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ABSTRACT

Nanoelectromechanical systems (NEMS) switches are a can-
didate “beyond CMOS” technology, with a key benefit being mas-
sively reduced power consumption. However, the reliability of the
contact interface is a principal challenge, as the electrically con-
ducting contacting surfaces need to be able to open and close up to
a quadrillion times without excessive adhesion, wear, or contami-
nation. Similar failure mechanisms occur in microelectromechani-
cal systems (MEMS). These failure mechanisms are not well un-
derstood, and materials that can exhibit the needed performance
have not yet been demonstrated. Here we highlight key challenges
and opportunities for applying scientific insights from nanotribolo-
gy to address these reliability challenges.

INTRODUCTION

Nanoelectromechanical systems (NEMS) switches have been
identified as a potential next-generation transistor with far lower
power consumption than existing electronic integrated circuits, a
critical technological need. These switches are nanoscale moving
devices that convert an electrical input signal into motion to close a
conductive contact [1]. NEMS switches are thus a mechanical
version of a transistor with topologies that often mimic larger mi-
croelectromechanical systems (MEMS) switches. However, NEMS
switches require small dimensions for the fast, competitive switch-
ing speeds (<100 ns) desired in computer logic applications. The
nanoscale dimensions and complex operating conditions at the
electrical contact make NEMS logic switches susceptible to tribo-
logically-mediated failure mechanisms. In particular, low contact
and restoring forces may lead to device “stiction” (device perma-
nently stuck closed), or intolerable increases in switch contact
resistance due to the formation of insulating tribopolymer (TP)
films. It may be possible to mitigate these failures with the use of
low adhesion and catalytically inactive contact materials. This
paper will review the opportunities presented by NEMS switch
technology, and will discuss needs and approaches to address the
technological barriers arising from tribological issues.

The Need for Low Power Computation

Sustained growth in computing power and decrease in compu-
ting cost has led to the proliferation of devices utilizing integrated
processors in the last half century. These processors are over-
whelmingly based on fully-electronic CMOS technology. While
this technology has proven exceptional for decreasing transistor
real estate and increasing speed [2], it is currently encountering a
“power crises.” Further scaling of CMOS leads to intractable in-
creases in power loss per computation due to irreversible processes
inherent to the physics controlling device operation [2]-[4]. The
significant power requirements of computer processors, the power
crisis of conventional CMOS, trends towards smart devices, the
increasing penetration of home and laptop computers, the desire
for long lasting battery-operated mobile devices, and power con-
sumption requirements of CMOS outpacing battery capacities
motivates the need to explore lower power transistors. Recognizing
the physical limitations of existing CMOS technology, the Interna-
tional Technology Roadmap for Semiconductors (ITRS) has in-
cluded nanoelectromechanical systems (NEMS) switches as a pos-
sible disruptive, low-power technology to cohabitate or usurp the
conventional, fully electronic transistor.
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NEMS Switches as an Alternative to the Transistor

Ohmic NEMS switches provide the same functionality as the
conventional metal-oxide-semiconductor field-effect transistor
(MOSFET). In both technologies, the application of a gate signal
results in current transfer from the source to drain. However,
CMOS relies on a fully-electronic, semiconductor junction to
achieve this functionality whereas NEMS logic switches rely on
the mating of conductive contacts (see Figure 1).

NEMS ohmic switches utilize mechanical motion to modulate
the distance between two conductive contacts which serve as the
source (S) and drain (D) electrodes. Figure 1(a) shows the topolo-
gy and working principal of a NEMS switch prototype by Piazza
and co-workers [5], [6]. The device is in an “off-state” when the
source and drain electrodes are separated by a physical gap, and
the “on-state” when the source and drain electrodes are closed with
sufficient force to establish an electrical connection. The space
separating the electrodes in the off-state is the switch gap. Ideally,
closure of the source and drain electrodes results in current flow
from the biased source to the drain, while contact release results in
a near-infinitely resistive junction. Successful operation is depend-
ent on reliably and repetitively making and breaking the source and
drain electrodes while maintaining a conductive contact in the
device on-state and a high resistance in the off-state.
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Figure 1. (a) SEM top view image of a working NEMS switch. (b)
The device shows a steep subthreshold slope, low leakage current,
and low switching voltage (Vg = switch body bias voltage, V,, =
gate threshold voltage for switching, V,., = total actuation voltage,
R¢ = contact resistance). From [6].
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An input voltage, the gate (G) signal, is converted to mechan-
ical motion to modulate the gap. This motion can be achieved
through various means of transduction using many topologies.
Ohmic NEMS switches utilizing electrostatic [7]-[9] and piezoe-
lectric [5], [6] actuation employing a range of geometries (see
review in [10]) have been demonstrated. Regardless, all ohmic
NEMS switches depend on reliable closure and separation of a
conductive interface to achieve switching.

