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Steady advancement in integrated-circuit (IC) process
technology over the past 40+ years has enabled ever more
functional and affordable electronic devices, with dramatic
impact on virtually every aspect of life in modern society.
The key to continual improvements in IC performance
and cost has been the miniaturization of the metal-oxide-
semiconductor field-effect transistor (MOSFET), the basic
building block used predominantly in IC “chips” today.
As transistor dimensions have shrunk, the areal density of
transistors has increased — so that the number of transistors
on a chip has roughly doubled every two years, according
to “Moore’s Law” — to provide for improved functionality
and lower cost per function.

Due to the fact that the transistor operating voltage (V)
is no longer being reduced commensurately with transistor
dimensions (Fig.1), power density has grown to be the
dominant challenge for continued IC technology scaling.
Together with recent improvements in micrometer-scale
relay design and process technology, this has led to renewed
interest in mechanical computing for ultra-low-power
applications. This article begins with a brief overview of
complementary-MOS (CMOS) technology to explain the
root cause of the IC power crisis and thereby motivate the
re-consideration of mechanical computing technology. A
recently developed micro-relay technology [2, 3] which
was used to demonstrate the first relay integrated circuits [4]
is then presented. Finally, relay scaling for improved device
density and performance is discussed, and the energy
benefit of a scaled relay technology vs. a CMOS technology
with comparable minimum dimensions is assessed.

Voltage [V]
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N
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Figure 1: CMOS supply voltage (V) and threshold voltage (V)
reduction with technology advancement [1]. Since MOSFET off-state
leakage increases exponentially with decreasing V-, voltage scaling
has slowed in recent technology generations, resulting in increased
power density.
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1. CMOS technology and the power crisis

Fig.2 illustrates the basic MOSFET structure, which
is essentially a three-terminal solid-state switch: When a
sufficiently large voltage (greater than a “threshold voltage”
V) is applied between the gate and source, the transistor
is in the ON state and current can readily flow through the
channel region between the source and drain. The maximum
ON-state current (Ioy) is proportional to (Vg — V3)*, where
1 < a < 2. When zero voltage is applied between the
gate and source, the transistor is in the OFF state and
only leakage current flows through the channel region
between the source and drain. The OFF-state current (Ig)
is proportional to 10”™*, where the subthreshold swing
S is typically 100 mV/dec. (The metallic gate electrode
is electrically insulated from the semiconductor channel
region by a thin oxide layer so that no direct current flows
between the gate and semiconductor.) The source and drain
comprise heavily doped (i.e. electrically very conductive)
regions within the semiconductor, on either side of the
channel region. The channel region is lightly doped,
typically of the opposite conductivity type as the source/
drain regions.

Both “n-channel” and “p-channel” MOSFETs are used
in the majority of IC chips today. In an n-channel MOSFET,
a gate voltage that is higher than the source voltage is
needed to form a conductive n-type channel to connect
the n-type source/drain regions, whereas in a p-channel
MOSFET a gate voltage that is /ower than the source
voltage is needed to form a conductive p-type channel
to connect the p-type source/drain regions. If the gate
electrodes of a pair of n-channel and p-channel MOSFETs
are connected together and their source electrodes are
biased as shown in Fig.3, complementary switching
behavior is achieved, i.e. only one device is turned on at a
time when the gate voltage is high (V) or low (0 V). This
is advantageous for minimizing static power dissipation,
to be only [xVy, for the CMOS inverter circuit shown in
Fig. 3. Note that the MOSFET drain electrodes are each tied
to the output node, and that the n-channel device is used to
“pull down” the output node to ground when the input node
(tied to the gates) is high, and that the p-channel device
is used to “pull up” the output node to V4 when the input
node is low.
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Figure 2: Schematic illustration (left) and circuit symbols (right)
for the basic metal-oxide- semiconductor field-effect transistor
(MOSEFET).
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Figure 3: Basic CMOS inverter circuit.

