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Abstract

Nanoelectromechanical (NEM) switches have the potential to complement or replace traditional CMOS transistors in
the area of ultra-low-power digital electronics. This paper reports the demonstration of prototype circuits including the
first 3-stage ring oscillator built using cell-level digital logic elements based on curved NEM switches. The ring oscillator
core occupies an area of 30 µm × 10 µm using 6 NEM switches. Each NEM switch device has a footprint of 5 µm × 3 µm,
an air gap of 60 nm and is coated with amorphous carbon (a-C) for reliable operation. The ring oscillator operates
at a frequency of 6.7 MHz, and confirms the simulated inverter propagation delay of 25 ns. The successful fabrication
and measurement of this demonstrator are a key milestone on the way towards an optimized, scaled technology with
sub-nanosecond switching times, lower operating voltages and VLSI implementation.

Keywords: NEMS, MEMS, ring oscillator, VLSI, digital logic design, curved cantilever, amorphous carbon.

1. Introduction

CMOS has been the predominant technology for dig-
ital integrated circuits since the semiconductor industry
made the transition from NMOS technology in the early
1980s. Present-day microprocessors are manufactured us-
ing a 22 nm CMOS process with a transition to 14 nm tech-
nology starting at the end of 2014 [1, 2]. Continuing to
shrink devices beyond the 8 nm technology node requires
tremendous efforts in devices, materials and process re-
search.

There are two fundamental issues that limit progress
for ultra-low-power applications in CMOS:

1. The leakage current of circuits built using high-per-
formance CMOS technologies is approaching the dy-
namic current. Only a few high-performance com-
puting applications have circuit-activity levels that
contain the leakage power at a reasonable level of
<10 % of the active power. The power-density limi-
tations (∼100 W per processor chip for desktop con-
sumer applications, significantly less for embedded
systems) further exacerbate this challenge.

2. The theoretical minimum for the subthreshold slope
of silicon-based MOS transistors is 60 mV/decade,
which leads to a minimum supply voltage of >400 mV
for practical applications [3]. Among other issues,

∗Corresponding authors, email: chris.ayala@ieee.org;
hle@zurich.ibm.com

this limits the gains in power efficiency obtainable
by moving to next-generation CMOS technology.

Beyond these fundamental issues, the cost of using the
latest CMOS technology node has reached a point where
only a few (very) high-volume applications can afford it.

Given the scaling limits of silicon-based CMOS technol-
ogy, alternative devices have been proposed including, but
not limited to, carbon/graphene nanostructures, molecu-
lar devices, quantum devices and photonics [1]. Of the var-
ious beyond-CMOS device candidates, the nanoelectrome-
chanical (NEM) switch shows promise because it offers a
comparably simple fabrication process with fewer masks
and allows co-integration with CMOS via a back-end-of-
line (BEOL) process. It also addresses the aforementioned
fundamental problems because the NEM switch has virtu-
ally zero leakage, and the abrupt switching characteristic
(no subthreshold slope limitation) potentially allows the
use of lower supply voltages [4, 5].

Several research groups have been or are currently in-
vestigating the design and applications of NEM switches
for logic applications, including but not limited to [6–19].

Our work involves the development of a NEM-switch-
based VLSI framework that encompasses device optimiza-
tion and fabrication, BEOL processing, logic design, and
device-/circuit-modeling. As a first key demonstrator of
our approach, we implemented a ring oscillator consist-
ing of 3 inverting stages using in-plane curved cantilever
NEM switches coated with amorphous carbon (a-C) on the
contact. The in-plane design is the basis to achieve the de-
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Figure 1: SEM image of a fabricated curved NEM switch with a hinge
length of 0.5 µm (stiff design) and corresponding circuit symbol on
the right-hand side.

sign freedom required for curved cantilevers. It also solves
many of the scalability issues that out-of-plane switches
face, because the critical air gap is defined through a single
vertical etching step. The switches have been developed
for digital logic applications and feature a curved can-
tilever design for improved robustness over straight can-
tilevers [20, 21]. Nanoscale conducting filaments are formed
within the a-C contact material via Joule heating through
the application of a sufficiently high voltage without cre-
ating large adhesion forces.

