑊
𝐿

(𝑉𝐷𝐷 − 𝑉𝑇𝐻)2        (1.2.1) 

where 𝜇𝑒𝑓𝑓 is the effective carrier mobility, 𝐶𝑜𝑥 is the gate oxide capacitance per unit area, 
and 𝑊and 𝐿 are the transistor gate width and length, respectively. 

When ID is plotted on a logarithmic scale vs. VG (Figure 1.4(b)), it can be clearly 
seen that the off-state to on-state transition is not abrupt.  The energy distribution of carriers 
within the source region follows Boltzmann statistics.  Thus, in the subthreshold (VG < VTH) 
region of operation, carrier diffusion (and hence ID) increases exponentially as the potential 
barrier height is lowered with increasing VG.   
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Figure 1.4:  Typical plots of drain current (ID) vs. gate voltage (VG) for an n-channel 
MOSFET. ID is plotted in (a) linear scale and (b) log scale. 

The off-state leakage current (𝐼𝑂𝐹𝐹), i.e. the drain current for VGS = 0 V and VDS = 
VDD, is given by: 

 𝐼𝑂𝐹𝐹 ∝ 10−𝑉𝑇𝐻 𝑆𝑆⁄          (1.2.2) 

where the subthreshold swing (𝑆𝑆) is defined as the inverse slope of the log(ID)-VG curve: 

 𝑆𝑆 = ln(10) 𝑘𝑇
𝑞
�1 + 𝐶𝑑𝑒𝑝

𝐶𝑜𝑥
� .       (1.2.3) 

𝑘𝑇
𝑞

 is the thermal voltage (26 mV at room temperature), and �1 + 𝐶𝑑𝑒𝑝
𝐶𝑜𝑥

� is a non-ideality 
factor due to the capacitive voltage divider  effect of the semiconductor depletion 
capacitance (𝐶𝑑𝑒𝑝 ).  In the ideal case, 𝐶𝑜𝑥>>𝐶𝑑𝑒𝑝  so that the channel potential closely 
follows the gate potential and SS reduces to ln(10) 𝑘𝑇

𝑞
, which is 60 mV/dec at room 

temperature.  Since 𝑘𝑇
𝑞

 is a non-scaling physical constant, an ideal MOSFET switching 
characteristic is limited to be no steeper than 60 mV/dec at room temperature.  In practice, 
𝑆𝑆 is typically closer to 100 mV/dec.  The fundamental limit on how abruptly a MOSFET 
can switch on/off due to the non-scalability of the thermal voltage results in a minimum 
energy limit for CMOS digital circuits. 

The total energy dissipated in a CMOS circuit consists of two components: dynamic 
energy ( 𝐸𝐷𝑌𝑁𝐴𝑀𝐼𝐶 ) from charging and discharging capacitors and leakage energy 
(𝐸𝐿𝐸𝐴𝐾𝐴𝐺𝐸) caused by transistor off-state leakage current: 

 𝐸𝑇𝑂𝑇𝐴𝐿 = 𝐸𝐷𝑌𝑁𝐴𝑀𝐼𝐶 + 𝐸𝐿𝐸𝐴𝐾𝐴𝐺𝐸       (1.2.4) 
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 𝐸𝐷𝑌𝑁𝐴𝑀𝐼𝐶 = 𝛼𝐿𝐷𝑓𝐶𝑉𝐷𝐷2        (1.2.5) 

 𝐸𝐿𝐸𝐴𝐾𝐴𝐺𝐸 = 𝐿𝐷𝑓𝐼𝑂𝐹𝐹𝑉𝐷𝐷𝑡𝐷𝐸𝐿𝐴𝑌       (1.2.6) 

where is 𝛼 the activity factor, 𝐿𝐷 is the logic depth, 𝑓 is the fanout, and 𝐶 is the capacitance 
per stage. 

The time delay per operation, 𝑡𝐷𝐸𝐿𝐴𝑌, is given by: 

 𝑡𝐷𝐸𝐿𝐴𝑌 = 𝐿𝐷𝑓𝐶𝑉𝐷𝐷
2𝐼𝑂𝑁

         (1.2.7) 

 

Figure 1.5:  CMOS minimum energy limit due to subthreshold leakage. (a) log(ID)-VG plot 
showing the effect of lowering VDD and VTH and its (b) energy per operation implications. 

Dynamic energy can be reduced by lowering 𝑉𝐷𝐷 following the blue line in Figure 
1.5(b).  However, by doing so, transistor drive current (𝐼𝑂𝑁) is also reduced (Figure 1.5(a)), 
which in turn increases delay (𝑡𝐷𝐸𝐿𝐴𝑌).  In order to maintain the same drive current (i.e. 
circuit performance), the threshold voltage (𝑉𝑇𝐻) must be reduced to maintain the same gate 
overdrive (𝑉𝐷𝐷 − 𝑉𝑇𝐻).  However, a linear reduction in 𝑉𝑇𝐻 increases the off-state leakage 
(𝐼𝑂𝐹𝐹) exponentially according to 𝑆𝑆, following the red line in Figure 1.5(b).  Alternatively, 
𝑉𝑇𝐻 can be held fixed while scaling 𝑉𝐷𝐷 at the expense of performance (a longer 𝑡𝐷𝐸𝐿𝐴𝑌), 
which in turn increases 𝐸𝐿𝐸𝐴𝐾𝐴𝐺𝐸 as well.  Hence, there is a minimum total energy point 
that balances these two energy components.  This is the energy efficiency limit of CMOS 
that will always exist if the mechanism for on/off switching is thermionic emission over a 
potential barrier. 
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To avoid unreasonably high levels of chip power density, parallelism (multi-core 
processing) has been adopted in recent years.  The idea is to operate the circuits more 
slowly at a lower energy point (Figure 1.6(a)), and to run multiple processor cores in 
parallel to recoup system level performance (Figure 1.6(b)).  Today, multi-core 
microprocessor chips (with up to 8 cores in a single chip) have become the norm. 

 Parallelism is only a temporary fix, however.  Due to the fundamental energy 
efficiency limit for CMOS, energy consumption per operation cannot be lowered 
indefinitely by reducing core performance.  When the CMOS circuitry is operating at the 
minimum energy point, the energy per operation cannot be lowered anymore even if 
throughput is further reduced (Figure 1.6(c)).  To continue to improve system performance 
in the long run, subthreshold leakage needs to be eliminated.  A new switch will be required. 

 

 

Figure 1.6:  Plots of normalized energy per operation vs. 1/throughput demonstrating the 
benefits of parallelism and its limited effectiveness due to CMOS minimum energy point. 

 

 

1.3 Mechanical Switches 

 

1.3.1 Breaking the Energy Efficiency Limit 

A solution to the power crisis that CMOS technology faces today requires a device 
that has more ideal switching behavior.  An ideal switch has very abrupt on/off switching 
transition and no leakage current in the off-state.  Is there such a device? 
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Behold the mechanical switch!  The use of mechanical switches for digital 
computing is, in fact, not a new concept.  They were used long before CMOS technology 
came into existence.  Back then, mechanical switches were relatively large and slow.  They 
were abandoned with the integrated circuits revolution in the mid-1900s, due to 
functionality and cost benefits of monolithic integration on a single chip.  With modern 
planar processing technology, it is possible today to fabricate miniature relays and integrate 
them on a single chip, as well.  A return to the computing device of old suddenly looks 
intriguing. 

 

Figure 1.7:  Energy efficiency illustration for a mechanical switch. (a) ID-VG plot for a 
mechanical switch, showing the effect of lowering VDD and VTH and its (b) energy per 
operation implications. 

Figure 1.7(a) shows representative ID-VG curves for mechanical switches, which 
operate based on making and breaking physical contact.  There is no modulation of a 
potential barrier.  Thus, the I-V characteristic is extremely abrupt (a step-like function).  In 
the off-state, an air gap separates the electrodes, so that off-state leakage is effectively zero 
(𝐼𝑂𝐹𝐹 = 0).  Therefore, the leakage energy term drops out completely: 

 𝐸𝐿𝐸𝐴𝐾𝐴𝐺𝐸 = 0         (1.3.1.1) 

Thus, the total energy dissipated in a mechanical digital circuit consists only of dynamic 
energy for charging and discharging capacitances: 

 𝐸𝑇𝑂𝑇𝐴𝐿 = 𝐸𝐷𝑌𝑁𝐴𝑀𝐼𝐶 = 𝛼𝐿𝐷𝑓𝐶𝑉𝐷𝐷2       (1.3.1.2) 

VG

log (ID)

0 VDD1

IOFF1=IOFF2=0

VTH2

VDD2 VTH1

(a) (b)

ETOTAL = EDYNAMIC

0.1 0.2 0.3 0.4 0.5
VDD (V)

N
or

m
al

iz
ed

 E
ne

rg
y/

op
5

10

15

20

25

EDYNAMIC

ETOTAL



 9 
 

Without a lower bound imposed by leakage, the energy per operation for a 
mechanical logic technology could be reduced to be less than the minimum energy per 
operation for CMOS technology, by simply scaling VDD.  This is because, in theory, VDD 
and VTH can be lowered to be close to 0V for an ideal switch. 

 

1.3.2 Electrostatic Relays 

 

 

Figure 1.8:  (a) Schematic illustrations of a generic 3-Terminal relay structure in the off-
state and the on-state. (b) A typical ID-VG characteristic, showing the pull-in (VPI) and 
release (VRL) voltages. 

Micro-electro-mechanical devices utilizing electrostatic actuation are attractive 
because they are relatively easy to manufacture using conventional planar processing 
techniques and materials, do not consume substantial active power, and are more scalable 
compared to other types of actuators such as magnetic, piezoelectric, and thermal.  In an 
electrostatic switch, a movable electrode and a fixed electrode form a capacitor.  When a 
voltage is applied to this capacitor, electrostatic force (due to attraction between oppositely 
charged electrodes) accelerates the movable electrode toward the fixed electrode. This force 
is always attractive regardless of the polarity of the applied voltage (i.e. it is ambipolar), 
and its strength depends on the area of the electrodes and the separation between them (the 
actuation gap, g). 
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A schematic of a basic 3-Terminal (3T) relay is shown in Figure 1.8(a).  In the off-
state, the source and drain are physically separated by an air gap, so that no current can 
flow.  When voltage (i.e. electrostatic force) is applied between the gate and source, the 
structure is actuated downward.  When the source and drain are in contact, current can flow 
from drain to source and hence the relay is on.  A typical ID-VG curve of an electrostatic 
relay is shown in Figure 1.8(b).  A relay turns on when the gate voltage exceeds the pull-in 
voltage (VPI) and turns off when the gate voltage is lowered below the release voltage (VRL).  
The switching behavior is abrupt and the off-state leakage is zero. 

 

Figure 1.9:  Model of an electrostatically actuated beam as a dynamic parallel-plate 
capacitor and mass-spring-damper system. 

An electrostatically actuated beam can be modeled as a parallel plate capacitor on a 
mass-spring-damper system (Figure 1.9).  The motion dynamics of the movable electrode 
follows Newton’s second law of motion: 

𝑚�̈� + 𝑏�̇� + 𝑘𝑧 = 𝐹𝑒𝑙𝑒𝑐(𝑧)       (1.3.2.1) 

where 𝑧  is the displacement of the movable electrode, 𝑚  is the mass of the movable 
electrode, 𝑏 is the damping factor, and 𝑘 is the spring constant.  𝐹𝑒𝑙𝑒𝑐 is the electrostatic 
force when a voltage, 𝑉, is applied between the two electrodes, and is a function of the 
displacement, 𝑧.  A full solution of the non-linear differential equation needs to be solved 
numerically.   

For the purpose of gaining a fundamental understanding of the operation of an 
electrostatic actuator, we can model the structure as a simple parallel plate capacitor [12].  
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𝐹𝑒𝑙𝑒𝑐(𝑧) = 𝜀0(𝑊𝐿)𝑉2

2(𝑔0−𝑧)2 = 𝜀0(𝑊𝐿)𝑉2

2𝑔2
       (1.3.2.2) 

where 𝑔 is the actuation gap thickness, 𝑔0 is the as-fabricated actuation gap thickness, 𝑊 is 
the width of the actuation area, and 𝐿 is the length of the actuation area. 

The opposing force is the spring restoring force: 

𝐹𝑠𝑝𝑟𝑖𝑛𝑔(𝑧) = 𝑘𝑧 = 𝑘(𝑔0 − 𝑔)       (1.3.2.3) 

At equilibrium, these two forces must balance: 

 𝜀0(𝑊𝐿)𝑉2

2𝑔2
= 𝑘(𝑔0 − 𝑔)        (1.3.2.4) 

Note that 𝐹𝑒𝑙𝑒𝑐 increases superlinearly with displacement, while 𝐹𝑠𝑝𝑟𝑖𝑛𝑔 increases linearly 
with displacement.  Therefore, there exist a point beyond which 𝐹𝑒𝑙𝑒𝑐 is always greater than 
𝐹𝑠𝑝𝑟𝑖𝑛𝑔, and the system becomes unstable.  By stability analysis of Equation 1.3.2.4, we can 
show that this critical displacement occurs when the electrode has moved by 1

3
𝑔0  (i.e. 

𝑔 = 2
3
𝑔0).  At this critical point, the gap closes abruptly as the applied voltage is increased.  

This phenomenon is referred to as “pull-in” and the voltage at which it occurs is the pull-in 
voltage (𝑉𝑃𝐼), given by: 

 𝑉𝑃𝐼 = � 8𝑘𝑔03

27𝜀0(𝑊𝐿)         (1.3.2.5) 

Note that the relay design in Figure 1.8(a) employs a dimple at the contacting region 
to precisely define the apparent contact area.  As a result, a smaller air gap exists at the 
dimple region (gd) than the actuation region (g0).  Note that if 𝑔𝑑 < 1

3
𝑔0 , the pull-in 

phenomenon will not occur.  The thicknesses of these two gaps can be defined 
independently.  Thus having a dimple allows the relay’s mode of operation (pull-in or non-
pull-in) to be defined by adjusting the ratio of the two gap thicknesses. 

For a more general (arbitrary) relay design, the turn-on voltage in pull-in mode can 
be expressed as: 

 𝑉𝑃𝐼 = �
8𝑘𝑒𝑓𝑓𝑔03

27𝜀0𝐴𝑒𝑓𝑓
    when 𝑔𝑑 ≥

1
3
𝑔0  ` (1.3.2.6) 

where 𝑘𝑒𝑓𝑓  is the effective spring constant of the suspension beam(s) and 𝐴𝑒𝑓𝑓  is the 
effective overlap area between the movable and fixed electrode. 
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For a relay designed to operate in non-pull-in mode, contact occurs when 𝑔 = 𝑔0 − 𝑔𝑑 .  
The turn-on voltage can be expressed as: 

 𝑉𝑃𝐼 = �
2𝑘𝑒𝑓𝑓𝑔𝑑(𝑔0−𝑔𝑑)2

𝜀0𝐴𝑒𝑓𝑓
   when 𝑔𝑑 < 1

3
𝑔0   (1.3.2.7) 

Recall that the release (turn-off) voltage (VRL) is lower than VPI.  This hysteretic 
switching behavior is due to pull-in mode operation and surface adhesion force.  A relay 
designed to operate in pull-in mode will snap down once the displacement reaches 1

3
𝑔0.  

Once pulled-in, the gap is effectively reduced to 𝑔0 − 𝑔𝑑, so the electrostatic force is larger 
at the same voltage (VPI).  Thus, turning off the device requires the voltage to be lowered 
below VPI.  The spring restoring force must overcome both the electrostatic force and 
surface adhesive force that exists when contact is made, in order to turn off the relay.  In 
non-pull-in mode, only surface adhesive force causes the hysteretic switching behavior, so 
the hysteresis voltage is expected to be smaller. 

Once contact is made, the force balance equation is as follows: 

 𝜀0(𝑊𝐿)𝑉2

2𝑔2
+ 𝐹𝐴 = 𝑘(𝑔0 − 𝑔)        (1.3.2.8) 

where 𝐹𝐴 is the surface adhesive force. 

At the release operating point, 𝑔 = 𝑔0 − 𝑔𝑑.  The release voltage is found to be: 

 𝑉𝑅𝐿 = �2�𝑘𝑒𝑓𝑓𝑔𝑑−𝐹𝐴�(𝑔0−𝑔𝑑)2

𝜀0𝐴𝑒𝑓𝑓
        (1.3.2.9) 

It should be noted that the hysteresis voltage sets the lower limit for relay voltage 
scaling.  Because of its abrupt switching behavior, a relay can in principle be made to 
operate with VRL close to zero, so that VDD can be reduced to be as low as the hysteresis 
voltage. 

 

 

1.4 Dissertation Objectives 

This dissertation addresses the CMOS power crisis as follows.  Chapter 1 discusses 
the origin of this crisis and why there exists a fundamental limit to the effectiveness of 
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parallelism.  An alternative switching device with more ideal behavior, the electro-
mechanical relay, is proposed to solve this challenge. 

Chapter 2 describes fabrication process and materials development work to develop 
a robust micro-relay technology.  Requirements for each material layer, as well as selection 
and evaluation of materials are discussed.  Challenges encountered and possible ways to 
mitigate them are discussed. 

Chapter 3 presents a reliable 4-Terminal relay technology developed for digital 
logic applications.  Performance and reliability characterization results of first-generation 
logic relays are presented.  Non-ideal parasitic effects are identified. 

Chapter 4 describes improvements to the 4-Terminal relay technology presented in 
Chapter 3.  A more robust and scalable process is presented.  Improved relay designs 
mitigate parasitic electrostatic effects found in the 1st generation relays.  Process and design 
optimizations are performed to achieve the lowest operating voltage with the process 
technology available.  New relay structures are proposed to increase circuit functionality 
and provide a means for achieving highly compact relay-based circuits. 

Chapter 5 presents relay-based circuit demonstrations.  A complementary inverter 
circuit is characterized and studied in depth to gain insight on the optimal body-biasing 
schemes for relay logic.  All 2-input logic functions are demonstrated using only two relays 
via multi-input/multi-output design. 

Chapter 6 summarizes the findings of this dissertation and its contributions to the 
field of micro/nanoelectronics.  Suggestions for future research are offered. 
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Chapter 2  
Relay Process Development 
 

 

2.1 Introduction 

Early computing machines utilized mechanical mechanisms (involving actuation 
and physical contact).  The electromechanical relay was first built by J. Henry in 1835 
using an induction coil for actuation, and achieved superior performance than purely 
mechanical switches.  Through the 20th century, computing machines were built using 
electromechanical devices.  However, they were huge in size, slow, and very expensive to 
build.  The era of electronic computing began with vacuum tubes, and took off in the 1950s 
after the inventions of transistors and integrated circuits.  Today, digital computing devices 
utilize solid-state electronic switches (i.e. CMOS transistors).  The ability to miniaturize 
and integrate billions of them on a single chip of silicon the size of a coin has enabled 
dramatic increases in functionality and performance, as well as reductions in cost [1]. 

As transistor scaling continues, CMOS technology approaches a fundamental 
energy efficiency limit.  As described in Chapter 1, a shift back to the computing device of 
old, the relay, potentially can help to overcome this limit.  By leveraging advancements 
over the past 40+ years in planar processing and micro-machining technology, 
electromechanical relays can be miniaturized to overcome their historical disadvantages. 

Micro-electro-mechanical systems (MEMS) comprise miniature mechanical or 
electromechanical structures fabricated using micro-machining techniques derived from 
planar processing techniques.  As the field grew, specialized processes were developed to 
meet the unique needs of MEMS structures with materials and structural aspect ratios not 
typical for CMOS devices.  (Interestingly, integrated circuits may borrow processing 
techniques from MEMS as advanced transistor structures are adopted.  For example, deep 
reactive ion etching (DRIE) techniques originally developed for MEMS to produce highly 
anisotropic, steep sidewalls, can be used to fabricate “three-dimensional” multi-gate 
transistors which require high-aspect-ratio silicon fins.) 

With the advancement of micromachining technology, MEM relays can be 
developed to combine the benefits of scaling and the ideal current-vs.-voltage characteristic 
of mechanical switches.  Various 3-Terminal (3T) micro-relay designs for logic 
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applications have been described in the literature.  Among them are relays employing 
cantilever beam designs [2], [3], [4] and clamped-clamped beam designs [5], [6].  The 
actuated structure can be designed to move vertically (out-of-plane) [2], [4], [5] or laterally 
(in-plane) [3], [6].  Various contact materials have been explored, including W [5], TiN [2]-
[4], and Ru [6].  So far, the lowest operating voltage reported is ~5 V, with a switching 
delay in the range of hundreds of ns [5], [6].  Poor reliability due to stiction and welding at 
the contacts remains a key issue [2]-[4], [6].  Coating one of the contact electrodes with a 
thin SiO2 layer can improve endurance to over 400 switching cycles [2].  Another method 
proposed in [4] to attain better reliability is to encapsulate the relay in an insulating liquid 
medium, such as transformer oil.  Endurance was improved from 10 to over 50 cycles using 
this approach, but at the cost of degraded switching speed.  A laterally actuated switch 
design with Ru contacts achieved 2 million switching cycles [6], but this is still insufficient 
for logic switch applications. 

Monolithic integration of MEMS with CMOS on a single chip is also attractive to 
enhance system functionality and performance by leveraging the advantages of each 
technology where appropriate [7].  Integration with CMOS can be achieved with either a 
“MEMS-first” (MEMS fabrication done before CMOS process steps) or a “MEMS-last” 
(MEMS fabrication done after CMOS process steps) approach.  The “MEMS-first” 
approach is less desirable because it requires a customized CMOS process.  A “MEMS-last” 
process allows a standard foundry CMOS process to be used and also allows for vertical 
stacking of MEMS on top of electronics, which saves area and reduces parasitic 
interconnect resistance and capacitance for better performance; however, it imposes a 
thermal budget constraint for MEMS fabrication [8].  

In this chapter, early process development work to fabricate electrostatically 
actuated micro-relays for digital logic application is presented.  These efforts laid the 
groundwork for the robust, CMOS-compatible 4-Terminal (4T) relay technology presented 
in Chapters 3 and 4. 

 

 

2.2 Relay Structures 

A logic relay design is MOSFET-inspired.  Terminology such as “source,” “drain,” 
“body,” and “gate” are used to denote terminals that are analogous to their MOSFET 
counterparts.  The 4-Terminal (4T) relay structure is most useful for circuit applications and 
is the ultimate goal of this process development effort.  Simpler structures have been used 
along the way to solve process challenges.  Trading off simplicity and functionality, each 
structure is useful for different purposes.  Figure 2.1 shows layout and cross-sectional 
views of the different structures.  Their circuit symbols are shown in Figure 2.2. 