CMOS faces a scaling and power crisis. Continued Moore’s
Law scaling has contributed to increasing device leakage, resulting
in significant power loses even when switching is not occurring
[11]. Furthermore, a breakdown of Moore’s law is predicted by
approximately 2020 as critical MOSFET dimensions exceed phys-
ical limitations [2], [12]. Ohmic NEMS logic switches that reduce
power draw per computation have been identified in the ITRS as a
potential next-generation technology to cohabitate or usurp FETs
[2]. Comparisons between NEMS relay-based logic to convention-
al CMOS revealed that energy savings of one to three orders of
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magnitude may be achieved with NEMS relays due to the low
power consumption at the individual switch level [13]-[15] and
design advantages unique to mechanical relays that reduce the
number of switches necessary to perform logic operations [16].
The reduced power consumption is primarily a consequence of the
physics underpinning device operation [17]. Figure 1(b) demon-
strates the potential power savings via the steep on-off slope and
the low gate voltage, as low as 0.4 mV through use of a body bias.
The power consumption of a digital switch is characterized by
power dissipated during both the off-state (V5<0, sub-threshold
leakage) and on-state (Vg>0, dynamic switching power). NEMS
logic switches afford power savings both regimes [18], [19].

Off-state leakage in CMOS is dominated by source-drain and
gate leakage that scales unfavorably with decreasing device dimen-
sions [17]. This is seen as a current offset for voltages below the
turn on threshold voltage. This leakage is due shorter and thinner
oxide gate channels necessary to continue Moore’s Law scaling.
Sub-threshold leakage in CMOS currently represents ~50% of the
total microprocessor power density [17] with standby leakage cur-
rents of 1 nA/transistor having been reported at 250 nm gate-width
node. This leakage is dominated by gate leakage through the thin
gate oxide and continues to increase with device downscaling.
NEMS logic relays have already demonstrated leakage values five
orders lower than MOSFET at the single device level [5]. These
lower leakage values are due to the physical gap between the
source and drain, eliminating source to drain leakage so long as the
gap is >2 nm [2]. Unique to mechanical relays, physical gaps and
low leakage gate materials (in the case of piezoelectrically-
actuated devices) reduce gate leakage to effectively zero.

NEMS relays also offer far lower dynamic switching power
than CMOS. The sub-threshold swing describes the inverse slope
of the I-V curve and determines the voltage needed to attain a dec-
ade change in source to drain current [20]. Lower sub-threshold
swings correspond to lower turn-on voltages, which confer lower
active transistor power consumption. CMOS sub-threshold swing
is thermodynamically limited by electron drift and diffusion to 60
mV/dec [11], with existing CMOS sub-threshold swings typically
70 — 100 mV/dec [17], [20]. This translates to turn on voltages of
0.3 — 1 V [21], several orders of magnitude larger than the mini-
mum voltage (a few mV) necessary for communication. NEMS
prototype logic relays offer the lowest sub-threshold slope of all
potential transistor replacement devices [17] with sub-threshold
slopes of 0.03 — 2 mV/dec already demonstrated [5], [6], [22],
translating to threshold voltages of just a few mV [6].

In addition, NEMS logic relays are amenable to application
spaces not accessible by CMOS. The functionality of CMOS relies
critically on delicate doping levels that impose strict thermal budg-
ets and minimization of heat generation due to device leakage. As
NEMS logic does not rely on doping levels, these devices may be
amenable to high temperature computing, allowing sensors in pre-
viously inaccessible, harsh environments such as temperatures up
to 500 °C [23], [24]. Furthermore, co-integration of NEMS relays
with CMOS —possible due to the low thermal budget of typical
NEMS processing [2] — has led to the exploration of programmable
gate array logic based on NEMS relays and traditional MOSFET
[25], [26]. The presence of physical gaps in NEMS relays also
confers robustness against electromagnetic shocks, which makes
these transistors attractive in military applications where radiation-
hard attributes are desired. Adhesion between the electrical con-
tacts of NEMS relays may also be used for nonvolatile memory
applications where the switch retains its last state (open or stuck
closed) [27], [28]. NEMS relays are also amenable to three dimen-
sional integration, which could increase functional density per
given real-estate of a microchip to continue Moore’s Law scaling.
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CONTACT: NEMS’ “ACHILLES’ HEEL””