The reduced adhesion forces between the two a-C-coat-
ed contacts allow control of the hysteresis of the switch
and, together with the inherent stability of the material,
improve reliability [21]. A dedicated output stage has
been developed to safely interface the NEM switch circuits
with the large capacitive load of the external measurement
equipment. The experimental measurements have shown
the successful operation of a standalone single-stage in-
verter, a buffer, and a 3-stage ring oscillator operating at
a frequency of 6.7 MHz. The measurements are consistent
with simulations from both finite-element analysis and an-
alytical compact modeling of the curved NEM switch.

The remainder of this paper is structured as follows:
Section 2 describes the general features of our 3-terminal
NEM switch and how it is fabricated. Section 3 discusses
our approach to bringing our devices to the level of VLSI
implementation, including the BEOL integration process,
standard cell design, interface circuits, and device/circuit
modeling. Section 4 details prototype circuits we have fab-
ricated and measured. We also show how well our mea-
surement results align with our simulations. Finally, we
conclude the paper in Section 5.

2. NEM Switch Device

2.1. Device Characteristics

As shown in Figure 1, the NEM switch is designed using
an in-plane curved cantilever approach, which provides a
compact footprint and increased reliability . It consists of
the following three terminals:

• Source: A fixed terminal and supporting anchor for
an electrically equivalent, movable cantilever.

Si

SiO2

SiHSQ

Step 3:BPt-AuBmetalBevaporation Step 4:Ba-CBsputterBdeposition

Step 1: E-beamBlithographyBandBICPB
etching

Step 2:BBHFBreleaseBandBsuperB
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Figure 2: Fabrication process steps for the curved NEM switch.

• Gate: A fixed terminal creating an attracting elec-
trical field to pull in the cantilever when there is a
sufficient voltage difference between the source and
gate. This voltage difference is defined as the pull-in
voltage (Vpi).

• Drain: A fixed terminal where the cantilever tip
makes contact, forming a connection between source
and drain when the switch is closed.

The curved design mitigates the excessive field strength
towards the edge of the cantilever, typically found in straight
cantilever designs [6, 20, 21]. This improves the margin
between Vpi and the breakdown voltage, thus increasing
robustness. The length of the switch is 5 µm, with a 60 nm
air gap between the actuating gate electrode and the can-
tilever in the open state. When the switch closes, this air
gap is approximately half of the initial value. The design
is scalable for smaller feature sizes, where a decreased air
gap of 5 nm and a sub-micron device length enable sub-
nanosecond switching times and operating voltages below
1 V [4, 20].

The conduction coating consists of platinum with gold
to reduce structural stress and eliminate out-of-plane bend-
ing of the switch. A thin layer of amorphous carbon (a-
C) is also deposited onto the conduction layer to benefit
from the lower surface energy [21]. Nanoscale contacts
are formed in the a-C by applying a sufficiently high volt-
age in the range of 1.5 V to 2.5 V, allowing current to flow
through local filaments without large adhesive forces. This
reduces the restoring force of the relay to less than 100 nN
and decreases the on-off hysteresis window from over 2 V
for a platinum-platinum contact to 0.5 V for the a-C con-
tact [21]. Reliability measurements show that the curved
design combined with a-C can operate for over 100 mil-
lion hot-switching cycles as a standalone switch [21]. Af-
ter a sufficient number of conduction filaments in the a-C
have been formed through repeated hot-switching, the on-
resistance (Ron) drops to less than 50 kΩ.

For the experiments presented in this paper, we used
two NEM switches with different hinge lengths. The hinge
defines the stiffness and, hence, the Vpi of the switch.
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Finite-element analyses have shown that a hinge of 0.5 µm
(stiff switch, Figure 1) corresponds to a Vpi of 10.3 V and
an expected mechanical pull-in time of 23 ns, whereas a
hinge of 1.0 µm (soft switch) corresponds to a Vpi of 7.6 V
and an expected mechanical pull-in time of 48 ns.

2.2. Device Fabrication

The fabrication of the NEM switch (Figure 2) involves
the use of electron beam lithography on a silicon-on-insulator
(SOI) substrate combined with hydrogen-bromide-based
inductively coupled plasma (ICP) etching of a 220-nm-
thick silicon device layer [21]. During this step, the 60-nm
air gap is directly etched as well. Next, the silicon diox-
ide beneath the device layer is etched with an undercut,
creating free-standing structures. The undercut eliminates
the formation of electrical shortcuts through the conduc-
tion layer that is deposited in the next steps. To create
the conduction layer, 2 nm of titanium, 10 nm of gold, and
finally 20 nm of platinum are evaporated onto the struc-
tures. Lastly, a 10-nm layer of a-C is deposited in an argon
atmosphere, optimized for low stress via sputter deposi-
tion. The simplicity of the deposition makes it suitable for
full wafer integration.