 17 
 

 

Figure 2.1: Various relay structures used for process development. 2-Terminal relay (a) top 
view and (b) cross sectional view along A-A’. 3-Terminal relay (c) top view and (d) cross 
sectional view along B-B’. 4-Terminal relay (e) top view and (f) cross sectional view along 
C-C’. The contact dimple and source/drain electrodes of the 4-Terminal relay design are not 
along the cross section but are shown with dotted lines to indicate their heights. 
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Figure 2.2: Circuit symbols for (a) 2-Terminal, (b) 3-Terminal, and (c) 4-Terminal relays. 

 

2.2.1 2-Terminal Relay 

The most basic relay structure is a simple 2-Terminal (2T) switch illustrated in 
Figures 2.1(a) and 2.1(b).  It simply consists of a source terminal and a drain terminal.  A 
voltage difference between the two terminals actuates the relay and current flows between 
them when contact is made.  Since the actuation voltage and the drain voltage are the same, 
reliability becomes a major issue.  Actuation voltages for mechanical switches tend to be 
high (~10 V or higher), especially when the technology has not reached maturity.  Relays 
become prone to welding-induced stiction at the contact due to Joule heating from 
excessively high current flow.  Additionally, a 2T switch is not very useful for 
implementation of digital logic circuits because it does not have separate input (control) 
and output electrodes. 

Despite the shortcomings mentioned above, the 2T switch is useful for process 
development due to its simplicity.  It requires only a single lithography mask to pattern the 
structural layer to form the movable terminal; the substrate serves as the other terminal.  
This is sufficient to allow the mechanical properties of the structural layer to be quickly 
characterized.  For example, VPI of a cantilever array can be obtained to extract Young’s 
modulus of the material [9], which relates to structural stiffness.  The effects of residual 
stress and strain gradient on VPI can also be studied: an interferometer measurement can be 
used to measure the amount of structural deflection resulting from a non-zero strain 
gradient. 

 

2.2.2 3-Terminal Relay 

The 3-Terminal (3T) relay design (Figures 2.1(c) and 2.1(d)) solves the main 
disadvantage of the 2T relay design by providing separate input (gate) and output (drain) 
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electrodes.  The actuated structure is electrically connected to the source electrode, and its 
position is determined by the voltage difference between the gate and the source terminals 
(VGS), which can be high without affecting drain current.  Drain current flow (IDS) is 
determined by the drain-to-source voltage (VDS), which can be small to prevent welding.  
From a processing standpoint, this allows the electrode and structural materials to be 
optimized separately.  The electrode material can be optimized for good contact reliability 
while maintaining sufficiently low on-resistance (RON) for the target application.  The 
structural layer can be optimized for low VPI, for low-power operation. 

 

 

Figure 2.3:  Relays connected in series. (a) 3-Terminal relays. (b) 4-Terminal relays always 
have a fixed gate switching voltage. 

The main disadvantage of the 3T relay design is seen from a circuit perspective.  In 
an integrated circuit, multiple relays may be connected in series.  (Examples include a 
conventional NAND or NOR gate.)  For 3T relays connected in series, shown in Figure 
2.3(a), the gate switching voltage can vary for the relay on the right, since its source voltage 
is not fixed.  This can lead to unreliable circuit behavior. 

Nonetheless, a 3T design suffices for the purpose of studying switching behavior for 
process technology development.  Unlike the 2T relay, the 3T relay can turn off reliably 
since the contact material and drain bias can be optimized for reliable operation.  The 3T 
design is therefore appropriate to study contact properties, such as surface adhesive forces 
and how the contact resistance evolves with on/off cycling.  This is especially useful for 
choosing and optimizing contact materials, or studying thin-film electrode coatings. 

 

2.2.3 4-Terminal Relay 

The 4-Terminal (4T) relay design addresses the shortcoming of the 3T relay design 
with the addition of the body terminal (Figures 2.1(e) and 2.1(f)) and gate insulating layer.  
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In this design, the actuated structure is the gate, whose position is controlled by the voltage 
applied between the gate and the body (VGB), as opposed to the gate and source (VGS) in the 
3T design.  Thus, the gate switching voltage can be fixed and independent of the source 
voltage, as shown in Figure 2.3(b).  A metallic channel attached to the underside of the gate 
serves as a bridge connecting the source and drain when the relay is in the on-state.  A layer 
of gate dielectric insulates the gate and the channel so that current flows only from the drain 
to the source during the on state, not to the gate.  Apart from fixing the gate switching 
voltages, the 4T relay allows the gate switching voltage to be tuned by applying a body bias 
voltage, which can be advantageous for circuit design.  An in-depth discussion of the 
properties of the 4T relay design is presented in Chapter 3.  

 

 

2.3 Relay Process Flow 

 

Figure 2.4:  Four-terminal relay structure and operation. (a) Cantilever beam and (b) 
clamped-clamped beam design layout. (c) Cross-section along the channel (A-A’) in the 
off-state and (d) on-state. 

In this work, the ultimate goal is to develop a robust and reproducible 4T relay 
technology that can be used to fabricate complex digital circuits.  Arrays of cantilever beam 
and clamped-clamped beam relay designs (Figure 2.4) of varying lengths and widths are 
used to develop the process.  Beam widths range from 1 µm to 3 µm.  Beam lengths range 
from 5 µm to 60 µm and from 11 µm to 120 µm for cantilever and clamped-clamped 
designs, respectively. 
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A process flow used to develop a 4T relay technology is illustrated in Figure 2.5.  
Starting with an n-type silicon substrate, a layer of phosphosilicate glass is deposited at 
450°C by LPCVD, then annealed at 1050°C to drive in the dopants.  The PSG is then 
removed in a 5:1 buffered hydrofluoric acid (BHF) solution.  The substrate is now heavily 
n-type doped.  A layer of low temperature oxide (LTO) is deposited at 400°C via LPCVD 
as both an insulating layer for the electrodes and 1st sacrificial layer.  Amorphous silicon 
(A-Si) buffer layer is deposited at 500°C to promote adhesion of the tungsten electrode 
layer.  The tungsten layer is deposited via sputtering and patterned to form source and drain 
electrodes.  A layer of 2nd sacrificial LTO is deposited at 400°C by LPCVD.  Next, tungsten 
followed by an A-Si adhesion layer are deposited and patterned to form the channel.  A thin 
(<10 nm) layer of LTO is then deposited as gate dielectric.  (Later Al2O3 deposited by 
atomic layer deposition (ALD) was used as the gate dielectric to improve reliability and 
solve gate leakage current issues.)  The n-type polycrystalline silicon (poly-Si) structural 
layer is deposited at 610°C by LPCVD.  P-type polycrystalline silicon germanium (poly-
SiGe) deposited by LPCVD at 410°C is a low thermal budget alternative for the structural 
layer.  An LTO hard mask is deposited at 400°C before patterning the poly-Si or poly-SiGe 
to form the structure.  Finally, the device is released in HF vapor to selectively remove the 
SiO2 sacrificial layers. 

Note that in this process, the heavily doped n-type substrate serves as the body 
terminal.  Amorphous silicon buffer layers are required because of poor adhesion between 
tungsten and SiO2.  A contact dimple design is not used, in order to minimize the number 
of lithography steps.  The HF vapor release process is a very carefully timed etch because 
SiO2 comprises the gate dielectric as well as the substrate dielectric which supports the 
source/drain electrodes and the structural anchors.  We relied on etch-rate variation with 
gap thickness and also used large anchor and electrode areas to ensure that the SiO2 is not 
completely removed under these areas during the release etch.  The next sections describe 
the selection and development of these materials and the challenges encountered in 
developing this process. 

This process yields functional devices that demonstrate very steep switching 
behavior, as expected.  However, device yield is poor (~50-60%).  The cantilever beams are 
prone to stiction and the clamped-clamped beams are buckled and generally show one-time 
switching behavior.   For the functional devices, endurance was found to be rather poor 
(<10 cycles).  Once they switch, the relays either get permanently stuck down or 
structurally failed.  Nevertheless, valuable lessons were learned to guide efforts toward the 
robust, reliable, and repeatable process flow discussed in Chapters 3 and 4. 

 



 22 
 

 

Figure 2.5:  Four terminal relay process flow, illustrated with schematic cross-sections 
corresponding to A-A’ in Figure 2.4. (a) N-type silicon substrate is heavily doped by PSG 
predeposition and drive-in anneal. Phosphosilicate glass (PSG) is then removed. (b) 1st 
sacrificial SiO2 layer is deposited, followed by amorphous silicon (A-Si) buffer layer and 
tungsten (W) electrode layer. (c) Source/drain electrodes are patterned. (d) 2nd sacrificial 
SiO2 layer deposited. W channel layer and A-Si buffer later deposited. (e) Channel is 
patterned followed by thin SiO2 deposition for gate oxide. (f) N-doped polycrystalline 
silicon or silicon-germanium is deposited and patterned to form the structure. (g) Sacrificial 
layers are removed by HF vapor release.  
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2.4 Materials Selection and Development 

Developing an integrated device fabrication process involves many considerations.  
There are four critical elements of the 4T relay structure, namely the sacrificial, contact 
electrode, insulating dielectric, and structural materials.  Each of these has its individual 
requirements, and also must be process-compatible with the other materials.  In this section, 
selection of these materials are discussed, with considerations related to process integration 
as well as the application (digital ICs), and availability of materials and processes in the UC 
Berkeley Marvell Nanofabrication Laboratory. 

 

2.4.1 Sacrificial 

In selecting a set of relay materials, the sacrificial material is the first to be 
considered because it determines the etch chemistry that will be used to release the relay at 
the very end of the process.  This means that every material in the relay structure will be 
exposed to that particular etch chemistry and must be able to withstand it very well. 

The sacrificial layer has the following key requirements: 

(1) Dry release process 
(2) Uniform and highly controllable deposition 
(3) Low deposition temperature (<425°C) 

MEMS structures released in a typical wet chemical etch process are prone to 
stiction due to capillary forces.  Surface tension from the liquid etchant can cause adhesion 
forces stronger than the spring restoring force of the beam, causing the structure to get 
stuck down during release.  More hydrophilic contact surfaces are more susceptible to this 
type of stiction.  Solutions such as critical-point drying to eliminate surface tension have 
been proposed [10] but add to process complexity and do not solve the problem completely.  
A dry release process is desirable because it eliminates the presence of fluid during the etch 
process and thereby mitigates stiction. 

Uniformity and controllability of deposition is an important consideration for 
choosing a sacrificial material.  The sacrificial layers determine the actuation and contact 
gap thicknesses, which in turn determine the switching voltages of the relay.  It is critical 
that the gap thickness can be well-controlled and repeatable during processing, and is 
uniform across the wafer to ensure uniform operating voltages.  The sacrificial layers also 
must be continuous and without pinholes that may result in shorts between electrodes.  In 
the current process, sacrificial layer thicknesses are ~100 nm.  As relay dimensions are 
scaled down for improved device density and performance, the ability to controllably 
deposit thin sacrificial films in the nanometer range will be critical. 
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Ultimately, a CMOS-compatible process is desired.  While the ultimate goal is to 
demonstrate purely relay-based complex logic circuits, integration with CMOS devices 
would allow the advantages of each technology to be leveraged to realize hybrid systems 
with enhanced performance and functionality.  A “MEMS-last” process is most attractive 
because it allows CMOS transistors to be fabricated using a conventional process before the 
relays are fabricated.  However, this approach constrains the relay thermal process budget.  
The thermal budget limit is 425°C for 6 hours or 450°C for 1 hour, for a foundry 0.25 µm 
CMOS technology [8]. 

 Considering these criteria and materials availability, SiO2 seems to be a good 
candidate.  It can be selectively removed in HF vapor by suspending the chip on a 
temperature-controlled electrostatic chuck over a 49% HF bath.  SiO2 can be deposited via 
low-pressure chemical vapor deposition (LPCVD) with good uniformity and conformality.  
A low temperature oxide (LTO) process is developed to deposit SiO2 at 400°C and 300 
mTorr process pressure with gas flow rates as follows:  SiH4 = 90 sccm, O2 = 135 sccm.  
The SiO2 deposition rate is ~10 nm/min with good thickness control in the 10s of nm range. 

 

2.4.2 Contact Electrode 

The contact electrode material must meet the following requirements: 

(1) Sufficiently low contact resistance 
(2) Resistant to wear and plastic deformation (high hardness) 
(3) Resistant to HF vapor 
(4) Uniform deposition process 
(5) Low deposition temperature (<425°C) 

The electrode material is important because it determines the on-resistance of the 
relay (RON) as well as contact reliability.  In a 4T relay, RON consists of several 
components:  

𝑅𝑂𝑁 = 𝑅𝑆𝑂𝑈𝑅𝐶𝐸 + 𝑅𝐷𝑅𝐴𝐼𝑁 + 𝑅𝐶𝐻𝐴𝑁𝑁𝐸𝐿 + 2𝑅𝐶𝑂𝑁𝑇𝐴𝐶𝑇    (2.4.2.1) 

where 𝑅𝑆𝑂𝑈𝑅𝐶𝐸  is the resistance of the source electrode, 𝑅𝐷𝑅𝐴𝐼𝑁  is the resistance of the 
drain electrode, 𝑅𝐶𝐻𝐴𝑁𝑁𝐸𝐿 is the resistance of the channel electrode, and 𝑅𝐶𝑂𝑁𝑇𝐴𝐶𝑇 is the 
contact resistance between the channel and source or drain.  Out of these components, the 
contact resistance is dominant, so that 𝑅𝑂𝑁 ≅ 2𝑅𝐶𝑂𝑁𝑇𝐴𝐶𝑇.  Therefore, contact properties 
should be studied carefully. 

A resistance model for an electro-mechanical contact has been developed by R. Holm [11]: 
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𝑅𝐶𝑂𝑁𝑇𝐴𝐶𝑇 = 4𝜌𝜆
3𝐴𝑟

         (2.4.2.2) 

where 𝜌 is the resistivity of the material, 𝜆 is the electron mean free path in the material, 
and 𝐴𝑟 is the effective contact area. 

The effective contact area is given by:
 

𝐴𝑟 ≈
𝐹𝑒𝑙𝑒𝑐
𝜉𝐻

          (2.4.2.3) 

where 𝐹𝑒𝑙𝑒𝑐 is the electrostatic force that makes the contact (which gives a measure of the 
loading force), 𝜉 is the deformation coefficient, and 𝐻 is the hardness of the material. 

The contacting surface is always rough [12], so that physical contact is only made at 
local asperities [13].  The real contact area is only a fraction of the apparent contact area 
and is a function of the applied load and the material hardness.  The applied load should be 
kept low enough to keep the material in its elastic domain and avoid plastic deformation. 

As the field of MEMS emerged 20+ years ago, relays were among the first devices 
to be investigated.  These were built mainly for RF switching applications which require 
very low on-resistance to minimize insertion loss.  As a result, RF switches are typically 
built with soft metals such as gold ( H = 0.2-0.7 GPa), which can achieve very low contact 
resistance (<1 Ω) [14].  Due to Joule heating from high current flow, welding-induced 
failure is a major concern for this application.  In contrast, low on-resistance is not a 
requirement for digital logic applications: RON can be as high as 10 kΩ while ensuring that 
the electrical charging delay will be much smaller than the mechanical switching delay 
(~100 ns), for typical load capacitances (10-100 fF) [15].  Logic relays should be designed 
instead for high reliability to ensure an operating lifetime of 10 years.  Hard, refractory 
metals are therefore more suitable candidates for the contact electrode material. 

Tungsten is a good candidate for the contact electrode.  It has one of the highest 
hardnesses of all metals.  It has Mohs hardness of ~7.5 and Vickers hardness ~3.43 GPa.  
Of all pure metals in the periodic table, tungsten has the highest melting point, 3422°C, for 
good resistance to welding-induced failure due to Joule heating at the contact.  Also from a 
process integration point of view, tungsten is an excellent candidate.  First, tungsten is 
highly resistant to HF, BHF, and HF vapor [16], which is also confirmed in this work.  
Second, metal thin films in general can be deposited using Physical Vapor Deposition 
(PVD), such as sputtering.  In the UC Berkeley Marvell Nanofabrication Laboratory, 
tungsten can be deposited with good thickness control in the CPA 9900 DC magnetron 
sputtering system.  Ions from a high-energy plasma are accelerated towards the metal target 
to bombard and dislodge metal atoms from the target.  A magnetron is used to help control 
the trajectories of these dislodged atoms, which then fall onto the wafer surface and form a 
film.  Deposition is fast with good uniformity and reasonable conformality.  Sputtering 
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easily meets the thermal budget constraint, since the wafer is kept at room temperature.  In 
the CPA system, wafers are placed on a track that transports them across the chamber.  
Deposition occurs when the wafers pass below the sputtering target.  With a faster track 
speed, the wafers spend less time under the target so that the deposited film is thinner.  
Prior to the deposition, the chamber is pumped down for a couple of hours to reach base 
pressure ~1×10-7 Torr, so that deposition is carried out under high vacuum.  An inert 
process gas (Ar) flows to the chamber with process pressure = 9 mTorr.  Figure 2.6 shows 
tungsten deposition thickness and sheet resistance for various combinations of power and 
track speed. 

 

Figure 2.6:  Tungsten thin-film deposition by DC magnetron sputtering: thickness and 
sheet resistance for different power and track speed settings. Base pressure is ~1×10-7 Torr, 
and process pressure is 9 mTorr. 

 

2.4.3 Insulating Dielectric 

In a 4T relay, a dielectric is needed in two places: 1) insulating layer between the 
electrodes and the silicon substrate (substrate dielectric), and 2) insulating layer between 
the channel and the structural electrode (gate dielectric).   

The dielectric material has the following requirements: 

(1) High electrical breakdown voltage 
(2) Low leakage current 
(3) Low stress 
(4) Resistant to HF vapor 
(5) Uniform and controlled deposition process 
(6) Low deposition temperature (<425°C) 

Power Track Speed Thickness Sheet Resistance
1kW 40cm/min 50nm 5Ω/sq
1kW 60cm/min 35nm 7Ω/sq
1kW 80cm/min 30nm 10Ω/sq

1.5kW 40cm/min 55nm 3Ω/sq
1.5kW 60cm/min 50nm 5Ω/sq
1.5kW 80cm/min 40nm 6Ω/sq
2kW 40cm/min 85nm 2Ω/sq
2kW 60cm/min 55nm 3Ω/sq
2kW 80cm/min 50nm 5Ω/sq
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In relays, the sole purpose of the dielectric layers is electrical insulation.  It is 
important, therefore, to choose a material with high electrical breakdown voltage to be able 
to withstand the higher operating voltage of MEMS devices.  To maintain low static power 
dissipation and good reliability, gate leakage current should be kept to a minimum.  Unlike 
a CMOS transistor, a relay does not depend on good capacitive coupling between the gate 
and the channel to operate with steep turn-on/off characteristics, so there is no need for very 
low equivalent gate-oxide thickness.  In fact, a low-permittivity dielectric material is more 
desirable to reduce capacitive loading.  Mechanical stress is a consideration because it can 
affect the curvature (and hence the actuation and contact gaps) of the released structure.  
Finally, process integration and thermal budget requirements are considerations. 

 In the initial stages of process development, the choice of materials is limited.  
Conventional dielectric materials used in a CMOS process, such as silicon dioxide (SiO2) 
and silicon nitride (Si3N4), are readily available.  Si3N4 is uniformly deposited by LPCVD 
at 800°C, which does not meet the low thermal budget requirement.  SiO2 can be deposited 
via LPCVD at temperatures between 400°C-450°C.  However, it will be etched away 
during the release step together with the sacrificial SiO2 layers.  It is known that the SiO2 
lateral etch rate in 5:1 BHF and 10:1 HF becomes thickness dependent for gaps < 50 nm 
[17], due to slower flow rates of etchants and etch by-products.  In 5:1 BHF, the lateral etch 
rate for SiO2 in a 10 nm gap is about half that in a 50 nm gap.  Assuming similar behavior 
will be observed in HF vapor, a layer of SiO2 much thinner than the sacrificial layer could 
potentially survive the release step, if timed carefully. 

 A low-temperature oxide (LTO) LPCVD process is developed to deposit thin SiO2 
with good control.  Deposition occurs at 450°C and 300 mTorr process pressure with gas 
flow rates as follows:  SiH4 = 1 sccm, O2 = 9 sccm.  The deposition rate is ~1 nm/min with 
good control in the nm range.  Thin (<10 nm) LTO gate dielectric layer is integrated into 
the process flow and verified to survive the release step after all sacrificial layers are etched 
away (test structures that mimic the channel are still attached to the structure, indicating 
that the intermediary thin gate oxide is still present).  This is not a very robust solution 
since the release step must be characterized and timed with precision.  Since the sacrificial 
oxides need to be significantly thicker than the gate oxide to make use of etch rate 
difference, this process is also not scalable. 

 The arrival of the PICOSUN SUNALE  R150 Atomic Layer Deposition (ALD) tool 
provided the capability to deposit aluminum oxide (Al2O3), a more robust dielectric 
material.  The ALD process involves a surface chemistry of two precursors that forms thin 
film in a self-limiting manner.  The two precursors are pulsed alternately in sequence.  With 
each pulse, surface reaction occurs forming a continuous monolayer of thin film.  Unused 
precursor and reaction by-products are purged in between the pulses.  Atomic level 
precision can be achieved simply by setting the number of precursor pulse cycles.  ALD 
Al2O3 can be deposited at 300°C with growth rate of ~0.1 nm/cycle, which easily satisfies 
the thermal budget requirement. 
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Al2O3 has favorable electrical, mechanical, and chemical properties.  A report of 
ALD Al2O3 films formed using the same system (PICOSUN SUNALE  R150) shows that a 
300 nm film deposited at 300°C has intrinsic tensile stress of ~200 MPa [19], which is 
within the acceptable range.  A film deposited at 250°C shows leakage current density of 1 
µA/cm2 at 2 MV/cm, with a breakdown at 7.5 MV/cm [19].  In this work, measurements of 
films deposited at 300°C show leakage current density ~10 nA/cm2 at 2 MV/cm, while 
breakdown occurs at electric fields >15 MV/cm.  In a device, breakdown is expected to 
occur at a lower voltage than for a blanket film, due to concentrated electric field at corners 
formed as a result of topography.  Finally, despite being attacked in HF liquid [16], Al2O3 
is known to be highly resistant to HF vapor [20], which is verified in this work.  Al2O3 is 
therefore an excellent relay dielectric material. 