Since I (hence static power consumption) increases
exponentially with decreasing V, V; has not been
aggressively scaled down with each new generation of IC
technology (Fig.1). Since Iy (hence circuit performance)
decreases with decreasing “gate overdrive” (Vg4 —Vy),
V4 also has not been aggressively scaled down. Today,
power density limits (~300W/cm” due to thermal cooling
limitations) severely constrain IC design. In order to
increase transistor density (for lower cost per function and
increased chip functionality) without increasing power
density, V4, must be reduced (to reduce active power
dissipation) at the expense of performance. This has forced
the move to multi-core processors, i.e. parallelism, to
recover system throughput (Fig.4). The degree to which
this approach can be used beneficially is limited, however,
because of a fundamental lower limit in the energy required
per operation (E/op) for a given CMOS technology. This
lower limit exists due to transistor off-state leakage current:
As Vg, is reduced to lower the active energy (proportional
to V,°), the time required to perform the operation
(tgeray ¢ Vao/lon) increases and hence the leakage energy
(proportional to ty,, *Iopx V) increases. (Alternatively,
Vcan be scaled down together with V, to maintain ty,,,
but then Iy would increase exponentially as explained
above.) Eventually, a minimum in total energy is reached
when the active energy and leakage energy are balanced, i.e.
any further reduction in V,, will not result in reduced total
energy and so transistor density scaling will be limited.

100 "
Multi Single
Core Core
80
Q.
o
3 60
g Operate at a lower
o energypoint
& 40 (i.e. reduce Vdd)
E
2
20
Run in parallel to rec
performance )
10° 10’ 10° 10° 10°
1/throughput (ps/op)

Figure 4: CMOS energy per operation vs. time delay per operation. A
fundamental lower limit for E/op is reached as V, is reduced, because
the amount of energy wasted due to transistor off-state leakage
increases with the amount of time required to perform an operation.

A mechanical switch is ideal in that it has zero I
(which eliminates the trade-off between decreasing active
energy and increasing leakage energy) and abrupt switching
behavior which in principle allows V; and hence Vg
to be scaled down aggressively while maintaining high
Ion (Fig.5). Thus, a mechanical switch technology can
potentially achieve lower E/op than a CMOS technology.

The use of mechanical switches (e.g. relays) for
computing is not a new idea, and dates back to the
1930’s [5]. Because of tremendous advancements in
planar processing technology over the past few decades,
particularly the development of surface micromachining
processes for micro-electro-mechanical systems (MEMS),
there has been renewed interest in mechanical computing
for ultra-low-power computing applications [6]-[7].

2. Micro-relay technology for IC applications
Micro-switches utilizing electrostatic actuation are
attractive for IC applications because they are relatively
easy to manufacture using conventional planar processing
techniques and materials. A conventional three-terminal (3T)
micro-switch structure [2] is illustrated in Fig.5. In the OFF
state, an air gap separates the source from the drain so that
no current can flow between these electrodes. The position
of the source electrode, which is a movable beam, depends
on the electric field across the actuation gap between the
source and the gate electrodes, i.e. the balance between the
electrostatic attractive force (F,.) and the spring restoring
force of the beam (F,;,,). While F, increases quadratically
with increasing downward beam displacement, F, .,
increases only linearly with displacement. Thus, there is
a critical displacement beyond which F is always larger
than F so that the gap will eventually close abruptly

spring>

as the applied voltage across the gap (|Vgg|) is increased.
This phenomenon is referred to as “pull-in.” The voltage at
which pull-in occurs (Vy,) is dependent on the relay design
parameters:
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where k is the spring constant of the beam, g, is the as-
fabricated actuation gap thickness, &, is the permittivity of
air, W is the width of the beam, and L is the length of the
beam.

A typical measured current-vs.-voltage characteristic
is also shown in Fig.5. Note that the switch turns on when
[Vl exceeds Vp,, but turns off when |V is lowered below
the release voltage (V). The hysteretic switching behavior
(Vi <V, is caused by the pull-in phenomenon (because
F.. remains larger than F,;,, for values of [V < Vy,
when the source is pulled in), and is exacerbated by surface
adhesion force (F,g,.0n) in the contacting region(s). The as-
fabricated gap thickness in the contacting region (g,) can be
made to be smaller than g, to reduce the hysteresis voltage.
This dimpled contact design is also beneficial to precisely
define the area of the contacting region and to reduce the
turn-on (pull-in) delay:
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Figure 5: Schematic illustration of a basic three-terminal electro-
mechanical switch and typical electrical characteristics.

In an IC, it is often desirable to connect multiple
switches in series. In such a configuration, the source
voltage is not necessarily fixed and hence the gate switching
voltages can vary undesirably, depending on the source
voltage. The four-terminal (4T) relay design [3] addresses
this shortcoming with the addition of the body terminal
(Fig.6). In this relay design, the actuated electrode is the
gate electrode. The voltage applied between the movable
gate electrode and a fixed body electrode determines the
state of the relay (Fig.7). Thus, if the body is biased at
a constant voltage, the gate switching voltages will not
vary. A narrow metallic channel electrode attached to the
underside of the gate electrode via an electrically insulating
oxide layer serves to bridge the source and drain when
the relay is in the on state. Functional logic, memory, and
clocking circuits recently have been demonstrated using 4T
relays [4].