Despite the potential benefits of NEMS logic switches, tribo-
logical failure mechanisms at the electrical contact interface limit
their viability [2]. Transistor functionality critically depends on
maintaining high isolation in the off-state and low resistance in the
on-state. Failure due to stiction that results in permanent welding
of the switch interface, wear of contact materials, adsorbed layers
of insulating contaminant films on free surfaces, and insulating
tribopolymer (TP) formation of chemomechanical origin have been
observed in microscale and nanoscale electrical contacts testing
[10], [29]. The term tribopolymer (TP) is used in place of the more
commonly used term “friction polymer”. Friction polymers were
first observed in sliding electrical contacts. However, it has since
been observed that such polymer formation can be achieved under
normal stresses (absence of significant shear stresses)[30].

The effects of stiction, insulating contaminant layers, and TP
formation are expected to increase in severity as NEMS relays are
scaled down in size. This is a consequence of the dominance of
surface forces and the limited closure and separation forces availa-
ble to NEMS relays. Figure 2(a) compares the closure and separa-
tion forces of micro- and nanoscale electrical switches and the
necessary separation force for single (the fundamental unit of con-
tact in nanoscale switches) to multiple contacting asperities indica-
tive of multiasperity, microscale contacts. This approximation
shows that the surface forces of NEMS relay contacts will outpace
the relative generative force of the device. Microscale switches
with soft, low hardness metallic electrical contacts (e.g. Au) have
been particularly susceptible to stiction due to electromigration or
softening that results in contact area growth [31]. Consequently,
highly adhesive materials must be avoided to prevent stiction.
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Figure 2. (a) Separation force of electrical contacts of various
ranges of work of adhesion ranges, W, vs. the number of simulta-
neously interacting surface asperities. The asperity interactions
are treated with adhesive contact mechanics. The adhesive force of
nanoscale contacts can exceed the restoring force of typical NEMS
actuators. (b) Contact resistance vs. make/break cycles for mi-
croscale electrical contacts of Au and Pt. TP formation causes
dramatic increases in contact resistance.

Inhibiting the insulating TP formation may be the greatest
challenge facing NEMS switches. It is affected by the gas envi-
ronment, mechanical, electrical, and chemical properties of the
contact materials, and the electrical power through the contacts.
Figure 2(b) shows the effect of repetitive cycling of microscale
noble metal contacts under both cold and hot cycling. Even for
such non-reactive materials, contact resistance increases after 10°
to 10® cycles, attributed to carbon and oxygen contaminants [29].
The origin of this effect appears to be mechanochemical — the
presence of free surfaces, environmental contaminants, and pres-
sure activate bond formation and chain lengthening. Even hermeti-
cally-sealed devices have demonstrated similar behavior [30]. Re-
cent evidence suggests that operation of contacts in reducing envi-
ronments such as oxygen can significantly reduce TP buildup [32]
However, such device packaging can be costly to implement and
limit the operation space of the device. Ultimately, conductive and
non-reactive electrical contact materials must be sought.



NEMS SWITCH OPERATIONAL REQUIREMENTS

Since NEMS relay topologies and much work on electrical
switch contact behavior borrows from MEMS switches, it is useful
to identify how the local contact conditions vary between the two
technologies. MEMS relays have been used for power savings and
superior functionality in RF systems [33], are now considered a
mature technology, and have been commercially deployed. Many
lessons learned for the contact behavior of conventional switch
materials (i.e. metals) can be attributed to work focused on mi-
croscale, multiasperity MEMS contacts. Table 1 compares the
contact environment and needs of NEMS and MEMS relays.

The lifetime requirements for NEMS logic switches differ
substantially from RF MEMS switches, which are designed as
interrupts for RF transmission lines. While these contacts carry RF
signals up to GHz frequencies, making and breaking of the contact
happens far less frequently, usually on the order of kHz or less,
requiring 10%-10"! cycles before failure in commercial applications.
NEMS logic relays carry a DC signal and the interruption of that
signal determines the clock frequency of the device. Thus, NEMS
relays must exhibit nanosecond closure times, which requires up-
wards of 10 operating cycles without failure [2].