 

2.4.4 Structural 

The choice of structural material is an important one since it determines relay 
operating voltage and mechanical reliability.  The important considerations for structural 
material are the following: 

(1) Low residual stress and strain gradient 
(2) Robust against fracture and fatigue 
(3) Resistant to HF vapor 
(4) Uniform and controlled deposition 
(5) Low deposition temperature (<425°C) 

Polycrystalline silicon (poly-Si) is the conventional structural material used in 
surface-micromachined MEMS devices [21].  Its mechanical and stress properties have 
been well characterized for many years [22], [23].  Low residual stress (<25 MPa) with 
negligible strain gradient can be achieved.  However, poly-Si is typically deposited via 
LPCVD at temperatures >600°C.  Furthermore, high-temperature (>900°C) annealing [21], 
[23] is typically required to achieve low stress.  This imposes a severe constraint on the 
choice of contact electrode materials and does not meet the CMOS compatibility 
requirement.  Nevertheless, phosphorus-doped n-type poly-Si is initially employed to 
demonstrate relay functionality.  It can be deposited by LPCVD at 610°C and 375 mTorr 
process pressure with gas flow rates as follows:  SiH4 = 100 sccm, PH3 = 4 sccm.  
Deposition rate is ~2nm/min. 

 Considering their high electrical conductivity and low thermal process budget, 
sputter-deposited metal films were considered to be reasonable candidates.  A previous 
study investigating Al, Ni, Ti, TiN show that sputtered metals have very high residual stress, 
ranging from hundreds of MPa to 1 GPa [24].  Only Al shows low tensile residual stress 
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within the acceptable range (~10 MPa) but is hampered by very large strain gradient 
(~3×10-3 µm-1) [24].  It was therefore decided not to pursue a metallic structural material. 

 Polycrystalline silicon germanium (poly-Si1-xGex, x≤0.6) has been recently studied 
as low thermal budget structural material for MEMS [25].  It can be deposited by LPCVD 
at temperatures much lower than poly-Si (<450°C).  While it tends to have larger strain 
gradient than poly-Si, it is still within an acceptable range when carefully optimized 
(~1×10-4 μm-1).  For this process, a very thin layer of amorphous silicon (<5 nm) is first 
deposited as a seed layer at 410°C and 300 mTorr, with Si2H6 = 100 sccm.  Then, in-situ-
boron-doped p-type poly-Si0.4Ge0.6 is deposited by LPCVD at 410°C and 600 mTorr with 
gas flow rates as follows:  SiH4 = 140 sccm, GeH6 = 60 sccm, BCl3 = 45 sccm.  Deposition 
rate is ~6 nm/min.  Poly-Si0.4Ge0.6 provides a low thermal budget alternative for the 
structural material in this work. 

 

 

2.5 Process Integration Challenges 

 

2.5.1 Film Delamination 

In structures with moving parts, good adhesion between the layers is required.  In 
this work, tungsten adhesion to SiO2 proved to be an integration challenge.  An assessment 
of film adhesion can quickly be determined by a scratch test or peel test [26].  The W-SiO2 
surface interaction energy is actually rather strong, but delamination occurs due to stress 
[27], [28], which is exacerbated by exposure to high temperatures.  As described earlier, 
metal films tend to have high residual stress and strain gradient [24].  Residual stress 
consists of two components: the intrinsic stress of the film that depends on the 
microstructure of the film (grain size, geometry and crystal orientation) [29] and thermal 
stress that is due to difference in thermal expansion coefficients between the film and the 
underlying substrate when deposited or annealed at high temperatures.  Tungsten residual 
stress depends strongly on the thickness of the film and deposition pressure during 
sputtering [30]. 

Tungsten is found to have a stronger adhesion to silicon.  Therefore a layer of 
amorphous silicon (40 nm) is used as an adhesion layer between tungsten and SiO2 to 
significantly increase the process temperature limit.  Amorphous silicon is suitable because 
of its low deposition temperature compared to poly-Si and it is a smoother film due to the 
absence of microcrystalline grain structure.  Amorphous silicon can be deposited via 
LPCVD at 530°C and 300 mTorr with gas flow rate SiH4 = 200 sccm.  Deposition rate is 
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~1.25nm/min.  Even with an amorphous silicon adhesion layer, tungsten delamination will 
still occur at high temperatures.  An 80 nm tungsten film survives 550°C anneal but 
delaminates when annealed at 610°C for ~2 hours.  A 50 nm tungsten film survives 610°C 
anneal for <3 hours.  Poly-Si deposited at 610°C tends to have compressive residual stress.  
Achieving low-stress poly-Si film requires annealing steps at temperatures >900°C.  A 
rapid thermal anneal (RTA) at 950°C for 7 min results in 25 MPa tensile residual stress 
with negligible strain gradient [23].  It is also know that tungsten on silicon forms silicide 
(WSi2) with low resistivity when subjected to rapid thermal annealing at temperatures 
>1000°C [31].  Rapid thermal annealing experiments are performed at 950°C, 1000°C and 
1100°C for 30 sec, 1 min, 3 min and 6 min on a patterned tungsten film on SiO2 with an A-
Si adhesion layer.  Delamination is observed in all cases due to stress. 

The eventual switch to Al2O3 gate dielectric eliminated the need for an amorphous-
silicon adhesion layer because tungsten adheres quite well to Al2O3.  Nonetheless, 
processing temperatures still need to be kept below 550°C to avoid stress-induced 
delamination.  The choice of tungsten as the electrode material imposes a strict process 
temperature limit. 

 

2.5.2 Etching 

Dry etching can be anisotropic, to achieve patterned features with better control and 
resolution than wet etching.  In this work, etch recipes are developed for tungsten, Al2O3, 
SiO2, A-Si, poly-Si, poly-SiGe.  In developing an etch process, it is important to consider 
selectivity with respect to the underlying layer, especially when high precision is desired.  
For example, poor etch selectivity results in source/drain electrode thinning when 
patterning the sacrificial SiO2 to form contact dimples, can undesirably increase the step 
height of the source/drain electrodes, and result in the formation of a gate dielectric “foot” 
around the periphery of the channel preventing it from ever contacting the source/drain 
electrodes.  The etch rate also needs to be tuned depending on the thickness of the film.  In 
general, it is recommended to complete the etch step between ~30 sec-90 sec.  When the 
etch time is <30 sec (i.e. the etch rate is too fast), the etch process is less controllable and 
can easily result in too much overetch into the underlying layer.  When the etch time is >90 
sec (i.e. the etch rate is too slow), there can be issues with the photoresist mask.  The 
substrate may overheat and burn the photoresist when it is etched continuously for >90 sec.  
If such long etch time is needed, it is recommended to separate the etch step into multiple 
cycles to allow the substrate to cool down between cycles. 

Tungsten etch process is first developed in a Lam Research Reactive Ion Etch (RIE) 
system using CF4 and O2 as process gases.  For small features such as the channel region, 
resist erosion during RIE etching is a concern due to the presence of O2 in the plasma.  
Scanning electron micrograph (SEM) images of minimum sized channel (0.6 µm × 2.5 µm) 
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shows sloping edges due to resist erosion, in Figures  2.7(a) and 2.7(b).  A set of 
experiments is conducted by varying CF4/O2 ratio while keeping the total flow rate at 100 
sccm, RF power = 400 W, and pressure = 1 Torr (Figure 2.8).  It is found that O2 is 
required for etching to take place, and etch rate increases with increasing O2 percentage.  
Devices with channels etched with CF4/10% O2 show lower yield (more prone to open 
circuit failure), possibly due to thinned and weakened channels that possibly leads to cracks, 
particularly where there is underlying edge topography (Figure 2.7(a)).  The optimum etch 
recipe for channel patterning is obtained with CF4/5% O2 chemistry (Figure 2.7(b)), which 
shows the least amount of resist erosion and results in higher device yield. 

 

Figure 2.7:  Scanning electron micrograph (SEM) images of tungsten channel after etching 
for minimum sized channel (0.6 µm × 2.5 µm), comparing different etching processes. (a) 
RIE with CF4/ 10% O2 chemistry. (b) RIE with CF4/ 5% O2 chemistry. (c) Wet etch with 
H2O2 for 17.5 min with A-Si hard mask. (d) RIE with SF6 chemistry. 

The effects of O2 percentage on CF4/O2 and SF6/O2 processes have been 
previously studied in [32].  It is found that the etch rate initially increases with increasing 
O2 percentage, as O2 consumes fluorocarbon radicals and releases additional fluorine 
species for increased reaction rate to form tungsten hexafluoride (WF6).  However, the etch 
rate reaches a maximum at 20% O2 content, beyond which it starts to drop.  At high 

(a) CF4 / 10% O2

(c) H2O2 Wet Etch

(b) CF4 / 5% O2

(d) SF6

Source DrainChannel
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concentrations of O2, tungsten oxyfluoride (WOFx) can be formed, which is less volatile 
than WF6.  WOFx can form a barrier layer on the surface to impede the etching process. 

 

Figure 2.8:  Tungsten etch rate in Lam Research RIE etcher with CF4/O2 etch chemistry at 
pressure = 1 Torr and RF power = 400 W. Total gas flow rate is kept at 100 sccm, while the 
gas composition is varied. 

A wet etch process using H2O2 is investigated as an alternative.  A-Si is used as a 
hard mask since photoresist was found to be insufficient to protect the features.  A well-
defined channel with vertical sidewalls is obtained using the wet etching process, but 
channel size is reduced due to lateral etching (Figure 2.7(c)).  Also, the etch rate is very 
uncontrollable and non-uniform.  Etching for a 50 nm film is completed anywhere between 
10 min to 20 min, and etch completion can vary by a few minutes across different parts of 
the wafer.  Endpoint is determined visually by detecting a color change.  Etch residue is 
visually observed on the substrate even after rinsing.  Nonetheless, functional devices are 
still found. 

 The arrival of an Applied Materials Centura Decoupled Plasma Source (DPS) metal 
etch chamber provided an improved dry etch process using SF6 etch chemistry.  It is found 
that the W etch rate is fastest in pure SF6 gas, and decreases with higher O2 percentage in a 
SF6/O2 mixture [32].  Therefore, O2 is no longer used in this recipe to minimize photoresist 
erosion.  Tungsten is etched with the following recipe: SF6 = 85 sccm, pressure = 10 mTorr, 
source peak power = 1000 W, and bias peak power = 100 W.  Note the lower process 
pressure as compared to the Lam Research RIE etcher.  A more anisotropic etch due to 
more directional ion bombardment as a result of reduced scattering can be expected.  
Increased etch rate can be expected due to faster removal of etch by-products.  Indeed, 
vertical sidewalls are obtained (Figure 2.7(d)) and etch rate is faster.  The etch rate for 
various materials is given in Figure 2.9.  Note that this recipe also has excellent W 
selectivity to Al2O3 (~30:1), which is useful for forming the source/drain electrodes. 

An Al2O3 etch recipe is also developed in the Centura DPS chamber.  The gas flow 
rates are BCl3 = 45 sccm and Cl2 = 90 sccm, with pressure=10 mTorr, source peak power = 
1000 W, and bias peak power = 100 W.  For all cases where Al2O3 needs to be etched, the 
etch stop layer is SiO2.  This recipe etches SiO2 ~1.3× faster than Al2O3, which is not ideal.  

CF4 Flow Rate O2 Flow Rate W ETCH RATES
100 sccm 0 sccm Negligible
99 sccm 1 sccm 0.38 nm/sec
95 sccm 5 sccm 0.80 nm/sec
90 sccm 10 sccm 1.06 nm/sec
80 sccm 20 sccm 1.33 nm/sec
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Nonetheless, since the SiO2 underneath the Al2O3 gate dielectric is sacrificial material 
(which eventually will be removed), this process is sufficient for our purpose. 

 

Figure 2.9:  Etch rates for W and Al2O3 etch recipes developed with the Applied Materials 
Centura DPS metal etcher. Etch rates are given for various common materials in this 
process to determine etch selectivity. 

SiO2, is etched in the Applied Materials Centura Magnetically Enhanced Reactive 
Ion Etch (RIE) chamber using the following recipe: CF4 = 20 sccm, CHF3 = 15 sccm, Ar 
=110 sccm, O2 = 8 sccm, pressure = 50 mTorr, RF power = 500W.  Etch rate is ~3.67 
nm/sec.  For the robust process presented in Chapters 3 and 4, an SiO2 etch is needed to 
form the contact dimples, in which case selectivity to the underlying W electrode is 
important.  For this recipe, selectivity of SiO2 to W is ~1.8:1.  

A-Si, poly-Si, and poly-SiGe are all etched using the standard silicon etch recipe in 
the Lam Research Transformer Coupled Plasma (TCP) etcher: HBr = 150 sccm, Cl2 = 50 
sccm, pressure = 12mTorr, TCP RF power = 300 W, Bias RF power = 150 W.  Etch rate is 
found to be ~7 nm/sec.  For a structural layer ~1 μm thick (involving a long etch time), an 
oxide hard mask is required to guarantee vertical sidewalls. 

 

2.5.3 Gate Leakage & Gate Short Current 

Despite functionality, early device prototypes are hampered by large gate leakage 
currents to the source and drain electrodes.  Using ultra-thin (<10 nm) LTO as the gate 
dielectric leads to high gate leakage current.  LTO is known to be leakier than thermal 

FILMS
W Etch Recipe Al 2 O 3  Etch Recipe

SF6 = 85sccm BCl3 = 45sccm

Cl2 = 90sccm

Pressure = 10mTorr Pressure = 10mTorr
Bias Peak Power = 100W Bias Peak Power = 100W
Source Peak Power = 1000W Source Peak Power = 1000W

Sputtered W 2.0 nm/sec 1.14 nm/sec
Thermal Wet Oxide 2.7 nm/sec 2 nm/sec
LTO 3 nm/sec 2 nm/sec
LPCVD A-Si 14 nm/sec 5 nm/sec

LPCVD n+poly-Si 30 nm/sec 5 nm/sec
Si substrate (bare wafer) 33.3 nm/sec 5.2 nm/sec
ALD Al2O3 0.068 nm/sec 1.5 nm/sec

ETCH RATES
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oxide or PECVD TEOS oxides.  LTO deposited at 400°C is measured to have a leakage 
current of ~100 nA/cm2 for at field strength of 2 MV/cm, which is rather high.  
Additionally, due to some lateral etching during the HF vapor release step, LTO was 
removed at the edges of the channel and hence does not insulate the entire channel region.  
Within that lateral etch distance, the gate and channel are separated by an air gap.  Surface 
leakage along the sidewalls of the LTO gate dielectric due to humidity [33] could lead to 
increased gate leakage current.  Gate leakage is greatly reduced by replacing LTO with 
Al2O3 as the gate dielectric. 

A second source for gate to source/drain current is lateral actuation of the beam 
caused by parasitic capacitances between the gate and the source/drain electrodes (Figure 
2.10).  In the early prototypes, gate dielectric only covers the region above the channel.  
The gate electrode, however, is the entire moving structure.  A short circuit readily occurs if 
any unprotected part of the gate touches another electrode.  During normal operation, the 
gate is at a much larger voltage (actuation voltage) than the source/drain electrodes, which 
are biased at low voltage.  Therefore, lateral actuation forces toward the source/drain 
electrodes can exist.  Applying a large drain bias while keeping the gate biased at 0V could 
cause the beam to bend sideways and stick to the drain (Figure 2.10(c)). 

 

Figure 2.10:  Lateral actuation due to parasitic capacitances between gate and source/drain. 
(a) Relay SEM image. (b) Illustration of parasitic capacitances at cross section A-A’. (c) A 
relay stuck to the drain after a high VD is applied while VG is at 0V. 
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Gate leakage current to the body is observed when a very high gate voltage is 
applied.  This can be attributed to “catastrophic” pull-in where large parts of the structure 
collapse onto the substrate.  This effect is especially common on buckled clamped-clamped 
beams.  Very large applied voltage (>15V) is required to pull-in such buckled beams.  
When they do pull in, the entire structure tends to snap onto the substrate.  Again, since 
most parts of the beam are not protected by the gate dielectric, large current flows from the 
gate to body.  Due to the large actuation voltages involved (i.e. hence large force and 
current flow upon pull-in), this kind of shorting typically leads to device failure (fracture or 
permanent stiction). 

It is therefore recommended to cover the bottom of the entire structure with the gate 
dielectric to prevent any possible electrical shorting.  With Al2O3 gate dielectric, this is not 
a difficult fix.  The gate dielectric simply can be patterned together with the structure.  This 
is a self-aligned process and actually saves a lithography step.  With this implemented, the 
probability of failure is greatly reduced since large gate current surges are no longer 
experienced. 

 

2.5.4 Gate Dielectric “Foot” 

 

 

Figure 2.11:  Illustration of gate dielectric “foot” problem. (a) Overetch during etching of 
channel. (b) Gate dielectric forms “foot” structure around the edges of the channel. (c) The 
“foot” structure prevents the channel and source/drain from making contact, leaving an air 
gap in between. (d) The use of contact dimples solves this problem. 

Dry Etch Dry Etch

Channel

LTO 2Source Drain
LTO 1

Gate 
Dielectric 
“Foot”

Structural

Gate Dielectric

ChannelSource Drain

Air Gap

Dimple

(a)

(b)

(c)

(d)



 36 
 

At the end of every etch step, an overetch is always performed to ensure that the 
film being etched is completely removed across the wafer.  This is especially important 
when there is an appreciable amount of non-uniformity in etch rate and/or film thickness 
across the wafer.  In a non-production facility, such as a research or university lab, etching 
and deposition tools are constantly exposed to different conditions and materials, making it 
difficult to maintain uniformity.  Since larger overetch may be required, good etch 
selectivity between the layer being etched and the etch stop (underlying) layer is desired, 
but not always available. 

During channel formation, tungsten is etched with SiO2 (LTO) as the etch stop layer 
(Figure 2.11(a)).  From Figure 2.9, LTO is etched ~1.5× faster than W, so precise control is 
a challenge.  Typically ~10-15 nm of the field LTO layer is etched away in order to 
complete the tungsten channel etch step.  This recessed field causes the Al2O3 gate 
dielectric layer that is subsequently deposited to extend below the channel.  When patterned, 
this Al2O3 layer forms a “foot” structure along the edges of the channel (Figure 2.11(c)) 
that eventually prevents the channel and source/drain from making contact.  An air gap the 
size of the overetch depth exists between the channel and the source/drain after pull-in has 
occurred, as shown in Figure 2.11(c).  Therefore, the relay fails to turn on. 

Since overetch is unavoidable, a solution would be to add another lithography step 
to form a dimple at the contact region (Figure 2.11(d)).  This additional processing step not 
only prevents this dielectric “foot” problem but also make the contact area well-defined, 
which is desirable to get consistent and controllable contact properties.  

 

2.5.5 Stiction 

Relays with longer cantilever beams (>15 µm) are found to be prone to stiction.  
Functional devices show poor endurance (<10 cycles).  Two types of stiction are observed: 
1) stiction during HF vapor release process, and 2) stiction during operation.   

Stiction during release is caused primarily by surface adhesive forces.  These 
include capillary force, van der Waals force, Casimir force, electrostatic force, and 
hydrogen-bond force [27], [34], [35].  Out of these forces, capillary force is typically 
dominant during release.  Despite using a dry release process (HF vapor), the system is still 
humid since water is an etch by-product.  In fact, liquid condensation on the electrostatic 
chuck in the HF vapor etch system is seen.  Increasing the chuck temperature from room 
temperature to 40°C or 50°C to drive away water vapor and minimize condensation is 
found to help reduce stiction, albeit at the cost of a reduction in etch rate. 
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Figure 2.12:  (a) The solid liquid interface. The contact angle (θC) determines wettability 
of the surface. (b) Illustration of capillary force when liquid is present between two solid 
plates. 

The contact angle (𝜃𝐶) is a material property that determines the wettability of a 
surface, and thus the susceptibility of that surface to stiction due to capillary effect.  When 
𝜃𝐶 R <90°, the surface is hydrophilic, while 𝜃𝐶 R >90° indicates a hydrophobic surface.  The 
surface interaction energy due to capillary forces (𝐸𝐶𝐴𝑃) is given by [34]: 

𝐸𝐶𝐴𝑃 = 2𝛾𝑙 cos𝜃𝐶   for 𝑑 ≤ 𝑑𝐶𝐴𝑃      (2.5.5.1) 

𝐸𝐶𝐴𝑃 = 0  for 𝑑 > 𝑑𝐶𝐴𝑃       (2.5.5.2) 

where 𝛾𝑙 is the surface tension of the liquid (usually water) and 𝜃𝐶  is the contact angle of 
water on the surface. 

Capillary condensation of water occurs when the gap between the solid plates (𝑑) is smaller 
than the characteristic distance for capillary condensation (𝑑𝐶𝐴𝑃) given by: 

𝑑𝐶𝐴𝑃 = 2𝛾𝑙 υcos𝜃𝐶
𝑅𝑇 log(𝑅𝐻)          (2.5.5.3) 

where υ  is the liquid molar volume, 𝑅  is the universal gas constant, 𝑇  is the absolute 
temperature, and 𝑅𝐻 is relative humidity. 

Stiction during operation is primarily caused by microwelding, due to Joule heating 
at the contacts when a high level of current flows.  The voltage applied between the drain 
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and source electrodes of the relay (VDS) needs to be carefully optimized to prevent 
microwelding.  The 4T relay design provides the ability to optimize VDS independent of the 
actuation voltage.  However, in some of these relays a large gate current due to problems 
described in Section 2.5.3 makes the relays more prone to welding and needs to be solved. 

One possible solution to mitigate stiction is to cover the contacts with a layer of 
ultra-thin TiO2 coating [36].  TiO2 may help to alleviate both stiction during release and 
stiction during operation.  First, TiO2 helps make the contacting surface less hydrophilic 
(θCTiO2 >80° [37]) to reduce capillary forces.  Tungsten readily forms native oxide (WO3) at 
its surface in air (θCWO3<10° [38], [39]). 

Second, TiO2 helps limit the amount of current flow to the contact by making it 
slightly more resistive than a pure tungsten contact to reduce microwelding.  Additionally, 
TiO2 improves contact stability by serving as an oxidation barrier to slow down the 
formation of tungsten native oxide.  Unlike WO3, TiO2 forms a relatively low potential 
barrier (~0.8 eV) for electrons to flow from W to TiO2 to keep contact resistance within the 
acceptable range (<100 kΩ). 

Highly conformal, ultra-thin TiO2 can be deposited with atomic level control and 
precision through the PICOSUN SUNALE  R150 Atomic Layer Deposition (ALD) tool.  
Integrating TiO2 into the process is simple.  As a protective layer post-release, it can be 
deposited after all other processing and release steps are done, since ALD is extremely 
conformal.  Deposition is at 275°C, which comfortably satisfies the thermal budget 
requirement.  If TiO2 is to be used to protect the contact during release, then it has to be 
integrated during processing after electrode patterning and before channel deposition.  TiO2 
coating is later incorporated into the process presented in Chapter 3 as an optional post-
release step. 