Micro-relays must operate with adequately low on-
state resistance (Ryy) and high endurance to be practical for

IC applications. Rpy can be as high as ~10 kQ (assuming
load capacitances in the range up to ~100fF) without
significantly affecting circuit performance, because the
delay of a relay circuit is dominated by the time it takes to
mechanically pull-in the beam(s), which is on the order of
10ns for a 90nm relay technology [7]. This allows for the
use of a hard, refractory contacting electrode material such
as tungsten, which is beneficial for improved resistance
to wear and micro-welding. (Due to surface roughness,
physical contact is made only at a few asperities when a
relay is in the on state. For a harder contact material, the
real contact area is smaller and hence the R,y is larger.)
Additionally, a surface treatment can be applied to the
electrode surfaces to improve device reliability, so long as
Ry 1s not increased beyond ~10kQ.

~| ate
Drain Bodi Source

(b) AA’ cross-section: OFF-state

|

(c) AA’ cross-section: ON-state

Figure 6: (a) Schematic of a four-terminal relay design for IC
applications. (b) Cross sectional view along the channel (AA’) in the
off-state and the (c) on-state. The position of the gate is controlled

by gate-to-body voltage (V). This provides the ability to build
complementary logic circuits and to reduce the gate switching voltages
via body biasing [3] (Fig.7).
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Figure 7: Measured current-vs.-voltage characteristics of a 4T relay,
showing tunability of the gate switching voltages with body biasing

(Vp).

A reliable micro-relay technology employing titanium
dioxide (TiO,) coated tungsten (W) electrodes recently has
been developed for digital logic applications [2-3]. The
TiO, coating improves contact stability and relay endurance
because it acts as an oxidation barrier and also serves to
limit current conduction to mitigate micro-welding issues.
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Relay endurance exceeding 1 billion on/off cycles without
stiction- or welding-induced failure has been demonstrated
(Fig.8). Further improvement is needed, however: relays
must endure ~3x10" on/off switching cycles before failure,
in order for a relay-based circuit to operate reliably for
at least 10 years at a clock frequency of 100 MHz and
transition probability of 0.01.

1.E+06

1E+05 |

1.E+04 (M)

1E+03 |

Contact resistance [Q]

1.E+02 L L
1.E+0 1.E+3 1.E+6 1.E+9
No. of on/off cycles

Figure 8: Measured contact resistance vs. number of on/off hot
switching cycles with Vg =1V [2].

3. Relay scaling and energy-performance

comparison with CMOS

Similarly as for MOSFETSs, a constant-field scaling
methodology [8] can be applied to relays to improve device
density (for lower cost per function), switching delay (for
higher performance), and power consumption (Table 1).
Following this methodology, the electric field across the
as-fabricated actuation gap is maintained at a constant
value while all of the dimensions of the relay are reduced
by the factor 1/x. As a result, the spring constant (k) is
reduced. There is a lower limit for k, however, because
Fprine must be greater than F ., s0 that the relay is turned
off when the gate voltage is zero (i.e. Vy, in Fig.1 must be
greater than 0 V). This in turn sets a lower limit (E, ;) on

Table 1: Guidelines for electrostatic relay scaling. « is a scaling
constant greater than 1.

Relay Parameter Constant-Field Scaling
Multiplicative factor
Spring constant 1/x
Actuation area 1
As-fabricated gap thickness 1/x
Mass m 1/
Pull-in voltage 1/x
Pull-in delay 1/x
Switching energy 1/
Device density K
Power density 1

the relay switching energy. Surface adhesion energy due
to van der Waals forces, capillary forces, and hydrogen
bonds scales with the area of the contacting region [2], so
that relay designs with lower beam stiffness and therefore
smaller actuation area and operating voltage are possible
if a smaller contacting region is utilized. Ultimately, for
aggressively scaled contacting regions (~50x50nm?), the
surface adhesion energy will be set by metal-to-metal
bonding at the contact asperities [9, 10]. Assuming five
metal-metal bonds, E;, =~ 4aJ (>10x lower than for CMOS)
would be achievable.

Starting with a relay model calibrated to experimental
data [7] and following the constant-field scaling
methodology, the performance of a 65nm relay can be
projected and compared against a 65nm MOSFET. The
results are summarized in Table 2. (The analysis for the
MOSFET is based on specifications in the International
Technology Roadmap for Semiconductors.) To provide
for sufficiently large electrostatic force (for low voltage
operation), the actuation area of a relay is larger than the
layout area of a MOSFET. Furthermore, the switching
speed of a relay is 4-5 orders of magnitude slower than
that of a MOSFET of comparable dimensions, because it is
limited by the mechanical pull-in time.