Requirement MEMS RF Switches |NEMS Logic Switches
Lifetime (cycles) 108~ 10" [33] 10 -10"[2]

True contact area 10%-10" m? 1077 - 10" m?

Adhesion N
Actuation force uN — mN [33] 5-150nN

Voltage across contact |2—-70V Several mV to V

Current through contact | 50 — 150 mA [33] nA - pA

Current density 10° - 10" A/m? 10°- 10" A/m?

Power <500 mW [33] <1l mW

Max. contact resistance |0.5 -2 Q <10°Q

Main contact materials
selection characteristics

High conductivity and
non-fouling

Moderate  conductivity,
non-fouling, low adhesion

Table 1: Operational requirements of MEMS vs. NEMS switches.

The electrical constraints and power handling requirements of
the electrical contacts of NEMS switches also differ substantially
those of ohmic RF MEMS. Commercially viable ohmic RF MEMS
switches demand contact resistances from 0.5 - 2 Q [33, p. 5] in
order to minimize insertion loses, which limits possible set of con-
tact materials to high conductivity metals. Permissible NEMS logic
relay contact resistances have a broader range — from several kQ
up to 100 kQ, depending on device topology and the electrical time
constants of the implementation — such that alternative, novel, and
previously unconsidered materials could be implemented at the
contact. Furthermore, the power across ohmic RF MEMS contacts
often reaches 100+ mW with power being transferred across the
contact after closure (cold switching). NEMS logic relays are ex-
pected to experience, at most, a few mW of power across the con-
tact and operate in a hot-switched mode (bias applied across the
contact during closure) with <1 V across the contacts during
switching. These differing environments could change the degrada-
tion mechanisms. For instance, high voltages (>10 V) across
MEMS contacts can lead to field evaporation, that may not be
significant in nanoscale NEMS switch contacts.

HIGH-THROUGHPUT MATERIALS ASSESSMENT

We have developed a new high-throughput protocol devel-
oped for assessing the reliability of NEMS contact materials. An
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atomic force microscope (AFM) tip and a sample are each coated
with the thin film materials of interest, using the same coating
methods and conditions to be used for NEMS production. Tips are
then imaged in scanning and transmission electron microscopes
(SEM, TEM) to determine the quality of the coatings. TEM analy-
sis requires no special sample preparation; the nano-scale tip diam-
eter renders it sufficiently electron transparent (Figure 3). This
approach has been tested by coating and characterizing tips with
many different materials, e.g., Pt, Au, Fe, amorphous carbon, dia-
mond, and Pt,Si (from annealing a Pt/Si coating). Typical deposi-
tion times are only a few minutes and multiple tips can be coated
in a single run for reproducibility tests.
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Figure 3: Left: High-throughput AFM test setup. High cycle testing
of a series of Pt-Pt nanocontacts undergoing 5x10° test cycles in
one day; failure (high resistance) is see at ~10" cycles. Inset: Dy-
namic AFM setup for high cycle testing. Right: TEM images of a
Pt tip before and after 10° hot switching tests against a Pt surface.

Contact resistance (Q)
N

The cantilever is then inserted in the AFM and oscillated at
high frequency to simulate a dynamically-contacting asperity with-
in a NEMS interface (Figure 3). Contacts can be cycled with our
without bias. The state of the interface is probed in situ by regular-
ly interrupting the cycling to acquire current- and force-
displacement measurements. These measurements can reveal sig-
natures of TP, the role of contact area, and the tip-sample adhesion
force. At present, the cantilever is oscillated at its resonance fre-
quency, typically ~50 kHz which corresponds to ~5x10° contact
cycles in one day of testing. The right side of Figure 3 shows TEM
images from before and after cycling a Pt tip against a Pt surface
after 10° hot switching cycles. Interestingly, nanoscale TP buildup
is evident, while plastic deformation is undetectable, consistent
with the resistance increase observed for the contact. Significant
resistance increases in these tests are observed to occur at similar
cycle numbers as those seen in actual NEMS switches, suggesting
the method has promise for screening candidate NEMS contact
materials, and for developing scientific understanding of failure.
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