 

2.5.6 Structural Warping 

Structural warping (out-of-plane deflection) is caused by residual stress and strain 
gradient.  Residual stress represents the average stress in the film due to intrinsic stress 
related to the film microstructure and thermally induced stress from high-temperature 
treatments.  Tensile films want to contract while compressive films want to expand to 
relieve the stress and reach equilibrium.  Strain gradient represents changes in stress 
through the thickness of the beam.  Per usual convention, positive (+) stress represents 
tensile stress while negative (-) represents compressive stress.  A positive gradient indicates 
that the film is more tensile towards the top.  In a cantilever structure after release, positive 
strain gradient results in upward bending because the bottom of the film expands more than 
the top of the film.  A negative strain gradient causes downward bending since the top of 
the film expands more than the bottom of the film. 
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Poly-Si deposited at 610°C in this work tends to have high compressive residual 
stress and positive strain gradient.  Cantilever beams tend to bend upwards while clamped-
clamped beams are buckled upward, both of which increase pull-in voltage.  A high-
temperature anneal (>900°C) is required to achieve poly-Si films with low tensile residual 
stress and low strain gradient.  However, this is not possible due to the thermal budget 
constraint strictly imposed by the tungsten electrodes. 

Poly-SiGe beams deposited at 410°C also have stress issues.  Interferometer 
measurements indicate that poly-SiGe cantilever beams bend downwards and clamped-
clamped beams are buckled.  Residual stress is compressive while strain gradient is 
negative.  Negative strain gradient reduces the relay actuation gap, which results in lower 
actuation voltage but makes the structure more prone to stiction. 

Stress-induced structural warping causes variation in actuation voltage, reduced 
reliability, and failure.  It is therefore crucial to design structures that are more robust to 
stress and strain gradient.  Conventional cantilever and clamped-clamped beam designs, 
while simple and compact, are not suitable.  A design more robust to residual stress and 
strain gradient is implemented in Chapter 3.  

 

2.5.7 Structural Fracture 

 

 

Figure 2.13:  Fractures seen at the hammerhead after testing. 

(a)
(b)

(c)

Source DrainHammerhead

Gate



 40 
 

Poly-Si and poly-SiGe are strong structural materials for MEMS, with fracture 
strength between 1 GPa-3 GPa [40]-[42].  Structural failure of the beam is not observed 
under normal operation.  Fracture is observed when relays are biased to very high voltages 
(>15 V), however, due to large electrostatic forces involved.  SEM images of failed relays 
identify that the most common occurrence of fracture happens at the “hammerhead” where 
the channel is attached (Figure 2.13, 2.10(c)).  In order to ensure reliability over billions of 
switching cycles, it is recommended to avoid small structural extension regions or designs 
that could potentially introduce weak spots, such as the hammerhead design. 
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Chapter 3  
4-Terminal Relay Technology 
 

 

3.1 Introduction 

Nano-electro-mechanical (NEM) relay technology recently has been proposed for 
ultra-low-power digital integrated circuit applications [1], [2].  This is because the relay is 
an ideal switch, in that it exhibits abrupt on/off switching behavior and zero off-state 
leakage current (IOFF), so that its operating voltage (VDD) can be reduced to be close to zero, 
in principle.  Thus, NEM relay technology can potentially overcome the fundamental 
energy efficiency limit of CMOS technology [3].  In order to realize this promise, however, 
relays must have high endurance and low switching voltages.  The former requirement has 
been difficult to achieve because of surface wear and stiction-induced failure.  The latter 
requirement is difficult to achieve with a conventional 3-Terminal (3T) relay design, 
particularly for highly scaled dimensions [1].  In order to achieve low voltage operation, 
low pull-in voltage is desired.  This is difficult to achieve through layout and process.  
Longer beams (smaller spring constant) or larger actuation area (higher electrostatic force) 
can be employed at the expense of larger area.  Reducing the air gap thickness potentially 
increase susceptibility to stiction during release.  A thinner structural material with lower 
spring constant is often hampered by strain gradient problems.  Furthermore, there will 
always be some variability in pull-in voltage due to process-induced variations.  

In this chapter, a highly reliable mechanical contact technology employing tungsten 
electrodes is developed and a 4-Terminal (4T) relay technology is proposed to overcome 
these challenge for complementary logic circuit applications.  The 4T relay design provides 
a convenient way of electrically adjusting the gate switching voltages post-process via body 
biasing for low-voltage operation.  As a result, a 4T relay can mimic the operation of either 
an n-channel or p-channel MOSFET.  Prototype relays fabricated with a CMOS-compatible 
process are demonstrated.  Fabricated 4T relays exhibit good on-state current (ION > 700μA 
for VDS = 1V) and zero off-state leakage current with subthreshold swing <0.1 mV/dec.  
Low-voltage switching (<2 V) and low switching delay (100 ns) are demonstrated by 
appropriately biasing the body terminal.  Endurance exceeds 109 on/off cycles without 
stiction or wear issues.  Therefore, the 4T relay technology is promising to realize relay-
based integrated circuits. 
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3.2 Robust 1st Generation 4-Terminal Relay Structure 

 

 

Figure 3.1:  (a) Schematic illustrations of the four-terminal-relay structure. (a) Isometric 
view and plan-view SEM image. (b) Cross-sectional view along the channel (A-A’) in the 
OFF state. (c) Cross-sectional view along the channel (A-A’) in the ON state. 

Figure 3.1 illustrates the 4T relay structure and its operation.  It comprises a 
movable conductive plate, the gate electrode, suspended at its corners by four folded-
flexure beams.  A metallic conducting channel is attached via an insulating dielectric to the 
movable gate.  In the off state, an air gap separates the channel from the underlying metallic 
source and drain electrodes, so that no current can flow.  In the on state, electrostatic force 
between the gate and the underlying body electrode causes the gate to be actuated 
downward sufficiently to bring the channel into contact with the source and drain 
electrodes, to form a conductive path for current to flow.  The relay switches on abruptly as 
the magnitude of the gate-to-body voltage (|VGB|) is increased above the pull-in voltage 
(VPI) and switches off abruptly as |VGB| is decreased below the release voltage (VRL).  The 
key dimensions of the structure are given in Figure 3.2. 

This four-terminal relay design solves many of the problems that were encountered 
in the previous designs (Chapter 2).  The key features of this design are as follows:  

(1) Clamped-clamped structure. 
The movable structure is essentially a clamped-clamped beam.  Recall from 
Section 2.5.6 that a simple cantilever design tends to not have sufficient spring 
restoring force to ensure that the relay turns off reliably.  While a clamped-
clamped beam design provides the necessary restoring force, it tends to buckle 
upon release due to compressive residual stress.  A structural material with zero 
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residual stress or slightly tensile (<100 MPa) is ideal, but difficult to achieve.  
Therefore, a folded-flexure suspension beam design is used to relieve residual 
stress in the structural layer and prevent buckling, while still taking advantage of 
the higher spring restoring force of a clamped-clamped beam for reliable turn-
off.  Moreover, the folded flexure makes this design more robust to thermal 
variations, as it helps mitigate any effect of thermal stress as well. 

 

Figure 3.2:  1st generation 4T relay design. (a) Key dimensions. (b) Zoomed-in view 
showing channel and dimple regions. Total footprint area is 18000 µm2 (120 µm × 150 µm). 

(2) Four symmetric flexures. 
Having four symmetric flexures instead of two (as in conventional clamped-
clamped beam) gives extra stability and prevents rotation of the plate due to 
residual stress. 

(3) Dimpled contacts 
The dimple design allows the apparent contacting area to be well-defined by 
lithography.  The use of dimpled contacts also prevents the gate dielectric “foot” 
issue due to overetch into the sacrificial layer when patterning the channel 
(Section 2.4.4). 

(4) Actuation area and flexures are decoupled. 
The plate at the center defines the actuation area.  This way, the flexure 
dimensions (which determine the spring restoring force) can be optimized 
separately from the area that contributes to electrostatic force for actuation. 

(5) Square plate with channel underneath the plate  
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For structural strength, the actuation plate is square without any small 
extensions such as a hammerhead that could introduce weak spots prone to 
fracture (Section 2.4.7).  The channel lies underneath the plate itself. 

(6) Gate oxide underneath the entire structural layer. 
The presence of gate oxide underneath the entire structure prevents the 
possibility of electrical shorting to the gate electrode even if the structure 
collapses, which could happen due to structural warping induced by strain 
gradient, parasitic actuation by source/drain electrodes, and catastrophic pull-in 
(Section 2.4.3). 

 

 

3.3 4-Mask Process 

Following the lessons learned from the initial process development work described 
in Chapter 2, a robust 4-Terminal relay process flow (Figure 3.3) is developed, using the 
four-terminal relay design shown in Figure 3.1.  This process has been successfully 
demonstrated in the UC Berkeley Marvell Nanofabrication Laboratory with excellent 
repeatability and yield (>95%).  

Silicon dioxide (SiO2) deposited at low temperature (400°C) by low-pressure 
chemical vapor deposition (LPCVD) was used as the sacrificial material, because it is 
easily selectively removed in HF vapor to release the gate stack structure.  Note that the 
thickness of the SiO2 in the source/drain contact regions (which determines the contact 
gap) is thinner than that of the SiO2 over the body electrode (which determines the 
actuation gap), in order to reduce contact velocity [1] for better reliability.  Specifically, the 
contact gap (100 nm) is one-half the actuation gap (200 nm) for the most energy-efficient 
operation [4].  Aluminum oxide (Al2O3) deposited at 300°C by atomic layer deposition 
(ALD) was used to protect the oxidized Si wafer substrate from the HF-vapor release etch, 
and also was used as the gate dielectric material.  Tungsten (W) deposited by DC 
magnetron sputtering was used as the material for the source, drain, body, and channel 
electrodes because it is resistant to HF-vapor etching [6] and physical wear [7].  In-situ 
boron-doped polycrystalline silicon-germanium (poly-Si0.4Ge0.6) deposited at 410°C by 
LPCVD was used as a high-quality, low-thermal-budget structural material [8] for post-
CMOS integration capability.  Lastly, an ultra-thin (~3Ǻ thick) coating of titanium dioxide 
(TiO2) was deposited at 300°C by ALD after the gate-stack structure was released, to 
improve contact reliability [5].   
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Figure 3.3:  Illustration of the 4-mask process used to fabricate the 1st prototype four 
terminal relays, shown along cross section A-A’ of Figure 3.1. (a) 80 nm Al2O3 layer 
deposited and 50 nm W layer deposited and patterned to form source, drain, and body 
electrodes. (b) 1st sacrificial SiO2 layer (100 nm) deposited and source/drain contact 
regions defined. (c) 2nd sacrificial SiO2 layer (100 nm) deposited and 50 nm W layer 
deposited and patterned to form channel. (d) 40 nm Al2O3 gate dielectric layer deposited. 
(e) 1 µm p+ poly-Si0.4Ge0.6 deposited and patterned using LTO hard mask to form gate 
electrode. (f) Gate-stack released in HF vapor and coated with 3Ǻ TiO2. 

 

 

3.4 Characterization Results 

 

3.4.1 DC Characteristics 

The 1st working 4T relay prototypes fabricated using the 4-Mask process are 
electrically characterized using the HP4156 semiconductor parameter analyzer.  Measured 
IDS-VDS characteristics (Figure 3.4) are linear, which indicates that ohmic contacts are 
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achieved despite the TiO2 electrode coatings.  The on-state resistance, RON, is relatively 
insensitive to the gate overdrive (VG-VPI), as expected for a hard contact material.  It should 
be noted that significant variations in on-state resistance, RON, are seen from device to 
device; however, this should not significantly impact the performance of an optimally 
designed relay circuit, because throughput will be limited by mechanical delay rather than 
by electrical delay [2].   

 

Figure 3.4:  Measured IDS-VD for VG<VPI (off-state) and VG>VPI ranging from 1.1VPI to 
2VPI (on state). Pull-in voltage VPI = 6V, VS = VB = 0 V. 

Measured IDS-VG characteristics (Figures 3.5, 3.6, 3.7) show zero IOFF and 
relatively high on-state current (ION > 800 µA for VDS = 1V).  The ~10-14 A leakage seen 
for the off-state represents the noise level in the measurement setup.  Hysteretic behavior 
(VPI ≠ VRL) is seen in the IDS-VG curves because the relay is operating in pull-in mode [9], 
and also because there is non-zero surface adhesive force.  Measurements with very fine 
voltage step size (1 mV) in Figure 3.5 show SS < 0.1mV/dec, confirming hyper-abrupt 
switching behavior.  The ambipolar nature of electrostatic attraction allows the relay to be 
turned on with either a positive VGB or a negative VGB.  This allows the 4T relay to operate 
mimicking either an n-channel or p-channel MOSFET, with appropriate biasing of the body 
electrode.  As shown in Figure 3.6, N-relay operation (switching at VG > 0 V) or P-relay 
operation (switching at VG < 0 V) is achieved by applying a body bias (VB) of 0 V or VDD, 
respectively.   

Since VPI is dependent on relay design parameters (e.g. flexure beam dimensions, 
actuation area, and air-gap thicknesses) and can vary as a result of process-induced 
variations, the ability to tune VPI post-process via VB is an important advantage of the 4T 
relay design.  Figure 3.7 shows how the switching voltages change with VB.  Since the 
maximum sweep voltage is kept the same for all VB conditions, the hysteresis voltage 
increases as the maximum gate overdrive (VG-VPI) increases, due to gate-dielectric 
charging. 
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Figure 3.5:  Measured IDS-VG characteristics of a single 4T relay, with VD = 1 V and VS = 
VB = 0 V. Very fine (1 mV) voltage step size is used to examine the (a) turn-on and (b) 
turn-off characteristics. Note that IDS in the off-state is at the noise floor of the 
measurement instrument and switching is hyper-abrupt, with >10 orders of magnitude jump 
in IDS for a 1mV step (i.e. SS < 0.1 mV/dec). 

 

 

Figure 3.6:  Measured IDS-VG characteristics of a single 4T relay, with VD = 10mV, 100 
mV, and 1 V and VS = 0 V. Operation mimicking that of either an n-channel or a p-channel 
MOSFET is seen by biasing the body at either 0V or VDD, respectively.  
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Figure 3.7:  Measured IDS-VG characteristics of a single 4T relay, with VD=1V, VS=0V, 
and VB=4V, 0V, -4V, and -8.5V. VPI can be tuned by adjusting VB. 

A more thorough investigation of this charging effect is conducted by varying the 
maximum sweep voltage for successive measurements, while keeping VB = 0 (Figure 
3.8(a)).  Measurements are done in the order from smallest to largest maximum sweep 
voltage.  As the device is stressed with increasingly higher gate overdrive, decreasing VPI 
and increasing hysteresis voltage are observed.  This implies that holes (positive charges) 
are being injected into the gate dielectric as it becomes easier (i.e. requires lower voltage) 
to pull-in and release the relay with increasing charge.  
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Figure 3.8:  Dielectric charging phenomenon. (a) Measured VPI and VRL and hysteresis 
voltage with increasing gate overdrives. Measurements were taken successively from 
lowest maximum sweep voltage to the highest. (b) Measured IDS-VG characteristics of a 
single 4T relay, showing the effect of electrical stress (VGB=2.5VPI for 10min) on a fresh 
device and after exposure to UV light for 15min. The ability of UV erase to restore the 
original (pre-stress) switching voltages verifies that the switching voltage shifts seen are 
indeed due to a gate-oxide charging phenomenon. 

In Figure 3.8(b), a fresh device is stressed at VGB = 2.5VPI for 10 min, then 
subjected to ultraviolet (UV) light for 15 minutes.  The device is re-measured and the 
switching voltages returned to its pre-stress values, confirming that this effect is indeed a 
charging phenomenon.  Gate dielectric charging allows the 4T relay to be potentially useful 
as a memory device if designed appropriately [10].  When used as a logic device, where 
charging is undesired, excessive gate overdrive should be avoided. 

 

3.4.2 Switching Speed 

Since the speed of relay ICs is limited by mechanical delay, as opposed to RC delay 
(associated with capacitive charging or discharging) typical in CMOS ICs [2], it is 
important to characterize the mechanical switching speed of the relay.  The turn-on delay is 
expected to be much slower than the turn-off delay, because the relay needs to travel the 
distance of the contact gap (~100 nm in this particular relay) in order for contact to be made 
between the channel and the source/drain regions.  On the other hand, a much smaller travel 
distance suffices in turning off the relay.  Once the contact is broken and channel is lifted 
sufficiently so that tunneling current through air is negligible (~2 nm), the relay is off.  

(b)
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Therefore, the mechanical delay likely will be limited by the turn-on delay, which is 
characterized in Figures 3.9 and 3.10. 

 

 

Figure 3.9:  Measured turn-on delay (τon) with increasing applied gate voltage (VG), for 
two relays with different flexure lengths (L). The two relays have VPI = 6 V and VPI = 11 V. 
VD = 1 V and VS = VB = 0 V. Delay decreases with higher VG, but eventually saturates at 
~200 ns. 

 

 

Figure 3.10:  Turn-on delay (τon) vs. body bias (VB). Relay has VPI0 = 5.4 V. VG = 6 V, VD 
= 1 V, and VS = 0 V applied for all measurements. Body bias allows delay to be reduced 
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below the 200 ns minimum delay barrier (Fig. 9). With VB = -7.6V, a τon = 100 ns is 
achievable.  

As shown in Figure 3.9, the relay turn-on delay (τon) decreases with increasing gate 
overdrive, eventually reaching a limit of ~200 ns regardless of flexure length.  A gate 
overdrive of ~2 V would be optimal to operate the relay at close to its maximum speed 
(since excessive gate overdrive leads to gate dielectric charging).  This limit can be broken 
by applying a non-zero VB to effectively reduce the contact gap.  Since the relay is already 
pre-actuated down a certain distance prior to the actuation event, it needs to travel less 
distance to make contact compared to a case where VB = 0 V.  In this manner of operation, 
τon as low as 100 ns was achieved (Figure 3.10).  

From these results, the switching delay of relays is in the 100 ns to1 μs range, which 
corresponds to circuit speeds in the range of 1 MHz - 10MHz.  Modeling efforts have 
shown that the switching speed improves with scaling of the relay dimensions.  For a 90 nm 
relay technology, switching delay is in the order of 10 ns (100 MHz operating frequency) 
[4]. 

 

3.4.3 Endurance 

Endurance is of paramount importance for digital IC applications.  Even more so 
than speed or power consumption, it is crucial that the system remains functional over its 
expected lifetime.  The industry standard for device operation lifetime is 10 years.  As a 
reasonable benchmark, in a relay-based microcontroller for embedded sensor applications 
operating at 100 MHz with 0.01 average transition probability, relays experience ~3×1014 
on/off cycles over 10 years.  Therefore, it is fair to say relays for digital ICs require 
endurance >1014 cycles. 

CMOS reliability concerns include shifts in saturation drain current (IDSAT) or 
threshold voltage (VTH) due to phenomena such as hot carrier injection (HCI) and negative 
bias temperature instability (NBTI), or gate leakage due to time dependent dielectric 
breakdown (TDDB) [11].  In relays, the failure mechanism is typically associated with 
either the contact, structure, or dielectric [12].  In relays fabricated in this work, structural 
fracture or fatigue is not expected to be an issue since poly-SiGe is a structurally robust 
material [13].  Dielectric charging is observed (Section 3.4.1), but can be mitigated so long 
as gate overdrive is not excessive.  The contact is the primary reliability concern.  Contact 
endurance can be viewed from two different aspects: failure and performance degradation. 

From a contact failure perspective, reliability issues include: 1) stiction due to 
microwelding and surface adhesive forces, and 2) wear and plastic deformation.  The use of 
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tungsten (high hardness, high melting point) as contact material solves most of these 
concerns.  The benefits of tungsten are discussed in depth in Section 2.3.2. 

From a performance perspective, the contact determines relay on-resistance (ref. 
Section 2.3.2).  For an optimal digital IC design using relays, RON can be 10-100 kΩ to 
guarantee that the electrical charging delay will be much smaller than the mechanical 
switching delay (100 ns), for typical load capacitances (10-100 fF) [2].  Intrinsically, 
tungsten used in this technology has sufficiently low contact resistance (~1 kΩ) to 
comfortably meet this requirement.  However, hard materials are prone to chemical reaction 
as opposed to noble metals (e.g. gold).  Tungsten readily oxidizes in air to form native 
oxide (WO3) that significantly increases its contact resistance.  Keeping a low contact 
resistance turns out to be quite a challenge. 

In this work, an attempt is made to monitor the evolution of contact properties after 
each cycle.  The relay is connected to the HP4156 parameter analyzer as for the DC 
measurements.  The parameter analyzer is programmed to bias and take measurements 
successively for a specific number of cycles.  Therefore, each time the relay turns on, IDS is 
measured.  By doing so, the evolution of the contact resistance with each cycle can be 
monitored at the expense of testing speed.  Since testing is significantly slower at ~1 second 
per on/off cycle (1 Hz), only 10,000 cycles can be practically captured.  The W native 
oxide at the contact is electrically broken before each measurement so that each device 
starts with the same initial RON (~1 kΩ).  The initial native oxide break is done by 
switching the device on and applying high drain voltage (VD = 4-5 V).  The bias is 
automatically stopped when a drain current spike is detected, indicating native oxide 
breakdown.  Adhesion forces of the 4T relays is found to increase with contact force [14].  
That implies that excessive gate overdrive is not desired from a reliability standpoint.  
Recall from Figure 3.9 that the improvement of turn-on delay with gate overdrive saturates 
at ~1.5VPI.  Therefore, gate overdrive is kept to 1.5VPI for all endurance measurements in 
this work to optimize endurance and speed. 

Figures 3.11, 3.12. 3.13, and 3.14 show the evolution of RON with on/off cycling, 
comparing various conditions.  The cycle-to-cycle fluctuations are caused by the formation 
and breakdown of native tungsten oxide.  Figure 3.11 shows that VB does not seem to affect 
RON.  Although RON increases by ~1 order of magnitude over the course of 104 cycles, it is 
still within the acceptable range (< 100 kΩ).  A comparison of hot and cold switching 
operations (Figure 3.12) show that cold switching operation results in faster increase and 
larger fluctuation in RON from one measurement to the next.  As shown in Figure 3.13, 
lower drain bias (VD = 1 V) leads to much faster increase in RON and larger fluctuations 
than larger drain bias (VD = 2 V).  In fact, RON shoots up from 1 kΩ to 10 MΩ in <50 cycles.  
These measurements confirm that native oxide continuously forms at the contact and needs 
to be broken down.  When VD = 2 V, we can see RON continuously rising and dropping 
again to lower values, indicating oxide formation and breakdown events.  When VD is too 
low, native oxide is broken further after the initial break, and reforms very quickly.  It 
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should be noted that measurements conducted with high drain bias (VD > 3V) increase the 
probability of welding induced failure, as drain current levels gets too high.  It is therefore 
important to find the optimal drain voltage that would be able to minimize native oxide 
formation, but is still low enough to not cause welding over the device lifetime.  VD = 2 V 
is optimum for this contact technology.  Figure 3.14 compares measurements conducted 
under different environments.  No significant difference is observed between ambient and 
N2 purge.  Measurements conducted under vacuum (~10-6  Torr) shows much less RON 
fluctuation between measurements, which indicates much slower native oxide formation in 
low oxygen environment.  On one device, cycling is stopped at various points to take ID-VG 
curves to investigate the evolution of VPI and VRL with cycling (Figure 3.15).  The results 
show <1 V fluctuation in switching voltages with no particular trend up to 104 on/off cycles, 
so this design is structurally robust without dielectric charging concerns if gate overdrive is 
kept low. 