Given the large ratio between the mechanical and
electrical delays of a relay, an optimized relay-based IC
design would arrange for all mechanical movement to
happen simultaneously. In other words, relay-based digital
circuits should be comprised of single-stage complex gates,
so that the delay per operation is essentially one mechanical
delay [7]. Since the optimal topology for a relay-based IC
design is quite different than that for an equivalent CMOS
implementation, a fair comparison of relay vs. CMOS
energy-performance must be made at the circuit level rather
than at the device level.

Table 2: Comparison of 65nm MOSFET vs. 65nm relay.

MOSFET Relay
Vi v 04~1V
Area 30F* 50F* (Actuation Area: 65x260nm’)
Delay 1.71ps 10 — 100ns
Capacitance 0.22fF 30aF

Although digital systems comprise a variety of
functional blocks, the energy-performance tradeoffs for
the majority of CMOS gates are similar to that of a CMOS
inverter. Therefore, a representative comparison can be
made for a relay chain (Fig.9) vs. a CMOS inverter chain
(Fig.10). In Fig.11, the energy-vs.-performance tradeoff
for a 30-relay chain is compared against that for a 30-stage
CMOS inverter chain. These simulation results indicate
that relay technology can potentially provide for >10x
reduction in energy as compared with CMOS technology,
for applications requiring performance up to ~100MHz,
consistent with the comparison for more complex functional
blocks in [7].
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Figure 9: Relay chain consisting of N relays connected in series.

The N input signals arrive at the same time, so that all of the relays
switch simultaneously. The signal propagation delay is essentially one
mechanical delay.
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Figure 10: CMOS inverter chain consisting of N inverter stages. The
propagation delay is N times the electrical delay of a single inverter.
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Figure 11: Simulated energy-performance tradeoff curves for a
30-stage CMOS inverter chain and a 30-relay chain.

4. Potential impact of relay IC technology

Rapid growth in information processing within the
worldwide economy has led to an increasing share of
electricity usage for computing. Information processing
equipment, including all computers, consumer electronics,
telephony, office equipment, network equipment, servers
and data centers accounted for ~3% of the total electricity
consumption in the U.S. in 2000 [11]. By 2006, the
electricity consumption of servers and data centers alone
doubled to 1.5% of total U.S. electricity consumption
[12]. This rapid growth in energy consumption for

information processing is a direct result of the success of
the information technology industry, with its growth largely
fueled by exponential improvements in chip functionality
and cost enabled by transistor scaling. The total worldwide
volume of electronics and semiconductors is continuing to
grow exponentially [13] (Fig.12). For large supercomputers
and data centers now being planned, the total cost of
power consumption over the lifetime of the installation is
projected to eclipse the initial hardware costs, and hence
will significantly impact the affordability of computing
infrastructure.

The development of a much more energy-efficient
digital logic switch technology is needed to reduce the
electricity consumption of information processing, to
make it more affordable as well as to reduce greenhouse
gas emissions. Dramatic improvement (>10x) in the
energy efficiency of computing can facilitate the growth
of the portable electronics market segment and enable
new applications such as autonomous wireless sensor
networks (spatially distributed devices used to monitor and
communicate environmental conditions) for which power,
size, and cost presently are formidable obstacles. Thus,
ultra-low-power relay IC technology can provide a pathway
to ubiquitous computing in the future.
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Figure 12: Comparison of the sizes (in billions of U.S. dollars)
and growth rates of worldwide Gross Domestic Product, electronic
systems, and semiconductors [13].

5. Summary

Transistor off-state leakage is the root cause of the
CMOS power crisis which the semiconductor industry
is facing today. Mechanical switches have zero off-state
leakage (hence zero leakage energy) and abrupt switching
behavior so that they in principle can be operated with very
low voltage (hence very low active energy). Much progress
has been made to improve the reliability of micro-relays,
leading to recent demonstrations of various functional relay
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integrated circuits. Miniaturization is expected to provide
for improvements in device density and performance
for relays as for MOSFETs. A circuit-level assessment
indicates that scaled relays can potentially provide for
>10x reduction in energy as compared with MOSFETSs,
for applications requiring performance up to ~100MHz.
Thus, they are poised to lead a resurgence in mechanical
computing for energy-efficient electronics, to help usher in
the Age of Ambient Intelligence.
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Jeum Sk + v F

The President’s 2010 Trade Policy Agenda
by Ambassador Ron Kirk,
United States Trade Representative
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