 

 

Figure 3.11:  On-state resistance (Ron) with cycling for different applied VB.  For each 
measurement VD = 2 V, VS = 0 V were applied.  VG is pulsed from 0 V to 1.5VPI. Ron for 
fresh devices are in the kΩ range. An increase in Ron to 10s of kΩ range is observed after 
10,000 cycles. Statistical fluctuations in Ron observed with each cycle may be due to 
tungsten native oxide. Applied VB does not appear to worsen the degradation of Ron.  
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Figure 3.12:  On-state resistance (Ron) with cycling for comparing hot and cold switching. 
In hot switching case, VD = 2 V is applied at the time contact is made, followed by current 
measurement. For cold switching, VD = 0 V at the time contact is made. VD = 2 V is then 
applied for current measurement. For each measurement VS = VB = 0 V were applied. VG is 
pulsed from 0 V to 1.5VPI. Ron for fresh devices are in the kΩ range. An increase in Ron to 
10s of kΩ range is observed after 10,000 cycles for hot switching. For cold switching, Ron 
increases much more rapidly to the 100s of kΩ range, indicating a more rapid tungsten 
oxidation at the contact. 

 

Figure 3.13:  On-state resistance (Ron) with cycling for different VD. For each 
measurement VS = VB = 0 V were applied. VG is pulsed from 0V to 1.5VPI. Ron for fresh 
devices are in the kΩ range. An increase in Ron to 10s of kΩ range is observed after 10,000 
cycles for VD = 2 V. Ron increases rapidly to 100s of MΩ range for VD = 1 V, indicating 
oxidation of the tungsten native oxide at the contact. 
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Figure 3.14:  On-state resistance (Ron) with cycling tested under different environments. 
For each measurement VD = 2 V, VS = VB = 0V were applied. VG is pulsed from 0 V to 
1.5VPI. Ron for fresh devices are in the kΩ range. An increase in Ron to 10s of kΩ range is 
observed after 10,000 cycles. Statistical fluctuations in Ron observed with each cycle may 
be due to tungsten native oxide. Measurement under vacuum seems to help reduce this 
fluctuation in Ron, indicating slower rate of tungsten oxidation at the contact. 

 

Figure 3.15:  VPI, VRL, and hysteresis voltage (VPI-VRL) with cycling. VG is pulsed from 0 
V to 1.5VPI, and VD = 2 V, VS = VB = 0 V were applied during cycling. At regular intervals, 
cycling is stopped and ID-VG curve is measured to obtain VPI and VRL. Fluctuations in 
switching voltages are insignificant (<0.5V) without any trend for up to 10,000 on/off 
cycles. 
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To test for more cycles, measurements need to be conducted at higher frequencies. 
A simple way is to connect a function generator to the gate of the relay, and apply constant 
voltage to the drain, source and body.  At specific intervals, the function generator is 
disconnected and IDS-VG curves are measured.  Using this method, this relay design is 
shown to be able to switch >109 on/off cycles [4].  Atomic Force Microscopy (AFM) 
measurements of the contacting region (Figure 3.16) show that there is no measurable 
change in electrode topology (i.e. height profile remains unchanged) before and after 109 
on/off cycles, affirming the superior wear properties of tungsten. 

 

Figure 3.16:  (a) AFM scan of a dimple contact (1μm x 2μm) region. The material is 
tungsten, coated with ALD TiO2 (see Figure 3.3). (b) Relative distribution as a function of 
scan height. Measured dimple depth is 19 nm. This recessed (dark) region comes from 
process overetch into the underlying W when etching 1st sacrificial material to open the 
dimple regions. Figures (c) and (d) represent the same electrode structure, for a device 
cycled on/off 109 times at VDS = 1 V and VG =1.5VPI. No wear is observed. 

Reliability >1010 on/off cycles have also been achieved in subsequent tests [15].  
Unfortunately, it is not practical to keep testing the relay to the point that it fails to switch.  
The maximum testing speed to conduct endurance measurements is limited by the 
switching speed of the relay.  Based on turn-on delay measurements in Figures 3.9 and 3.10, 
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the maximum limit to testing frequency is ~1 MHz to guarantee that the relay turns on/off 
properly every cycle.  Practically, the maximum number of cycles that can be 
experimentally measured is ~1011 to 1012 cycles (~1.6 to 11.6 days).  In CMOS, accelerated 
lifetime testing is conducted to predict long term reliability typically by testing at voltages 
higher than the operating voltage and/or testing at higher temperatures.  It does not work 
the same way for relays since the failure mechanisms are fundamentally different.  A 
contact reliability model based on atomic diffusion was developed and experimentally 
verified to predict failure due to welding at the contact [16].  This model predicts reliability 
>1015 cycles for relays operating at 1 V.   

An extensive study of RON evolution with cycling on W contacts show that this 
relay technology with W contacts can switch up to ~108 on/off cycles under vacuum (5 
µTorr) before the contact resistance shoots up above acceptable level for IC applications 
(10 kΩ for the study) [17].  Auger Electron Spectroscopy (AES) spectra measurements 
confirm that the increasing contact resistance is indeed caused by oxidation of the 
contacting surfaces.   

 

3.4.4 Temperature & Radiation Effects 

 

Figure 3.17:  VPI, VRL, and hysteresis voltage (VPI-VRL) with temperature. Chuck 
temperature is increased from 30°C to 120°C with 10°C interval. At each interval, the chip 
is allowed to sit for 15 min before any measurement is made to allow temperature to 
stabilize. ID-VG curves is measured each interval with VD = 2 V, VS = VB = 0 V to obtain 
VPI and VRL. Fluctuations in switching voltages are insignificant (<1 V) without any trend 
for the temperature range. 
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Another advantage micro-relays have over CMOS is robustness against temperature 
variations and radiation hardness, which is attractive especially for military and space 
applications.  In orbit, thermal shocks can be severe (of order 16 cycles from -80°C to 
100°C per day [18]).  The effects of high temperature on VPI, VRL, and RON are investigated 
(Figures 3.17, 3.18).  Within a temperature range of 30°-200°C, VPI fluctuates between 8V-
9.2 V, and RON between 1-15 kΩ, without a particular trend.  This is still within the 
statistical fluctuation of the relay due to charging and contact oxidation.  Low temperature 
measurements performed with the test setup cooled with liquid nitrogen show relays 
working as normal, but a systematic study was not performed.  The folded flexure design is 
expected to be robust against temperature variation as it relieves thermal stress by 
expansion as shown by simulations in [4]. 

 

Figure 3.18:  On-state resistance (Ron) of a 4T relay with temperatures. Chuck temperature 
is increased from 30°C to 120°C with 10°C interval. At each interval, the chip is allowed to 
sit for 15min before any measurement is made to allow temperature to stabilize. ID-VG 
curves is measured each interval with VD = 2 V, VS = VB = 0 V to obtain Ron. Ron fluctuates 
between 1-15 kΩ range. High temperatures do not appear to worsen Ron. 

 MEMS devices are known to be able to withstand radiations from the 100s of krad 
to 10s of Mrad range [18].  To assess radiation hardness, the 4T relays are irradiated with 
alpha particles of various doses (200 krad, 2 Mrad, 20 Mrad).  VPI are measured before and 
after irradiation.  Any shift in VPI would imply charge accumulation at the 50nm Al2O3 
gate dielectric.  It is found that only relays exposed to 20 Mrad show ~10% jump in VPI.  
Lower doses cause negligible shift in VPI.  Typical amount of radiation encountered in 
space due to cosmic radiation is ~50-100 rad/year [19], [20].  In the maximum intensity 
zone of inner Van Allen belt, radiation can get as high as 500 krad/year [20].  Even there, it 
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would still take 40 years to reach a level that shifts VPI by 10% based on this estimate.  
Therefore, radiation is not expected to be a concern. 

 

 

3.5 Parasitic Effects of 1st Generation 4T Relay Design 

The design of the first working relay prototype is not perfect. Several undesirable 
phenomena were observed during device and circuit testing.  Figure 3.19 shows the areas of 
the electrodes and the associated capacitances between them that exist in this relay design. 

 

 

Figure 3.19:  Capacitances associated with the 4T relay design. (a) Layout view, showing 
electrode areas. (b) Off-state and (c) on-state cross sectional views along the channel 
showing the associated capacitances. Their values are given in the table. 

 

3.5.1 Actuation Asymmetry: Movable vs. Fixed Electrode 

Throughout this chapter, the movable electrode (SiGe) has been biased as the gate.  
Since electrostatic force is ambipolar, the relay should also be able to be actuated by using 
the fixed electrode (W) equally effectively, as illustrated in Figure 3.20(a).  In other words, 
using either the SiGe or W electrode as gate should result in the same VPI.  However, 
measured results shown in Figure 3.20(b) show that this is not the case.   
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Figure 3.20:  Since electrostatic force is ambipolar, either the movable (SiGe) electrode or 
the fixed (W) electrode can be biased as gate. (a) Bias configurations showing both bias 
cases. (b) ID-VG curves comparing a 4T relay biased with SiGe as gate vs. W as gate. For 
both measurements, VD = 2 V and VS = VB= 0 V. VPI and VRL are significantly higher (by 
>4V) when W is biased as gate. 

 It is harder to actuate the relay using W as gate (VPI ~ 14 V) vs. SiGe as gate (VPI ~ 
10 V).  This can be attributed to the difference in size of the two electrodes. The area of the 
W electrode (AW = 450 µm2) is only about half the area of the SiGe electrode (ASiGe = 810 
µm2).  The electrostatic force (𝐹𝑒𝑙𝑒𝑐) between two plates is proportional to the capacitance 
and therefore the overlap area of the plates (𝐹𝑒𝑙𝑒𝑐 ∝ 𝐶 ∝ 𝐴).  To a first order, all 810 µm2 
area of the movable plate contributes to electrostatic force when SiGe is biased to be the 
gate (𝐶𝐴𝐶𝑇𝑈𝐴𝑇𝐼𝑂𝑁 = 𝐶𝐺𝐵 + 𝐶𝐺𝐷 + 𝐶𝐺𝑆 = 32.5 fF).  On the other hand, when W electrode is 
biased to be the gate, only 450 µm2 total area contributes to electrostatic force 
(𝐶𝐴𝐶𝑇𝑈𝐴𝑇𝐼𝑂𝑁 = 𝐶𝐺𝐵 = 19.5 fF), resulting in a much weaker electrostatic force.  While the 
current design necessitates the W electrode to always be smaller than the SiGe electrode to 
account for the source/drain regions, the area difference can be minimized in an optimally 
designed relay. 
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3.5.2 Body Effect 

Figure 3.21 shows how the switching voltages shift with applied body bias.  Ideally, 
actuation would depend only on the voltage difference between the gate and the body (VGB), 
so VPI and VRL should shift the same amount as the applied VB (i.e. slope = 1).  However, 
everywhere a capacitance forms, electrostatic force exists to influence actuation.  The 
slopes seen are instead ~0.5.  Out of a total plate area of 810 µm2, only about half (450 
µm2) forms capacitance with the body electrode (hence the slope of ~0.5).  The gate-to-
body electrode overlap should be maximized for body biasing to be more effective. 

 

Figure 3.21:  Dependence of the pull-in voltage (VPI) and the release voltage (VRL) on 
body bias (VB). For a given VG, more negative VB results in larger VGB (larger electrostatic 
force) and so reduces VPI and VRL, and vice versa. Slopes are 0.5046 and 0.5738 for VPI and 
VRL respectively. In the ideal case, the switching voltages should shift the same amount as 
the applied VB (i.e. slope = 1). 

 

3.5.3 Parasitic Source/Drain Actuation 

Figure 3.22 shows that the drain and source bias voltages (VD and VS) also affect 
VPI due to parasitic electrostatic forces.  Ideally, the source and drain should have minimal 
effect to the switching voltages (i.e. slope = 0).  The gate-to-source/drain overlap area (AGD 
+ AGS = 300 µm2) compared to gate-to-body overlap area (AGB = 450 µm2) is significant 
(~2/3).  Thus, VPI and VRL are also influenced by VD.  This is a phenomenon similar to 
Drain Induced Barrier Lowering (DIBL) in CMOS, which causes VTH lowering with higher 
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VD.  In an optimal relay design, the source and drain should not overlap with the actuated 
plate, so that AGD and AGS is minimized. 

 

Figure 3.22:  Dependence of the pull-in voltage (VPI) and the release voltage (VRL) on 
drain bias (VD), with VDS = 1V. Parasitic electrostatic force between the gate and the 
source/drain results in a shift in VPI and VRL. Slopes are 0.222 and 0.2377 for VPI and VRL 
respectively. In the ideal case, the switching voltages should not be affected by VD and VS 
(i.e. slope = 0). 

  

3.5.4 Parasitic Channel Actuation 

 Another phenomenon that hampers circuit testing is the inability to turn off the relay 
in situations where both the source and drain are pulled high.  Take a simple case of a 
relay-based buffer shown in Figure 3.23(a).  When the input is high (VIN = VDD), the top 
relay will be on while the bottom relay will be off.  The output is pulled up to high (VOUT = 
VDD).  Therefore, both source and drain of the top relay is high (at VDD).  In cases such as 
this, the relay could not be turned off, even after VG is lowered back to zero.  As illustrated 
in 3.23(b), the channel potential is also at VDD resulting in electrostatic force between the 
channel and the body.  A large overlap area between the channel and the body (ACB), 
creates electrostatic force large enough to overpower the spring restoring force (VRL drops 
to below 0V).  In cases where the channel voltage is not high enough to prevent turn off 
entirely, this phenomenon could still lower VRL and undesirably increase the hysteresis 
voltage.  Therefore, in a well designed relay, ACB should be minimized, if not completely 
eliminated. 
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Figure 3.23:  Description of parasitic channel actuation effect observed in the 1st 
generation 4T relay devices. (a) A buffer relay circuit, one example where this phenomenon 
can possibly happen. (b) Bias configuration that prevents the device from turning off 
despite VG lowered back to 0V. This is caused by significant electrostatic force due to large 
channel-to-body overlap area. 
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Chapter 4  
Relay Process & Design Optimization 
for Low Voltage Operation 
 

 

4.1 Introduction 

 The ideal switching characteristic of zero off-state leakage and abrupt switching 
behavior of relays makes it attractive for digital integrated circuit applications as chip 
power density has become a major challenge in recent years.  A robust and reliable 4-
Terminal (4T) relay technology, having high yield (>95%) and excellent endurance (>1010 
on/off cycles) has been demonstrated in the previous chapter of this dissertation.  Indeed, 
ideal switching characteristic is demonstrated with SS < 0.1mV/dec and immeasurably low 
IOFF (<10-14A).  However, the process technology and design are not optimized.  The device 
footprint is unnecessarily large, and the release process relies on a timed etch.  Parasitic 
electrostatic effects were found and operating voltages remain too large, making it difficult 
to implement complex logic circuits with the technology.  In order to fully realize the 
promise of relays as an alternative to CMOS for low power digital circuits, the relays need 
to be able to operate with voltages <1 V, i.e. with minimal hysteresis.  The hysteresis 
voltage sets the minimum VPI where the relays can still turn off (i.e. when VRL=0V, VPI = 
hysteresis voltage).   

This chapter focuses on relay process and design optimization.  With optional 
additional lithography steps, we can achieve a more robust process required for eventual 
device scaling, highly reduced device footprint area, and the ability to form interconnects to 
fabricate circuits.  Improved relay designs minimize parasitic electrostatic force issues and 
enhance functionality.  The process flow is optimized to achieve the lowest switching 
voltages, while still ensuring reliable turn-off and avoiding stiction.  New device concepts 
increase device functionality to reduce the number of structures required to achieve a 
certain function, and provide a new paradigm for designing circuits using relays.  Test chips 
were fabricated containing arrays of devices of various designs to find the optimal design 
trading off gate control, switching voltages, and reliability. 
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4.2 5-Mask/7-Mask Process 

 

 

Figure 4.1:  Layout view illustrating improved anchor and interconnect design on dual-
source/drain devices. (a) An inverter circuit. Relays are anchored on Al2O3 substrate 
dielectric. M1 to structure via enables connection from the SiGe structure to the W fixed 
electrodes. M1 to M2 via provides a connection to an interconnect layer underneath the 
relay. All flexures are connected through the M2 interconnect, a low resistance path to 
minimize voltage drops throughout the structure. (b) Device anchored directly on W (M1 
interconnect). Combining anchor and via saves area. 

As we attempt to design for lower voltages, an improvement to the process is 
required.  The 4-mask process shown in Chapter 3 is simple and sufficient to fabricate the 
first prototype devices.  However, it can be improved to facilitate miniaturization and to 
fabricate large circuits reliably.  In the original process, the structural layer is anchored on 
the sacrificial material.  As a result, the release time needs to be kept short and the printed 
anchor size needs to be large to make sure the anchors survive.  With scaling, gap 
thicknesses are expected to be smaller and a long release time may be required.  A timed 
release requirement could potentially limit scaling.  Large anchor regions also consume a 
lot of area, unnecessarily increasing the device footprint.  In fact, the anchors (50 μm × 50 
μm each) make up >50% of the total device area (120 μm × 150 μm) in the 1st generation 
design.  The location and size of the actual anchor is not lithographically fixed.  It is 
determined by the lateral etch distance of the sacrificial oxide underneath, potentially an 
added source of process-induced variation in the effective spring constant.  An extra mask 
(i.e. a 5-mask process) is needed to form a more reliable anchor and to electrically connect 
the structural layer and the fixed electrodes to build circuits.  The new anchor and 
interconnect design are illustrated in Figure 4.1.  Anchors can be formed directly on the 
Al2O3 substrate dielectric or the W electrodes (M1 layer) to form an electrical connection 
for circuit routing.  The anchor size is lithographically defined, the HF vapor etch time is 
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not limited, and large anchors are not required.  An anchor size of 10 μm × 10 μm is 
adequate, reducing the device footprint to 68 μm × 78 μm.  An optional two additional 
masks (i.e. a 7-mask process) could be used to provide an additional layer of interconnect 
(M2 layer) for larger circuits. 
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Figure 4.2:  Illustrations along cross section B-B’ and C-C’ in Figure 4.1, showing a 5-
mask/7-mask process flow for fabricating a four-terminal relay: (a) Underlying tungsten  
interconnect layer (M2) is deposited on Al2O3-coated substrate. (b) M2 layer is covered by 
Al2O3 inter layer dielectric (ILD), vias are etched, and tungsten fixed electrodes (gate/body, 
source, and drain) electrodes are formed. (c) Deposition of 1st sacrificial Low-
Temperature-Oxide (LTO) layer and definition of source/drain contact regions. (d) 
Deposition of 2nd LTO layer  and formation of W channels. (e) Deposition of Al2O3 body 
oxide. (f) Formation of relay anchor and structure to M1 via, followed by deposition of p+ 
poly-Si0.4Ge0.6 body layer and LTO hard mask, and patterning of body electrode and body 
oxide. (g) HF-vapor release. 
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The improved process is illustrated in Figure 4.2.  On a starting silicon wafer 
substrate, a layer of Al2O3 (80 nm) is deposited by ALD to form an insulating substrate 
surface. A 50 nm tungsten layer is deposited by sputtering and patterned to form Metal 2 
(M2) interconnect layer.  Another 80 nm layer of Al2O3 is deposited by ALD as the inter-
layer dielectric (ILD) and M1-to-M2 via holes are opened.  A second tungsten layer is 
deposited by sputtering and patterned to form Metal 1 (M1) interconnect, the gate/body, 
source, and drain electrodes.  Next, a first sacrificial layer of SiO2 is deposited via LPCVD 
and patterned to define the contacting regions.  Due to overetching, the surface of the 
tungsten source/drain electrodes is slightly recessed.  A second sacrificial layer of SiO2 is 
deposited.  The 2nd sacrificial layer thickness defines the contact dimple gap, whereas the 
total thickness of the two sacrificial layers defines the actuation gap.  Next, a tungsten layer 
is deposited and patterned to form the channel.  Afterwards, a layer of Al2O3 is deposited 
to form the insulating gate/body oxide layer, followed by definition of structure-to-M1 via 
holes.  P+ poly-Si0.4Ge0.6 structural layer is deposited by LPCVD and patterned along with 
the gate/body oxide layer with the aid of SiO2 hard-mask layer.  The structures are released 
by selectively etching away all of the SiO2 in HF vapor.  As an optional step, an ultra-thin 
layer of TiO2 can be conformally deposited by ALD for reliability improvement. 

 

 

Figure 4.3:  Comparison of a 4T relay design anchored on Al2O3 and W showing (a) VPI 
and (b) hysteresis voltage. No difference is seen. This affirms that the relay structure can be 
anchored directly on M1 (i.e. the anchor and via can be combined) to reduce circuit layout 
area. 

Note that in this chapter, the gate and body electrodes are interchangeable.  It is 
beneficial for circuit design to be able to use either the movable (SiGe) electrode or fixed 
(W) electrode to actuate the relay.  Measurements are performed to see if anchoring on 
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Al2O3 or W would make a difference for a range of different flexure lengths (L) (Figure 
4.3).  Very similar VPI and hysteresis are measured.  Thus, the relay anchor can also be used 
simultaneously as a structure-to-M1 connection to save area. 

 

 

4.3 Relay Designs for Improved Electrostatics 

 

4.3.1 2nd Generation 4-Terminal Relay Design 

 

 

Figure 4.4:  2nd generation 4T relay design. (a) Key dimensions. (b) Zoomed-in view 
showing channel and dimple regions. Total footprint size is 68µm×78µm. 

Having identified several issues in the 1st generation design (Section 3.5), the relay 
design is improved with the following in mind: 

(1) Maximize gate-to-body overlap area 
(2) Minimize gate-to-source/drain overlap area 
(3) Minimize channel-to-body overlap area 
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The 2nd generation is shown in Figure 4.4.  The key is to minimize the source/drain 
area that penetrates underneath the actuation area.  The limit to keep reducing the 
source/drain area is the dimple size, which is lithographically limited.  The ASML 
5500/300 deep ultraviolet (DUV) stepper used to fabricate these relays has a minimum 
resolution of 250 nm if fully optimized.  However, it is harder to etch small holes than to 
pattern small features.  A 1 μm × 1 μm dimple size is very robust against process variations.  
With careful optimization (focus/exposure, exposure energy), smaller dimples can be made.  
In this work, dimple sizes down to 0.4 μm × 0.4 μm are made with reasonably good yield.  
The fixed electrode under the channel is removed to minimize channel-to-body overlap area, 
leaving a small (minimum-size) strip to electrically connect the top and bottom halves of 
the fixed electrode. 

As shown in Figure 4.5, the switching voltages differ by <1 V when using either the 
SiGe electrode or W electrode as gate (vs. ~4-5V in 1st generation design).  With SiGe as 
gate, Figure 4.6 shows that the slopes of VPI and VRL vs. VB are close to ideal (~1).  Body 
biasing now shifts the switching voltages more effectively.  Parasitic actuation from the 
source/drain regions are also eliminated as the slopes of VPI and VRL vs. VD is ~0, shown in 
Figure 4.7.  The inability to turn the relays off due to parasitic channel actuation is no 
longer observed during subsequent device and circuit testing.  Simple logic, clocking and 
memory circuits have been demonstrated with the 1st generation design [1].  With improved 
electrostatic control, the 2nd generation design enables demonstrations of more complex 
circuits, such as adder [2] and multiplier [3], and also power gating [4].  The largest circuit 
demonstrated to date consists of 98 working relays in a circuit [3]. 

 

Figure 4.5:  Since electrostatic force is ambipolar, either the movable (SiGe) electrode or 
the fixed (W) electrode can be biased as gate. (a) Bias configurations showing both bias 
cases. (b) ID-VG curves comparing a 2nd generation 4T relay biased with SiGe as gate vs. W 
as gate. For both measurements, VD = 2 V and VS = VB = 0 V. VPI and VRL for both cases 
differs by <0.5V, significant improvement from the 1st generation design. 
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Figure 4.6:  (a) Measured IDS-VG characteristics of a 2nd generation 4T relay with different 
body biasing. VD = 2 V, VS = 0 V, and VB = 4 V, 0 V, -4 V, and -8 V. (b) Dependence of 
the pull-in voltage (VPI) and the release voltage (VRL) on body bias (VB). For a given VG, 
more negative VB results in larger VGB (larger electrostatic force) and so reduces VPI and 
VRL, and vice versa. Slopes are 1.0035 and 0.9647 for VPI and VRL respectively, which is 
close to the ideal case (i.e. slope = 1). Gate is the movable (SiGe) electrode. 

 

 

Figure 4.7:  Dependence of the pull-in voltage (VPI) and the release voltage (VRL) on drain 
bias (VD), with VDS = 2 V. Parasitic electrostatic force between the gate and the 
source/drain results in a shift in VPI and VRL. Slopes are -0.0034 and 0.0055 for VPI and VRL 
respectively, which is close to ideal (i.e. slope = 0). The 2nd generation design has 
eliminated source/drain parasitic actuation effect. Gate is the movable (SiGe) electrode. 
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Note that the pull-in voltages are higher in this technology compared to the 1st 
generation design.  Previously, parasitic actuation from the source/drain regions helped to 
lower VPI.  An appreciable amount of body area is also lost on the 2nd generation design to 
minimize channel-to-body overlap.  While we have gained better control over the operation 
of the device, VPI is still too high for reliable circuit operation and the ultimate goal of low 
power operation.  Process optimizations are attempted to reduce VPI.  Recall from Chapter 
1, VPI depends on:   

𝑉PI ∝ �
𝑘𝑒𝑓𝑓𝑔03

𝐴𝑒𝑓𝑓
    when 𝑔𝑑 ≥

1
3
𝑔0   (4.3.1.1) 

 𝑉𝑃𝐼 ∝ �
𝑘𝑒𝑓𝑓𝑔𝑑(𝑔0−𝑔𝑑)2

𝐴𝑒𝑓𝑓
    when 𝑔𝑑 < 1

3
𝑔0   (4.3.1.2) 

𝑔0 and 𝑔𝑑 are actuation and dimple gaps respectively.  𝐴𝑒𝑓𝑓 can be approximated as the 
overlap area between the movable and fixed electrode.  For this particular relay design, the 
effective spring constant (𝑘𝑒𝑓𝑓) consists of flexural and torsional components, and can be 
approximated as follows [5]: 

 1
𝑘𝑒𝑓𝑓

≅ �𝛾𝑓
𝐸𝑊ℎ3

𝐿3
�
−1

+ �𝛾𝑡
𝐺𝑊ℎ3

𝐿
�
−1

      (4.3.1.3) 

where 𝛾𝑓 is the flexural constant, 𝛾𝑓 is the torsional constant, 𝐸 is the Young’s modulus, 𝐺 
is the shear modulus, and 𝐿, 𝑊, and ℎ are the length, width, and height of the flexures 
respectively.  While 𝑊  and 𝐿  are defined by layout, ℎ  is the structural SiGe thickness 
(TSiGe) defined by process.  Several relay lots were fabricated with various splits to 
optimize the process.  The gap sizes (𝑔0 and 𝑔𝑑) and structural layer thickness (TSiGe) are 
varied.  A total of 25 wafers were completed and the results are summarized in Figure 4.8. 

Devices with 30nm 2nd sacrificial layer, thus thin contact gap (gd = 30 nm) (Wafers 
#2-4) are always in the on-state (short between source and drain even when VG = 0 V).  
These relays are stuck down during release as spring restoring force is not enough to 
overcome surface forces.  The smallest contact gap that can be fabricated successfully is 50 
nm. 

Devices with 50 nm 1st sacrificial layer (Wafers #13-16) do not show current 
conduction.  The 1st sacrificial layer determines the height of the contact dimple.  A dimple 
height of 50 nm may not be enough to prevent the gate dielectric “foot” problem (Section 
2.4.4), due to process-induced variations. 
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Figure 4.8:  Process optimization using 2nd generation 4T relay design to achieve low 
voltage operation. Structural SiGe thickness (TSiGe) and sacrificial layer thicknesses, which 
determine actuation gap thickness (g0) and contact gap thickness (gd), are the process 
parameters of interest. 25 wafers are fabricated and characterized. VPI corresponds to 
typical values taken from relays with flexure lengths between 15 µm to 22 µm, taking into 
account variations. VPI is measured with the movable electrode (SiGe) as gate. 

While gap thicknesses affect VPI, their effect seems to be kept to a small (~2 V) 
range for a given TSiGe.  For example, for TSiGe = 900 nm, VPI is always between 12 V and 
14 V.  No matter how much we reduce the actuation gap thickness, VPI could not be 
reduced under 12 V.  On the other hand, TSiGe appears to have a big impact on VPI.  From 
550 nm to 1200 nm, VPI dramatically reduces with thicker TSiGe.  This is counterintuitive 
since thicker SiGe would make a stiffer beam.  However, thinner films show dramatic 

Wafer # T SiGe 1st sac 2nd sac g0 gd V PI Note

1 1000 100 100 200 100 12-13V

2 1000 90 30 120 30 - Short

3 1000 110 30 140 30 - Short

4 1000 150 30 180 30 - Short

5 900 110 120 230 120 13-14V
6 900 110 90 200 90 12-13V
7 900 100 80 180 80 12V
8 900 90 90 180 90 12V
9 900 75 65 140 65 12V
10 900 75 85 160 85 12-13V
11 900 75 95 170 95 12-13V
12 900 75 110 185 110 13-14V
13 900 50 30 80 30 - Open
14 900 50 50 100 50 - Open
15 900 50 80 130 80 - Open
16 900 50 100 150 100 - Open
17 550 110 110 220 110 20-23V
18 750 110 110 220 110 14-17V
19 1000 110 110 220 110 12-13V
20 1000 75 75 150 75 11-12V
21 1200 75 75 150 75 11V
22 1200 75 85 160 85 11-12V
23 1200 80 50 130 50 10V
24 1200 80 80 160 80 10V
25 1200 80 100 180 100 11-12V

Process Parameters (nm) Results



 78 
 

increase in strain gradient whose effect dominates that of the effective spring constant.  
Very large negative strain gradient is observed for TSIGE < 900 nm, leading to very large VPI.  
Warping is clearly visible under microscope, with the actuation plate lifted upwards.  A 
rapid thermal anneal (RTA) step is done for 1 minute at 600°C (maximum allowable 
temperature for tungsten) for devices with thin SiGe.  Strain gradient is found to worsen 
with this RTA step.  VPI shoots up to 30-35V and 16-18V for Wafers #17 and #18 
respectively. 

The optimal structural SiGe thickness is 1200 nm, resulting in VPI between 10V and 
12V.  Thus far, VPI = 10 V is the lowest switching voltage achieved with this relay process 
(Wafers #23-24).   Interferometer measurements (Figure 4.9) show that the plate and 
flexure are relatively flat with sufficiently low strain gradient extracted to be ~1.7×10-4/µm. 

 

 

Figure 4.9:  Interferometry analyses of a relay with 1200 nm-thick poly-SiGe, after HF-
vapor release: (a) plan view, (b) zoomed-in view of a flexure and (c) 3-dimensional view. 
(d) Height profiles along D-D’, (e) E-E’ and (f) F-F’. Extracted strain gradient ~1.7×10-

4/µm. 

 Strain gradient presents a significant challenge for fabricating devices that operate 
at low voltages.  Not only does it restrict VPI to a certain range, it also makes VPI difficult to 
predict since the models are no longer accurate.  This highlights the importance of 
developing a material with minimal strain gradient. 
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4.3.2 3rd Generation 4-Terminal Relay Design 

 

 

Figure 4.10:  3rd generation 4T relay design. (a) Key dimensions. (b) Zoomed-in view 
showing channel and dimple regions. Total footprint size is 68µm×78µm. 

If the same footprint need not be kept (i.e. source and drain electrodes need not be at 
opposite sides of the plate), further optimization can be performed.  Figure 4.10 shows the 
3rd generation 4T relay design.  By keeping the source and drain regions to one side of the 
plate, AGS and AGD can be further minimized, and AGB maximized.  Note that the body 
(fixed W electrode) needs to be symmetric.  Dimple and channel still need to be formed at 
the side of the plate opposite to the source/drain to act as a “stopper” to ensure parallel-
plate actuation.  (Without a “stopper”, the plate could tilt or even collapse on one side.) 

Figure 4.11 compares capacitances associated with the 1st, 2nd and 3rd generation 
relay designs, calculated based on the parallel-plate capacitor model: 

 𝐶𝐺𝐵 = 𝜀0𝐴𝐺𝐵
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 𝐶𝐺𝐶 = 𝜅𝑜𝑥𝜀0𝐴𝐺𝐶
𝑇𝑜𝑥

         (4.3.2.4) 

 𝐶𝐶𝐵 = 𝜀0𝐴𝐶𝐵
(𝑔0−𝑧)          (4.3.2.5) 

where 𝜀0  is the permittivity of free space, 𝜅𝑜𝑥  is the relative permittivity (dielectric) 
constant, 𝑔0 is the as-fabricated actuation gap, and 𝑇𝑜𝑥 is gate oxide thickness.  𝐴𝐺𝐵, 𝐴𝐺𝑆, 
𝐴𝐺𝐷 , 𝐴𝐺𝐶 , and 𝐴𝐶𝐵  denote the overlap areas between the two electrodes that forms the 
particular capacitance.  The displacement 𝑧 = 0 in the off-state and 𝑧 = 𝑔𝑑 in the on-state, 
where 𝑔𝑑 is the dimple gap. 

In the 1st generation (original) design, the source and drain contribute 40% of the 
total capacitance associated with actuation.  In the 2nd and 3rd generation designs, the 
source/drain contributions are reduced to 2.3% and 1.8% respectively.  VGB greatly 
dominates all parasitic components, resulting in dramatic improvement in gate control 
compared to the original design.  The parasitic channel actuation effect is no longer 
observed in the 2nd generation design as CCB is reduced to <3% of the original design, and 
completely eliminated in the 3rd generation design (no more channel-to-body overlap).  The 
load capacitance of a relay circuit comprises the input capacitances of the relays in the next 
stage, which is dominated by CGB in the off-state and CGC+CGB in the on-state.  In the 3rd 
generation design, CGB is nearly doubled while CGC is reduced to less than a tenth of its 
value in the original design.  Assuming complementary operation, where only half of the 
relays in the circuit are on at any one time, input capacitance is reduced to ~55% of that for 
the original design. 
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Figure 4.11:  Overlap areas and capacitances associated with the different 4T relay designs. 
1st, 2nd, and 3rd generation designs are compared assuming the optimized technology 
parameters (Wafer #23 in Figure 4.8). In the 2nd and 3rd generation designs, VGB greatly 
dominates all parasitic components, resulting in dramatic improvement in gate control 
compared to the 1st generation design.  
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4.4 Multi-Source/Drain (Output) Relay 

Since a “stopper” structure is necessary at the opposite side of the source/drain to 
prevent tilting in the 3rd generation relay design, we can get extra functionality for free 
without any area or device behavior penalty by having an additional pair of source/drain 
(S/D) electrodes in place of the stopper.  This gives rise to the concept of multi-source/drain 
relays.  When placed in a circuit, this allows a single relay to have multiple outputs for 
different functions or voltage levels to reduce the device count in the circuit.  Chapter 5 
provides a more detailed discussion on the use of multi-source/drain relays in circuits. 

 

4.4.1 Dual-Source/Drain (2-Output) Relay Design 

 

 

Figure 4.12:  Illustrations of a dual-source/drain relay structure. (a) Layout view indicating 
the terminals and dimensions of relays fabricated in this work. (b) Cross sectional view 
along A-A’ in the OFF-state and (c) in the ON-state. (d) Circuit symbol. 

Figure 4.12 illustrates the structure and operation of a dual-source/drain (2-output) 
relay. In the off state, an air gap separates the channel and S/D electrodes so that no current 
flows. When the voltage difference between the gate and body electrodes is sufficiently 
large (i.e. when VGB ≥ VPI, where VPI is the “pull-in” voltage) the body electrode is actuated 
downward sufficiently to cause the channels – attached to the body electrode via an 
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intermediary oxide layer – to contact their respective S/D electrodes, so that current (ID) 
can flow between the S/D electrodes.  Figure 4.13 shows SEM images of a fabricated relay 
with a cross sectional view from focused ion beam (FIB) cut.  Figure 4.14 shows measured 
ID-VG characteristics for standard devices (dimensions in Figure 4.12), demonstrating n-
relay and p-relay operation by applying different body biasing.  The curves from left side 
and right side source/drain pair overlap, indicating symmetric switching. 

 

Figure 4.13:  (a) Scanning electron micrograph (SEM) image of a dual-source/drain relay. 
(b) Cross-sectional SEM from focused ion beam (FIB) cut at C-C’. 

 

Figure 4.14:  Measured IDS-VG characteristics of a dual-source/drain relay, with VDS = 1.5 
V. Operation mimicking that of either an n-channel or a p-channel MOSFET is seen by 
setting VB at either 0 V or 12 V, respectively. Curves from both source/drain pairs sit on 
top of each other (same VPI and VRL), indicating symmetric switching. 
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Figure 4.15:  Comparison of W as gate vs. SiGe as gate for dual-source/drain relays of 
different flexure lengths (L), showing (a) VPI and (b) hysteresis voltage. For the 
measurements, VD = 1.5 V and VS = VB = 0 V. Biasing with SiGe as gate results in ~2 V 
lower VPI and ~1 V lower hysteresis vs. W as gate. 

 

 

Figure 4.16:  Dependence of the pull-in voltage (VPI) and the release voltage (VRL) on 
body bias (VB) for a dual-source/drain relay biased using W as gate. VD = 1.5 V, VS = 0 V. 
For a given VG, more negative VB results in larger VGB (larger electrostatic force) and so 
reduces VPI and VRL, and vice versa. Slopes are 1.1152 and 1.0152 for VPI and VRL 
respectively, which is close to the ideal case (slope = 1). 
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Figure 4.17:  Dependence of the pull-in voltage (VPI) and the release voltage (VRL) on 
drain bias (VD) for a dual-source/drain relay biased using (a) W as gate and (b) SiGe as 
gate. VDS = 1.5 V and VB = 0 V. Slopes are all close to ideal (slope = 0), indicating very 
minimal shift in VPI and VRL from parasitic electrostatic force between the gate and the 
source/drain. 

Measurements in Figures 4.15-4.17 evaluate the effectiveness of gate control and 
parasitic actuation effects.  When SiGe is biased as gate, VPI is ~2 V lower and hysteresis 
~1 V lower compared to using W as gate.  Application of body bias results in 
corresponding reduction in switching voltages of equal magnitude.  Actuation is 
independent of source/drain voltages.  Therefore, this design is expected to be robust 
against parasitic electrostatic effects. 

 

4.4.2 Quadruple-Source/Drain (4-Output) Relay Design 

This concept of multiple-source/drain can be extended to relays with >2 
source/drain pairs.  As proof of concept, a quadruple-source/drain (4-output) relay is 
fabricated (Figure 4.18).  Functionality is verified by measured ID-VG curves shown in 
Figure 4.19.  Each drain is biased at different voltage levels to achieve different current 
levels.  Actuation is found to be symmetric as switching voltages for all four source/drain 
pairs coincide.  Note that symmetric switching is only achieved when the actuation plate is 
flat, stressing the increased importance of low strain gradient material for multi-
source/drain designs. 
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Figure 4.18:  Illustrations of a quadruple-source/drain relay structure. (a) Layout view 
indicating the terminals. (b) Top-view scanning electron micrograph (SEM) image. 

 

 

Figure 4.19:  Measured IDS-VG characteristics of a quadruple-source/drain relay. Each 
drain are biased at different voltage levels (VD = 0.5 V, 1.5 V, 2 V, 3 V). VS = VB =  0 V. 
Switching is simultaneous (same VPI, VRL) for all source/drain pairs, indicating that the four 
source/drain pairs are actuated symmetrically. Different current levels are seen, 
corresponding to different applied VD’s. 
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4.5 Multi-Gate (Input) Relay 

 

4.5.1 Concept 

Logic gate designs unique to relays can be achieved by taking advantage of the 
electrostatic force dependence on the actuation electrode area [6], [7].  For example, by 
carefully designing the beam dimensions, the number of driving input electrodes required 
to actuate a relay can be adjusted to implement two-input AND, OR [7], and NAND [6] 
gates.  This design technique can be extended to other types of logic gates.  This concept 
can be applied to the relay design in this work.  The fixed electrode (used as gate) can be 
subdivided into multiple separate electrodes that can be independently biased.  This way, 
the strength of electrostatic force (therefore actuation) can be controlled by the number of 
input electrodes (gate) that are driven.  For a given process technology, there are several 
ways to design the relay to implement different logic functions: 

(1) Subdivision of the fixed electrode. 
Since electrostatic force depends on the total actuating electrode area, the fixed 
electrode can be replaced with smaller electrodes of equal area to accommodate 
multiple inputs - or of different areas to accommodate multiple inputs of varying 
weight (i.e. influence) - to implement different logic functions. 

(2) Relay dimensions. 
The flexure and plate dimensions determine the total electrostatic force needed 
to turn on the relay.  For example, by adjusting flexure length (i.e. stiffness), a 
relay can be made to turn on with either one or two driven inputs. 

(3) Body biasing. 
Given a certain input voltage range, relays can be set to turn on when a specific 
numbers of input electrodes is driven by appropriately setting the level of body 
bias.  In this manner, the same relay structure can be used to achieve different 
logic functions. 

A possible drawback of the multi-input approach is scalability.  When the fixed 
electrode is subdivided, there is a minimum separation distance between the electrodes.  
This distance is limited by surface leakage.  In this work, the separation distance between 
electrodes is > 0.5 μm.  As the size of the relay is scaled down, the amount of fixed 
electrode area lost due to electrode-to-electrode separation becomes a larger portion of the 
total area.  As a result, actuation becomes less effective.  Despite limited scalability, multi-
electrode design potentially enables any logic function to be implemented with only two 
relays, which will be described later in Chapter 5.  Therefore, overall area savings can be 
achieved from a system standpoint.  In this work, dual-gate (2-input) relays are 
demonstrated.  This concept can be extended to relays with >2 input electrodes [8]. 
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4.5.2 Dual-Gate (2-Input) Relay Design 

The fabricated dual-gate (2-input), dual-source/drain (2-output) relay structure is 
shown in Figure 4.20.  Note that the gate electrodes have equal area and are inter-digitated 
to ensure that they have equal influence.  

 

Figure 4.20:  Schematic views of a dual-gate, dual-source/drain relay. (a) Isometric view. 
(b) Bottom electrode layout, showing inter-digitated gate electrodes to ensure that they 
have equal influence on the body. (c) Circuit symbol. (d) Scanning electron micrograph 
(SEM) image of a dual-gate, dual-source/drain relay. (e) Cross-sectional SEM from focused 
ion beam (FIB) cut at D-D’. 

Figure 4.21 shows VPI and VRL of the dual-gate relay when VB = 0 V.  The first case, 
[0,1], is when only Gate 2 is driven, and the second case, [1,0], is when only Gate 1 is 
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driven.  The non-driven gate is kept at 0 V.  Switching voltages are equal for both cases, 
confirming Gate 1 and 2 have equal influence.  The third case, [1,1], is when both gates are 
driven simultaneously to actuate the relay.  As expected, the switching voltages are lower in 
this case due to stronger electrostatic force for the same voltage since the effective 
actuation area is doubled in this case.  With this property, different levels of body bias can 
be applied to make the relay switch using either one gate or two gate electrodes for the 
same voltage.  For example, an operating voltage of 12 V requires both gates to be driven 
to turn the relay on with VB = 0 V (AND function).  When VB = -5 V is applied, the 
switching voltages are lowered, so that driving just one of the gates is sufficient to turn the 
relay on (OR function).  In Figure 4.21, body biasing requirements to achieve AND and OR 
function are indicated for VG = 8 V. 

 

Figure 4.21:  Measured pull-in (VPI) and release (VRL) voltages of a dual-gate relay, for 
various input combinations.  “1” ≡ VG.  Body bias requirements to achieve AND and OR 
functions are indicated assuming VG = 8 V. 
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the relay design itself, which is lithographically defined.  While Equations 4.3.1.1-4.3.1.3 
give insight on how to design for lower voltage, this is not straightforward since strain 
gradient effects tend to be dominant.  The next few sections cover relay design optimization.  
Arrays of devices are fabricated to experimentally verify parameter-dependent trends.  
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Figures 4.22, 4.25, and 4.30 define the various parameters that are studied with respect to 
movable electrode, flexure, and the fixed electrode, respectively. 

 

Figure 4.22:  Plate design definitions. (a) Plate size for the original design is defined by 
plate width (WPLATE) and length (LPLATE). Plates are square in all designs presented here, i.e. 
WPLATE = LPLATE. (b) Extended actuation plate designs providesfor larger actuation area 
without any increase in the total device area, because they make use of empty spaces 
between anchors and flexures. The location of the extension is annotated by “North, South, 
East, West”, or can be abbreviated by “NSEW”. LSOUTH×WSOUTH denotes the area of the 
“South” extension. Similar convention applies for the other extensions. Each design is 
defined by the size of the original plate (LPLATE ×WPLATE) + total area of the extensions as a 
percentage of the original plate area. 
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Figure 4.23:  Effect of plate size on relay operating voltage. Relay VPI and hysteresis 
voltage vs. flexure lengths (L) compared for relays with various plate sizes. (a), (b) single-
gate, dual-source/drain relays from Wafer #23. (c), (d) single-gate, dual-source/drain relays 
from Wafer #24. (e), (f) dual-gate, dual-source/drain relays from Wafer #24. For dual-gate 
relays, operation mode is denoted as [Gate1, Gate2] either at [0,1], [1,0], or [1,1]. “0”≡Gate 
is at 0 V. “1”≡Gate is swept from 0 V to VDD. VD = 1.5 V, VS = VB = 0 V. Tungsten fixed 
electrode is biased as gate. Process parameters of Wafers #23 and #24 are given in Figure 
4.8. 

Figure 4.23 show the effect of plate size on relay switching voltages.  Relays with 
plate sizes 30μm×30μm, 22μm×22μm, 15μm×15μm, and 12μm×12μm are fabricated.  The 
scalability of the plate size depends on the smallest dimple size that can be reliably printed 
and etched.  If the plate size is scaled continuously without scaling dimple size, the 
source/drain regions underneath the movable electrode will become a large percentage of 
the total actuation area, increasing parasitic electrostatic effects.  Note that in some of these 
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cases, the flexure width (W) has been scaled together with the plate size.  It is shown in the 
next section that flexure width has a significant influence.  Thus, it is important to make 
comparisons fairly.  For the same flexure width, scaling the plate size does not seem to 
impact VPI too much, showing slight increase by ~0.5 V with smaller plate size.  Despite 
reduced actuation area, smaller plate sizes help reduce warping due to strain gradient.  
Hysteresis voltages are comparable for the different plate sizes.  In the dual-gate devices, 
15μm×15μm devices show higher VPI than 30μm×30μm devices only for short flexure 
lengths (L<12μm) and becomes comparable for longer flexure lengths.  A significant 
reduction of hysteresis (by half) is observed in the 15μm×15μm devices.  With reduced 
device area and potentially reduced hysteresis, smaller plate size is overall beneficial. 

 

4.6.2 Extended Actuation Plate Area 

Device footprint is set by the anchor placement (vertically) and the flexure lengths 
(horizontally).  The standard design has plenty of empty space that can be filled with 
extensions of the movable plate.  With extensions, reduction in VPI is expected due to larger 
effective actuation area without increasing the total device footprint.  A study of extended 
actuation plate effects is presented in Figure 4.24.  In general, VPI and hysteresis reduction 
is observed with larger extensions, but reliability degrades significantly when the 
extensions are too large.  For example, 80% extra area to the 30μm×30μm devices results in 
~4 V (30%) drop in VPI and ~3-4 V drop (~70%) in hysteresis, but very poor yield and 
endurance, likely caused by strain gradient.  Interferometer measurements confirm that 
negative strain gradient causes the extensions to bend downwards.  With long extensions, 
this bending can be greater than the contact gap so that the channel touches the source/drain 
electrodes.  Devices that are not stuck down are prone to stiction after a few cycles.   
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Figure 4.24:  Effect of extended actuation plate area on relay operating voltage. Relay VPI 
and hysteresis voltage vs. flexure lengths (L) compared for relays without and with 
extended actuation plate. (a), (b) 30µm×30µm, W = 4 µm relays from Wafer #23. (c), (d) 
30µm×30µm, W = 4 µm relays from Wafer #24. (e), (f) 15µm×15µm, W = 2 µm relays 
from Wafer #23. (g), (h) 15µm×15µm, W = 2 µm relays from Wafer #24. (i), (j) 
12µm×12µm, W = 1.5 µm relays from Wafer #24. All relays are single-gate, dual-
source/drain design. VD = 1.5 V, VS = VB = 0 V. Tungsten fixed electrode is biased as gate. 
Process parameters of Wafers #23 and #24 are given in Figure 4.8.  

Devices with ~60% extra plate area are found to be reliable, and appears to be the 
optimal point for maximum VPI reduction vs. reliability tradeoff.  30μm×30μm and 
15μm×15μm devices with 61% and 60% extra area respectively show >15% reduction in 
VPI and hysteresis <1 V.  For 12μm×12μm devices, 77% extra area still produce good yield 
and endurance.  This shows that bending due to strain gradient is reduced with scaling. 
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4.7 Flexure Designs 

 

 

Figure 4.25:  Flexure design parameter definition. (a) Definition of flexure width (W) and 
length (L). W is the width of the beam which is uniform throughout in all designs. L is 
defined for one beam section only, not the total beam length. (b) Circular flexure 
orientation in clockwise direction. In a clockwise orientation, distances (z) are measured 
from one edge of the plate also in a clockwise manner (annotated in the figure). Anchor 
position is defined by the ratio of the distance of the anchor from the edge of the plate 
(LANCHOR) to length of one side of the plate (LPLATE), i.e. LANCHOR / LPLATE. The plates for 
all designs are square, i.e. LPLATE is equal for all 4 sides. (c) Definition of number of folds. 
A relay with 2-fold flexure is shown in (c) vs. standard 1-fold flexure in (a) and (b). 
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4.7.1 Flexure Length 

 Figure 4.26 shows the effect of flexure lengths (L) on the switching voltages.  For 
the standard 30μm×30μm device, VPI is found to be relatively insensitive to flexure length, 
while VRL drops with increasing L, widening hysteresis.  Since turn-on is brought about by 
electrostatic force while turn-off is brought about by spring restoring force, L has more 
significant impact on VRL.  VPI starts to increase when flexure lengths are long (L>30μm) 
due to increased warping from strain gradient. 

 

Figure 4.26:  Effect of flexure length (L) on relay operating voltage. (a) VPI and VRL of 
30µm×30µm, W = 4 µm relays. (b) VPI and VRL of 15µm×15µm, W = 2 µm relays. All 
relays are single-gate, dual-source/drain design from Wafer #23. VD = 1.5 V, VS = VB = 0 V. 
Tungsten fixed electrode is biased as gate. Process parameters of Wafers #23 are given in 
Figure 4.8.  

For the scaled devices (22μm×22μm and 15μm×15μm shown here), VPI shows 
length dependence only for short flexure lengths (L<15μm).  When the smaller relays turn 
on, spring restoring force is comparable to electrostatic force for the stiffer flexures to have 
an influence on VPI, whereas electrostatic force is completely dominant for the large 
devices.  For longer beams (L>15μm), VPI becomes insensitive to L and hysteresis starts to 
widen as L gets longer, similarly as for the 30μm×30μm devices.  L in the range from 15 
μm to 20 μm appears to be optimal to keep VPI and hysteresis low. 

 

4.7.2 Flexure Width 

The effect of flexure width (W) on switching voltages is studied in Figure 4.27.  As 
W gets smaller, reductions in VPI and hysteresis are observed.  Take W = 5 μm as a 
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reference point.  VPI is reduced by ~1 V and ~2 V for W = 3 μm and W = 2 μm, 
respectively. Hysteresis is reduced by 1-2V and 2-3V, respectively.  W = 2 μm is found to 
be the narrowest beam width that still allows for reliable operation.  Despite large VPI 
reduction by 3-4 V and very low hysteresis (<1 V), W = 1 μm devices show significantly 
poorer endurance because the flexures get too soft.  Not only are they prone to stiction, the 
switching voltages drift considerably between cycles, indicating possible fatigue. 

In the 15μm×15μm devices, W = 1.5 μm appears to be the minimum width limit at 
which devices still operate reliably.  Similar to the 30μm×30μm devices, W = 1 μm devices 
have low VPI, but show poor yield and endurance and are therefore not useful. 

 

 

Figure 4.27:  Effect of flexure width (W) on relay operating voltage. Relay VPI and 
hysteresis voltage vs. flexure lengths (L) compared for various W. (a), (b) 30µm×30µm 
relays from Wafer #23. (c), (d) 15µm×15µm relays from Wafer #24. All relays are single-
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gate, dual-source/drain design. VD = 1.5 V, VS = VB = 0 V. Tungsten fixed electrode is 
biased as gate. Process parameters of Wafers #23 and #24 are given in Figure 4.8.  

 

4.7.3 Flexure Orientation 

In Figure 4.28, devices with flexures oriented circularly in a clockwise manner are 
studied.  The anchor position is varied along the width of the plate, indicated by 
LANCHOR/LPLATE ratio (described in Figure 4.25(b)).  Significantly lower VPI and hysteresis 
is found compared to the standard device.  Devices anchored at LANCHOR/LPLATE = 0.25 
display lowest VPI, but yield seems to be low.  The highest yield is found for the devices 
anchored at the edge of the plate (LANCHOR/LPLATE=0), with VPI ~2 V lower than standard 
devices and hysteresis < 1V.  

 

Figure 4.28:  Effect of flexure orientation on relay operating voltage. Relay (a) VPI and (b) 
hysteresis voltage vs. flexure lengths (L) compared for devices with standard and circular 
flexure orientations. In the circular case, flexures are oriented in a clockwise direction, with 
the anchor position denoted by LANCHOR/LPLATE ratio (see Figure 4.25(b)). All relays are 
single-gate, dual-source/drain design with 30µm×30µm plate size from Wafer #24. VD = 
1.5 V, VS = VB = 0 V. Tungsten fixed electrode is biased as gate. Process parameters of 
Wafers #24 are given in Figure 4.8. 
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likely that residual stress on the beam causes the plate to rotate slightly and the dimples are 
no longer aligned with the source/drain electrodes.  Thus, no contact is made.  The larger 
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larger source/drain area, so that contact to source/drain can still be made even if the plate 
rotates slightly. 

 

4.7.4 Number of Folds 

By increasing the number of folds, the flexure length is effectively increased, so VPI 
reduction is expected.  Figure 4.29 shows the impact of adding another fold to the flexures.  
A 2-fold designs increases flexure length by 50% from the original 1-fold design.  For the 
standard design, reduction in VPI by >2V is observed, while hysteresis is reduced to close to 
1V for the shorter beams (L<16μm).  Significant improvement is not seen for circularly 
oriented flexure design.   

 

Figure 4.29:  Effect of number of folds in the flexure on relay operating voltage. Relay (a) 
VPI and (b) hysteresis voltage vs. flexure lengths (L) compared for devices with standard 1-
fold vs. 2-fold flexures. Standard (15µm×15µm plate size) and circular (30µm×30µm plate 
size) flexure orientations cases are shown. In the circular case, flexures are oriented in a 
clockwise direction, with the anchor position at LANCHOR/LPLATE=0 (see Figure 4.25(b)). All 
relays are single-gate, dual-source/drain design from Wafer #24. VD = 1.5 V, VS = VB = 0 V. 
Tungsten fixed electrode is biased as gate. Process parameters of Wafers #24 are given in 
Figure 4.8. 
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4.8 Extended Fixed Electrode Area 

Extending the fixed electrode area under the flexures effectively increases the 
actuation area (overlap between movable and fixed electrodes) for stronger electrostatic 
force.  Figure 4.31 shows that a 3 V reduction in VPI can be achieved when the whole 
length of the beam is covered on one side.  Covering both sides of the flexures does not 
lower VPI further.  The side near the anchor is much stiffer, so that the additional electric 
force there does not have a significant impact on actuation. 

 

Figure 4.30:  Designs with extended fixed (tungsten) electrode areas. The extensions are 
below the flexures, to provide for extra electrostatic force to actuate the relay. Extension 
length (LFIXEDEXT) is measured from the original fixed electrode boundary. Designs that 
cover 1 side and 2 sides of the flexures are fabricated. 

 

Figure 4.31:  Effect of extended fixed (W) electrode on relay operating voltage. Relay VPI 
and VRL vs. fixed electrode extension length are shown. Solid data points show extension 
that only covers 1 side of the flexure. Hollow data points show extension that covers both 
sides of the flexure. All relays are single-gate, dual-source/drain design with 30µm×30µm 
plate size and L = 20 µm from Wafer #23. VD = 1.5 V, VS = VB = 0 V. Tungsten fixed 
electrode is biased as gate. Process parameters of Wafers #23 are given in Figure 4.8. 
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Chapter 5  
Relay Based Combinational Logic 
Circuits 
 

 

5.1 Introduction 

Micro-relays recently have been investigated for digital integrated circuit (IC) 
applications because they are more robust against temperature variations and radiation than 
CMOS devices.  Since relays have the ideal switching characteristics of zero off-state 
leakage and abrupt on/off switching behavior, which in principle allow for more aggressive 
voltage scaling, they are of interest for ultra-low-power IC applications as well [1], [2].  A 
highly reliable 4-Terminal relay nano-electro-mechanical (NEM) relay technology 
employing tungsten electrodes with endurance exceeding 109 on/off cycles was 
demonstrated in this dissertation, and subsequently was used to demonstrate digital logic, 
clocking, and memory circuits in [3].  A major advantage of the 4T relay design is that it 
allows for the pull-in and release voltages to be adjusted (post-process) via body biasing.  
This can be leveraged to achieve low-voltage operation, as well as to allow the same relay 
structure to be operated either as a pull-down device or as a pull-up device, mimicking n-
channel MOSFET or p-channel MOSFET operation with the body biased at 0V or VDD 
respectively.  Thus, low-voltage complementary logic circuits can be implemented with 4T 
relays [4]. 

 In this chapter, simple logic gates are demonstrated using fabricated relay devices 
described in previous chapters of this dissertation.  The inverter is considered to be the 
basis for all logic circuits, as its operation principle is applicable to logic circuits in general.  
Thus, complementary relay inverter circuit characteristics are studied in depth.  Body 
biasing schemes for a 4T relay inverter are compared with regard to the inverter voltage 
transfer characteristic, crowbar current, and noise margin.  The optimal biasing scheme for 
achieving large noise margin and low-power operation is thereby identified. 

Relays can be employed as direct replacements for transistors, as CMOS circuit 
design techniques are compatible with relays.  Relay logic gates therefore are firstly 
demonstrated using CMOS-like design techniques.  For the best performance, relay circuits 
need to be designed differently.  Due to the large ratio between the mechanical (switching) 
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delay and the electrical (capacitive charging) delays of a relay, an optimized relay-based IC 
design should comprise a single-stage complex logic gate between latches, so that the time 
required to perform any digital logic operation is essentially one mechanical delay [2].  The 
properties of relays open up possibilities for unique relay-based circuit implementations.  
Unlike CMOS, relays are able to implement non-inverting logic since electrostatic force is 
ambipolar.  Using multi-source/drain relays can increase functionality or significantly 
lower the number of devices required to implement a certain function.  Finally, multi-
input/multi-output designs provide the ability to implement complex logic circuits using 
only two devices, for ultimate compactness.  These simple but significant circuit 
demonstrations pave the way for more complex circuit design using relays in the future. 

 

 

5.2 Complementary Relay Inverter Circuit 

 

5.2.1 Characteristics 

 

 

Figure 5.1:  Demonstration of a complementary relay inverter. (a) Circuit schematic. Two 
relays are individually probed and connected externally. VDD is set to 2 V. Body bias of the 
P-relay (VBp) and N-relay (VBn) is adjusted to achieve symmetric switching at low voltage. 
(b) Static inverter measurement with VBp = +10.6 V and VBn = -8.9 V. (c) Dynamic inverter 
measurement of the same relay circuit shown in (b), performed at a frequency of 50 Hz. VIN 
is a square function, oscillating between 0 V and 2 V. 

IDDIDDIDD

(a) (b) (c)
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A relay can be biased to mimic either an n-channel MOSFET (turning on at 
sufficient positive VGS) or a p-channel MOSFET (turning on at sufficient negative VGS).  
Thus, an inverter circuit with zero static power dissipation can be formed by connecting 
two complementary 4T relays in series between the power supply and ground, similarly to 
the transistors in a CMOS inverter, as shown in Figure 5.1(a) to form an inverter circuit.  
The VPI values for the two relays were carefully tuned via body biasing to achieve 
complementary switching characteristics for VDD = 2 V, resulting in the nearly symmetric 
voltage transfer characteristics shown in Figure 5.1(b).  Ideally, VPIn ≥ VRLp and VPIp ≤ VRLn 
to achieve abrupt high-to-low and low-to-high voltage transfer characteristics, respectively, 
and zero “crow-bar” current concomitantly.  Dynamic inverter operation at 50 Hz is shown 
in Figure 5.1(c), for a square-wave input signal supplied by a waveform generator. 

Note that in a CMOS inverter the transistors have gradual switching behavior (due 
to the fact that the sub-threshold swing is fundamentally limited to be no steeper than 60 
mV/dec at room temperature) so that the CMOS inverter voltage transfer characteristic 
(VTC) shows a gradual transition between states, with non-zero “crow-bar current” (IDD, 
flowing directly from the power supply to ground) in the transition region.  In contrast, a 
relay inverter VTC can show abrupt transitions between states, with zero crow-bar current, 
if the relay switching voltages are tuned appropriately. 

 

5.2.2 Body Biasing Schemes 

Due to process-induced variations, it is difficult in practice to ensure that the N-
relay VPI and VRL values exactly match the P-relay VRL and VPI values to achieve perfectly 
complementary switching, however.  Figure 5.2 shows three possible situations: perfectly 
matched, VPI,N = VRL,P and VRL,N = VPI,P (Case A); lower N-relay switching voltages, VPI,N 
< VRL,P and VRL,N < VPI,P (Case B); and higher N-relay switching voltages, VPI,N > VRL,P 
and VRL,N > VPI,P (Case C).  Along with the idealized relay I-V curves, the measured 
inverter voltage transfer characteristic (VTC) and measured crowbar current (IDD) are 
shown for each case.  (The N-relay and P-relay body biases were adjusted to achieve the 
particular switching-voltage alignment for each case).  The measurements were made using 
an Agilent 4156C Semiconductor Parameter Analyzer.  The voltage measurement unit in 
this instrument has a non-infinite input resistance, as evidenced by the higher current floor 
seen whenever the output node is connected to VDD (i.e. whenever the P-relay is on). 

In Case A, switching is perfectly complementary so that only one of the relays is in 
the on state for any value of VIN.   The VTC shows abrupt VOUT transitions (high-to-low 
and low-to-high), and crowbar current is minimized. 

In Case B, when VIN is swept up from 0 V to VDD, the N-relay switches on before 
the P-relay switches off.  When VIN is swept down from VDD to 0 V, the P-relay switches 
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on before the N-relay switches off.  Thus there are ranges of VIN in which both relays are 
on.  Within these ranges, VOUT is at a value between 0V and VDD, and crowbar current 
flows from VDD to ground.  (The actual value of VOUT will depend on the relative strengths 
of the two relays).   

 

Figure 5.2:  Relay inverter DC characteristics, for various body biasing schemes. 
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In actual circuit operation, the amount of time that both relays are on would be very short 
(less than the electrical charging/discharging delay time, tRC), so that the extra power 
consumed during switching due the crowbar current should be negligible.  Nevertheless, 
moderate relay on-state resistance (RON) is desirable in this case to avoid large current 
spikes.  For digital logic applications, RON can be 10-100 kΩ because the throughput of an 
optimally designed relay-based circuit is limited by the mechanical pull-in time (10-100 ns) 
rather than by tRC [2]. 

In Case C, when VIN is swept up from 0V to VDD, the P-relay switches off before 
the N-relay switches on.  When VIN is swept down from VDD to 0V, the N-relay switches 
off before the P-relay switches on.  Thus there are ranges of VIN in which both relays are 
off.  Within these ranges, fluctuations in VOUT (due to residual leakage currents in the test 
setup) are seen in the VTC.  In actual circuit operation, the amount of time that both relays 
are off would be very short, so that these voltage fluctuations should not adversely affect 
circuit operation.  Since both relays are never on at the same time, crowbar current is 
minimized, similarly as for Case A. 

Case A is ideal for minimizing the hysteresis in the VTC, but requires perfectly 
matched relays, which may be difficult to achieve and maintain in practice due to process-
induced variations and device degradation under operation.  To accommodate variations, it 
would seem best to bias the relays as in Case C (with the minimal misalignment needed to 
avoid the possibility of Case A occurring) to guarantee abrupt voltage transitions and zero 
crowbar current.  In other words, for complementary logic and memory circuits, the relays 
should be biased such that VPI,N ≥ VRL,P and VPI,P ≤ VRL,N. 

 

5.2.3 Static Noise Margin 

In a general digital integrated circuit, there is a need to both maintain the current 
logic state and to be able to flip the logic state.  Noise margin is the smaller one of: (1) the 
maximum noise voltage that would not alter the logic state unintentionally and (2) the 
maximum noise voltage that would not prevent intentional flipping of the logic state.  To 
illustrate this, consider the case where VA = 0 V, VB = 1 V. The logic state would flip if VA 
reaches VPI of the N-relay of Inverter 1 or VB reaches the VPI of the P-relay of Inverter 2, 
whichever comes first.  For case (1), consider noise at VA in the positive direction. If the 
magnitude of that noise is greater than the voltage required to flip the state, the logic will 
flip unintentionally.  For case (2), consider noise at VA in the negative direction. If the 
magnitude of that noise is greater than (VDD-|Voltage required to flip the state|), we will not 
be able to flip the state even if we apply the maximum possible voltage (VDD).  The best 
possible noise margin occurs when all switching occurs at VDD/2 (without hysteresis).  
When there is hysteresis, noise margin will be reduced and limited by case (2). 
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Figure 5.3:  Static noise margin (SNM) of digital relay circuit. (a) Basic memory element 
(latch). (b) Maximum SNM possible is achieved when the voltage transfer characteristic 
(VTC) has zero hysteresis. (c) Noise margin is reduced with increasing VTC hysteresis. 

For a CMOS inverter, the logic-low and logic-high noise margins (NML and NMH, 
respectively) are determined largely by the transistor threshold voltages: NML ~ VTH,N; 
NMH ~ |VTH,P|.  For a relay inverter, NML is the smaller one of VRL,N and VPI,P and NMH 
is the smaller one of (VDD-VPI,N) and (VDD-VRL,P).  Figure 5.3 illustrates how hysteresis in 
the VTC degrades the static noise margin (SNM).  To achieve the maximum SNM, 
switching from high-to-low and low-to-high should be symmetric about VDD/2, and 
hysteresis should be minimized.  The results for the inverter circuit presented in this study 
are applicable to complementary logic circuits in general to fully utilize the benefits of the 
4T relay technology. 

 

 

5.3 CMOS-like Relay Circuits 

 

5.3.1 Static Complementary Logic 

A static complementary CMOS gate is essentially an extension of the 
complementary inverter circuit.  It consists of a “pull-up network” and a “pull-down 
network” (Figure 5.4) [5].  When the output of the logic function is ‘1’, the “pull-up” 
network provides a connection between the output and VDD.  Similarly, when the logic 
function outputs a ‘0’, the “pull-down” network provides a connection between the output 
and GND.  At steady state, only one of these networks will be on (conducting) at any given 
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time.  Thus, the output will always have a connection to either VDD or GND and static 
current flowing directly from VDD to GND ideally should not exist. 

 

Figure 5.4:  A generic static complementary CMOS logic circuit, consisting of “pull-up” 
network and a “pull-down” network. Complementary relay logic can be implemented in the 
same way. 

Complementary relay logic gates can be implemented in a similar fashion with one 
major difference.  In CMOS, the “pull-up” network is made up of PMOS transistors, while 
the “pull-down” network is made up of NMOS transistors.  Consider Figure 5.5.  An 
NMOS turns on when VGS=VTH,N, while a PMOS turns on when |VGS|=|VTH,P|.  An NMOS 
is therefore able to discharge (“pull down”) a node all the way down to 0 V, while it can 
only charge (“pull up”) a node to VDD-VTH,N.  A PMOS could charge a node all the way up 
to VDD, but is only capable of discharging a node down to |VTH,P|.  As a result, 
complementary CMOS circuits are always inverting.  Functions such as NAND, NOR and 
XNOR can be implemented in one stage, but functions like AND, OR, and XOR are 
formed by connecting an extra inverter to the inverting functions (thus incurring additional 
area and delay).   

A relay, on the other hand, turns on when |VGB|=VPI, since electrostatic force is 
ambipolar.  Hence, a relay can charge all the way to VDD and discharge all the way to 0 V 
regardless of N-relay or P-relay operation mode.  A complementary relay circuit can 
implement both inverting and non-inverting logic in a single stage.  In fact, an optimal relay 
circuit should consist of a complex gate that performs all computation in a single stage (ie. 
only one mechanical delay). 
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Figure 5.5:  Comparison of NMOS, PMOS, N-relay, and P-relay when used as a “pull-
down” and “pull-up” device.  

 

 

Figure 5.6:  A dynamically configurable complementary relay AND/OR/NAND/NOR gate 
implemented with 4T relays. (a) Circuit schematic. (b) Bias configurations. (c), (d) 
Measured input waveforms. (e) Measured output waveforms for AND, (f) OR, (g) NAND, 
and (h) NOR. VDD = 8 V, VBp = 13 V and VBn = -5V. 
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A dynamically configurable complementary relay logic gate using 4T relays is 
demonstrated in Figure 5.6.  With 4 relays, AND/OR/NAND/NOR functions can be 
implemented by applying different biasing conditions.  Thus, both inverting and non-
inverting logic is achieved in a single stage.  Dual-source/drain relay design can be utilized 
to add functionality to the logic gate by using the second pair of source/drain as a second 
output.  The second output can implement either the complementary signal (to get 
differential output), the same signal with a different voltage level, or a different function 
altogether.  As proof of concept, a relay logic gate that implements AND/OR, OR/AND, 
NAND/NOR, and NOR/NAND depending on bias configurations is demonstrated in Figure 
5.7.  

 

Figure 5.7:  A dynamically configurable complementary relay AND/OR/NAND/NOR gate 
implemented with dual-source/drain relays to achieve multiple functionalities. (a) Circuit 
schematic. (b) Bias configurations. (c), (d) Measured input waveforms. (e) Measured 
output waveforms for AND/OR, (f) OR/AND, (g) NAND/NOR, and (h) NOR/NAND. VDD 
= 8 V, VBp = 13 V and VBn = -5V. 

A second way to use the dual-source/drain relay design is to reduce the number of 
devices necessary to implement a certain function.  For example, take a CMOS-like 
implementation of an XOR/XNOR gate using 4T relays (Figure 5.8).  Although functional, 
an 8 relay implementation consumes large chip area.  By employing dual-source/drain 
relays, the same circuit can be implemented with 4 relays (Figure 5.9).  In this case, two 4T 
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relays with the same gate and body biases (colored red, green, blue and orange) are 
replaced with a single dual-source/drain relay, to reduce the device count by half. 

 

Figure 5.8:  A complementary relay XOR/XNOR gate implemented with 4T relays. (a) 
Circuit schematic for XOR gate. XNOR function can be achieved by simply switching VDD 
and GND.  (b), (c) Measured input waveforms. (d), (e) Measured output waveforms. VDD = 
8 V, VBp = 13 V and VBn = -5 V. Annotated in different colors are relays that have identical 
gate and body biases. 

 

Figure 5.9:  A complementary relay XOR/XNOR gate implemented with dual-source/drain 
relays to reduce device count for more compact logic. (a) Circuit schematic for XOR gate. 
XNOR function can be achieved by simply switching VDD and GND. (b), (c) Measured 
input waveforms. (d), (e) Measured output waveforms. VDD = 8 V, VBp = 13 V and VBn = -5 
V. The two relays that have identical gate and body biases in Figure 5.7(a) are replaced 
with one dual-source/drain relay (annotated in the colors), reducing the device count by half. 
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5.3.2 Pass-Gate Logic 

The pass-gate logic design in CMOS is an attractive alternative to complementary 
logic design to reduce device count.  For example, in Figures 5.10(a),(b) an AND gate 
could be implemented with 2 transistors. (Note there is a requirement to invert the signal to 
get its complement that incurs another 2 transistors, for a total of 4).  However, the 
drawback of an NMOS only approach is not being able to pass VDD, while a PMOS only 
approach is not able to pass 0V.  This is for similar reason as why PMOS makes a better 
“pull-up” device while NMOS makes a better “pull-down” device explained earlier.  
Without the ability to pass voltages rail-to-rail (to strongly turn on and off driven devices), 
slower transition (i.e. speed) of the driven gate is expected and static power dissipation 
potentially rises when devices are not completely off.  This problem can be solved by using 
a transmission gate (having NMOS and PMOS together in parallel), as shown in Figure 
5.10(c), but with increased device count.  Relays, on the other hand, do not have such an 
issue.  N-relay or P-relay only implementations are both effective to pass voltages rail-to-
rail (Figures 5.10(d),(e)).  Thus, large reduction in device count can be achieved using 
relays with the pass-gate architecture. 
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Figure 5.10:  Comparison of pass-gate style AND gate implemented with CMOS and 
relays. Two cases, [VIN1,VIN2]=[1,1] and [1,0] are compared. (a) Pure NMOS and pure 
PMOS implantation for [1,1] case and (b) [1,0] case. (c) Transmission gate implementation 
for [1,1] and [1,0] cases. (d) N-relay and P-relay implementation for [1,1] case and (e) [1,0] 
case. 
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5.4 Multi-Input/Multi-Output Relay Circuits 

 

Figure 5.11:  A generic multi-input, multi-output relay combinational logic circuit. 

The ultimate, simplest (in terms of device count) implementation of any complex 
digital logic gate comprises only two switches: one “pull-up” switch that connects the 
output to the power supply when it is turned on, and one “pull-down” switch that connects 
the output to ground when it is turned on.  The multi-input relay design (Section 4.5) allows 
a relay device to accommodate multiple inputs.  In principle, almost any logic function can 
be implemented by adjusting the body bias levels and carefully designing the gate electrode 
areas to adjust the amount of electrostatic force each gate contributes to actuation.  A 
generic complementary-relay logic circuit is illustrated in Figure 5.11.  Each input signal is 
connected to one input electrode of the pull-up switch and also to one input electrode of the 
pull-down switch, and only one of these switches is on at any given time, i.e. they operate 
in a complementary manner.  Note that each relay can comprise multiple pairs of 
source/drain electrodes as well, to provide for greater functionality, e.g. output signals at 
various voltage levels (as indicated in the figure) or differential output signals.  To 
demonstrate these concepts for future zero-leakage digital ICs, the versatile functionality of 
circuits comprising only two multi-input, multi-output, electrostatically actuated relays is 
demonstrated in this work. 

 

5.4.1 Single-Gate, Dual-Source Drain (1-Input, 2-Output) 
Relay Circuits 

Figure 5.12 shows ID-VG curves of a single-gate, dual-source/drain relay with low 
hysteresis (<1 V).  Note that the hysteresis voltage caused by surface adhesive force and the 
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pull-in phenomenon, and sets a lower limit for supply voltage scaling, even with body 
biasing.  (To ensure that the relay is able to turn off, VRL can be reduced to near 0 V at best, 
which means the lowest VPI achievable is equal to the hysteresis voltage.)  It is therefore 
crucial to lower hysteresis voltage for ultra-low power operation.  With process and design 
optimization (Chapter 4), relays with <1 V hysteresis are achieved.  Thus, VPI can be 
reduced to <1 V with body biasing, for 1 V circuit operation in Figure 5.13. 

 

Figure 5.12:  Measured ID-VG characteristics of a single-gate, dual-source/drain relay with 
<1 V hysteresis. With body biasing, VPI, can be substantially reduced to <1 V with the relay 
still able to turn off reliably. 

Two single-gate, dual-source/drain relays are connected together to form a 
dynamically configurable 1-input, 2-output complementary relay circuit, which can 
function either as an Inverter/Buffer or XOR/XNOR gate, depending on the electrode 
biasing configuration.  Figure 5.13 shows Inverter/Buffer bias configuration.  When the 
input voltage (VIN) is high the top relay is off and the bottom relay is on, and vice versa.  
By connecting the sources to VDD or GND,   The left/right side source biases are VDD/GND 
and GND/VDD for the top and bottom relay respectively, such that complementary signals 
are achieved at the two sides.  The relays used in this circuit have <1 V hysteresis, shown in 
Figure 5.12, so that low voltage (1 Volt) Inverter/Buffer operation is achieved with body 
biasing.   

The same circuit is biased differently to achieve an XOR/XNOR gate (Figure 5.14).  The 
XOR function makes use of the ambipolar nature of electrostatic force (actuation depends 
only on the magnitude of VGB, not polarity).  When the gate and body voltages are 
complementary, the top relay will turn on.  When they are the same, the bottom relay will 
turn on. Since the body is used as an input electrode in this case, the input voltage range 
cannot be reduced by body biasing. 
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Figure 5.13:  Dynamically configurable complementary relay logic circuit utilizing two 
single-gate, dual-source/drain relays. (a) Circuit schematic and bias configurations for 
Inverter/Buffer. VDD=1V, VB_HIGH=13V and VB_LOW=-12V. (b) Measured input waveform. 
(c) Measured output waveforms. 

 

Figure 5.14:  Dynamically configurable complementary relay logic circuit utilizing two 
single-gate, dual-source/drain relays. (a) Circuit schematic and bias configurations for 
XOR/XNOR. VDD = 8 V. (b), (c) Measured input waveforms. (d) Measured output 
waveforms. 
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5.4.2 Dual-Gate, Dual-Source/Drain (2-Input, 2-Output) Relay 
Circuits 

Finally, two dual-gate, dual-source/drain relays are connected together to implement 
a dynamically configurable 2-input, 2-output complementary relay circuit, which can 
function either as an AND/NAND or OR/NOR gate, depending on the electrode bias 
configurations.  Figure 5.15 shows AND/NAND functions.  In this configuration, the top 
relay turns on only when all two gates are high.  The bottom relay turns on when at least 
one gate is low.  Again, switching is complementary and the source biases (VDD or GND) 
determine whether that source will act as a “pull-up” or a “pull-down” connection.  By 
simply adjusting the body bias voltages, the same circuit can implement OR/NOR functions, 
shown in Figure 5.16.  The top relay now turns on when at least one gate is high.  Similarly, 
the bottom relay now turns on only when all two gates are high.   

This concept can be extended further to relay designs comprising greater than two 
input electrodes [6] and/or greater than two sets of source/drain electrodes, to implement 
more complex logic functions.  Hence, multi-input/multi-input relays can implement multi-
functional, dynamically configurable relay logic gates using only two relays, for highly 
compact implementation of relay-based integrated circuits. 

 

Figure 5.15:  Dynamically configurable complementary relay logic circuit utilizing two 
dual-gate, dual-source/drain relays. (a) Circuit schematic and bias configurations for 
AND/NAND. VDD = 8 V, VB_HIGH = 15 V and VB_LOW = -4 V. (b), (c) Measured input 
waveform. (d) Measured output waveforms. 
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Figure 5.16:  Dynamically configurable complementary relay logic circuit utilizing two 
dual-gate, dual-source/drain relays. (a) Circuit schematic and bias configurations for 
OR/NOR. VDD = 8 V, VB_HIGH = 12 V and VB_LOW = -6 V. (b), (c) Measured input 
waveform. (d) Measured output waveforms. 
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Chapter 6  
Conclusion 
 

 

6.1 Summary 

This dissertation begins with a perspective of CMOS technology scaling and the 
power crisis that has emerged for sub-100 nm technology nodes.  Parallelism has been 
employed to alleviate this problem but is only a short-term solution since CMOS 
technology has a fundamental limit in energy efficiency that is related to the non-ideality of 
the transistor as an electronic switch.  An alternative switch with more ideal behavior is 
therefore needed.  The electrostatically actuated relay is proposed to meet this need.  A 
relay has zero leakage current because the source and the drain electrodes are physically 
separated in the off state.  In addition, since on/off switching is based on making and 
breaking physical contact, a relay’s switching characteristic is hyper-abrupt (subthreshold 
swing (SS) is near zero), in contrast to a transistor’s switching characteristic that is limited 
by the thermal voltage (SS ≥ 60 mV/dec at room temperature). 

 Demonstration of micro-relay devices and circuits requires extensive process 
development.  The 4-Terminal relay structure is found to be most attractive for digital 
integrated circuit (IC) applications, due to the benefits of having the body terminal.  Apart 
from fixing the gate switching voltage with respect to the body voltage, it provides a means 
to electrically adjust the gate switching voltage, and as a result allows operation mimicking 
either an n-channel or p-channel MOSFET.  A 4-Terminal relay structure consists of four 
materials that comprise the sacrificial, contact electrode, dielectric, and structural layers.  
Each of these needs to be properly optimized.  For digital IC applications, high device 
reliability is of utmost importance, while slightly higher on-resistance is acceptable.  
Materials are selected based on the targeted device application, process integration 
requirements, and availability.  Various process integration challenges are discussed and 
solutions proposed.  The substrate temperature should not exceed 425°C for post-CMOS 
processing compatibility. 

Based on the process development efforts, a robust 4-Terminal relay technology is 
developed and characterized to assess performance and reliability.  Fabricated 4T relays 
exhibit good on-state current (ION > 800 μA for VDS = 1 V) and zero off-state leakage 
current.  Low-voltage switching (< 2 V) and low switching delay (100 ns) are demonstrated 
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by appropriately biasing the body terminal.  Endurance exceeds 109 on/off cycles without 
stiction or wear issues.  However, the 1st generation design suffers from parasitic 
electrostatic effects.  Since capacitance forms between any two electrodes separated by a 
dielectric, the sizing of the electrodes needs to be optimized. 

 Next, an improved and more scalable process is presented.  The design is also 
improved by optimizing the electrode sizing to eliminate parasitic effects.  New features, 
such as extra pairs of source/drain, are incorporated into the design to enhance device 
functionality.  The process flow is optimized by changing gap ratios and structural layer 
thickness.  At best, VPI ~10 V and ~12 V with the movable SiGe electrode and the fixed W 
electrode biased as gate, respectively.  To complement process optimization, design 
optimization is presented by altering the dimensions, shape and orientation of the movable 
electrode, flexure and fixed electrode.  Another 2 V reduction in VPI can be expected 
without sacrificing reliability and yield.  When fully optimized, the current 4T relay design 
and technology can operate reliably at ~8 V (SiGe gate) or ~10 V (W gate), with <1 V 
hysteresis. 

Finally, simple relay-based circuits are demonstrated to assess the viability of this 
technology for digital ICs.  A complementary inverter circuit is characterized and studied in 
depth to gain insight on the optimal body-biasing schemes and static noise margin for relay 
logic.  Dynamically configurable logic gates are implemented using the 4-Terminal relay 
and the dual source/drain relay.  All 2-input logic functions are demonstrated using only 
two relays with the multi-input/multi-output design.  A low voltage (1 V) Inverter/Buffer 
circuit is achieved with body biasing.  This work paves the way for compact 
implementation of highly compact relay logic circuits in the future. 

 

 

6.2 Suggestions for Future Research 

While relays are ideal switches with the potential to realize ultra-low-power 
integrated circuits, it has been difficult to scale down their operating voltage.  The main 
challenge is strain gradient in the structural layer that causes out-of-plane deflection.  
Structures with strain gradient <1×10-4 µm-1 are required to address this challenge.  Low-
temperature poly-SiGe deposition has been studied extensively for MEMS applications 
requiring structural layer thicknesses >1 µm [1].  Since strain gradient is worse for thinner 
layers, optimization of the low-temperature poly-SiGe deposition process for structural 
layer thicknesses <1 µm is needed.  Alternatively, multi-layered structural materials can be 
utilized to lower the overall strain gradient of the structure [2]. 
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To demonstrate larger integrated circuits, such as a microcontroller, it is important 
for relays to operate reliably over >1014 cycles.  Tungsten is an excellent material to 
prevent contact failure from wear, plastic deformation, and welding-induced stiction.  
However, despite being intrinsically conductive, tungsten readily forms insulating native 
oxide (WO3) in air.  As a result, devices need to be “initialized” before testing by 
electrically breaking the contact native oxide.  Native oxide also reforms readily during 
testing to make contact resistance unstable.  This becomes a major challenge in 
implementing circuits, especially for large and complex ones, such as a microcontroller.  To 
improve contact resistance stability, hermetic sealing technology [3] can be employed.  An 
alternative material with more favorable contact properties may be needed.  Ruthenium, for 
example, is an attractive candidate because it forms conductive oxide (RuO2) in air, and 
still maintains relatively high hardness (albeit not as high as tungsten). 

Another reason to optimize the contact material is to lower hysteresis voltage, for 
ultimately scaled relay operating voltage.  Recall that the ultimate limit to voltage scaling in 
relays is the hysteresis voltage.  Hysteresis is caused by pull-in mode operation and surface 
adhesive force.  Devices can be made to operate in non-pull-in mode by reducing contact 
gap to 1/3 the actuation gap, in which case surface adhesion forces will be the sole 
contributor to hysteresis.  Surface adhesive forces in TiO2-coated W contacts have been 
studied and found to be worse than in pure W contact (WO3 at the surface) [4].  A more 
extensive study needs to be done, especially as new materials are explored for contact 
material. 

 Finally, despite miniaturization, relays presented in this work are significantly larger 
than CMOS devices.  For relays to be attractive as CMOS replacement device, a scaled 
technology will be required.  Additionally, switching speed and operating voltage is 
expected to improve with technology scaling.  With dimensional scaling comes many new 
processing challenges.  As mentioned earlier, a new structural stack with low strain 
gradient need to be found.  A new sacrificial layer deposition capability with more precise 
thickness control (such as ALD) is required to precisely define the gap thicknesses in the 
nanometer range.  The ability to print small dimple sizes reliably is needed as well.  If the 
current lithography capability is insufficient, e-beam lithography can be employed at the 
expense of throughput.  Scaling the contact dimple size may give rise to new issues, such as 
a rising contact resistance.  Relays with dimple size as small as 0.1µm×0.1µm have been 
fabricated and found to have higher contact resistance than those with 1µm×1µm dimple 
[5].  Effects of dimple size scaling on contact resistance and surface adhesion forces needs 
to be studied carefully.  Relay technology scaling eventually will require more advanced 
manufacturing capabilities.  There is much work yet to be done to realize relay-based ICs in 
mass production. 
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6.3 Outlook 

Continued advancement in CMOS integrated circuit technology has become 
increasingly difficult due to a tradeoff between performance and energy efficiency.  A 
power crisis has emerged due to off-state leakage that fundamentally limits CMOS energy 
efficiency.  While new techniques, materials, and device architectures are being 
investigated to prolong CMOS scaling, the energy efficiency limit is governed by the 
physics of MOSFET operation, and exists regardless of materials or device architecture.  
Hence, an entirely new switch that consumes very low power when active and does not leak 
power when idle becomes necessary. 

The benefits of having an extremely low power switch goes beyond high-
performance computing.  The recent shifting trend in the consumer market from personal 
computers (PCs) to mobile devices sparked a new era in computation that makes energy 
efficient computing devices all the more crucial.  As we enter the era of ubiquitous 
computing, computing devices need to last a long time without the need to be frequently 
recharged, or to be self-sustaining by harvesting energy from the environment [6].   

 As the industry and researchers in academia start to look “beyond CMOS” for the 
next computing device, many have emerged.  Some hold more promise than others.  Tunnel 
field-effect transistors (TFET) that utilize the principle of band-to-band quantum 
mechanical tunneling for steep switching (<60 mV/dec) appears to be one of the more 
promising candidates [7].  More exotic devices employ a completely different paradigm 
without even having electrons as state variable.  Nanoscale devices that pass tokens in spin, 
magnetic, photonic, excitonic, quantum, and heat domains have been proposed [8]. 

This dissertation proposes another promising approach in the search for a “beyond 
CMOS” switch alternative: nano-electro-mechanical relays for logic.  Mechanical switches 
inherently have zero off-state leakage and extremely abrupt switching behavior.  Hence, a 
relay is essentially the ideal switch, provided that its full potential can be achieved.  While 
its speed and size is inferior to CMOS, reoptimized circuit design architectures can mitigate 
these penalties.  Perhaps relays will not replace CMOS completely in areas where high 
speed/performance is most critical, but will be attractive for applications where energy 
efficiency is most important.  A circuit-level assessment of energy-delay performance 
indicates that scaled relays can potentially provide for >10× improvement in energy 
efficiency as compared with CMOS, for applications requiring performance up to ~100 
MHz clock frequency [9], [10].  In this dissertation, significant progress in relay technology 
development has been accomplished, but lowering the operating voltage and ensuring good 
reliability over the device lifetime remains a challenge.  With further design and process 
improvements, a scaled nano-relay technology with optimized contact and structural 
materials, and potentially a proper hermetic sealing technology, can be compelling for 
energy-efficient information processing of the future. 
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