3. Towards NEM Switch VLSI Circuit Design

To bring NEM switches into the realm of VLSI devel-
opment, a BEOL integration process has been proposed to
provide high-density interconnectivity between the NEM
switch devices. Based on the BEOL framework, a stan-
dard approach to design logic cells has been developed
to efficiently arrange switches in a manner suitable for
complementary logic. In addition, peripheral circuits to
safely interface and measure logic circuits have also been
designed. Lastly, compact modeling of the NEM switch
has been performed to conduct fast and reasonably accu-
rate circuit simulations. These essential ingredients lay the
foundation for VLSI circuit design using NEM switches.

3.1. VLSI Fabrication

To create a NEM switch logic library for VLSI-level im-
plementation, the NEM switches have to be connected in
circuits using metal interconnect technology. This can be
achieved by using very large-scale heterogeneous integra-
tion of the NEM switches on top of high-density metal in-
terconnect layers [22, 23]. Figure 3 shows a process for in-
tegrating the NEM switches on top of a Si wafer containing
planarized metal interconnects. In this process, the Si de-
vice layer of a SOI wafer is transferred to a pre-fabricated
Si wafer containing multi-layer metal interconnects. The
layer transfer is done using wafer bonding with a thin in-
termediate polymer adhesive [24] as shown in Figure 3b.
After wafer bonding, the SOI handle wafer and the buried
oxide layer are sacrificially removed as depicted in Fig-
ure 3c. Thereafter, anchor structures are formed that me-
chanically and electrically connect the NEM switch layer
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Figure 3: Very large-scale heterogeneous integration of NEM
switches on top of metal interconnect layers. (a), (b) Bonding a
SOI wafer to a metal interconnect wafer using a thin intermediate
polymer adhesive. (c) Removal of SOI handle wafer and buried ox-
ide layer. (d) Formation of metal anchors. (e) Definition of NEM
switches. (f) Free-etching of NEM switches and deposition of switch
contact materials.

with the metal interconnects on the Si wafer as depicted
in Figure 3d. Next, the outlines of the NEM switches
are patterned in the transferred Si as shown in Figure 3e.
Finally, the NEM switches are free-etched and the con-
tact materials are deposited onto the switches as shown
in Figure 3f, using a similar process as described in Sec-
tion 2.2. The proposed heterogeneous integration tech-
nology is compatible with wafer-level processing and it is
capable of implementing NEM switches with nanometer
dimensions [22, 23].

3.2. Standard Logic Cell Design

The NEM switch device in this work is limited to 3 ter-
minals, and thus lends itself to the complementary style
of logic. Analogous to the p-type and n-type transistors
in CMOS logic, a logic cell consists of a pull-up and pull-
down network composed of NEM switches whose respec-
tive complementary pair is connected by a common gate
as one of the inputs of the Boolean logic function. This
style of logic differs from alternative topologies that can
be obtained from 4-/5-/6-terminal devices [10, 13, 18, 19].
However, where we lose in terms of the capability to use
more unique logic styles, we gain in terms of better scal-
ability and optimization at the device level [4, 20]. Be-
cause our NEM switches are ambipolar, relying solely on
the voltage difference between the gate and source (can-
tilever) for actuation, there is no need to create a p-type
or n-type switch. A single switch design can be used for
both the pull-up and pull-down networks, whose behavior
depends on how the switch is biased at the source terminal
(i.e., Vdd for pull-up, Vss or GND for pull-down). In other
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words, a CMOS-like NAND gate can become a NOR gate
by swapping Vdd and Vss (or GND).

In the effort of bringing NEM switches to VLSI appli-
cations, a standard approach for designing logic cells was
developed. Ultimately, we are limited in how close anchor
electrode connections can be placed relative to the NEM
switch device. The final size of the pitch chosen for the an-
chors is 4.5 µm, which can be arranged in a grid as shown
in Figure 5a (circles). Interconnect wires can be routed
along the horizontal and vertical channels shown on the
grid and even beneath the anchors. This anchor pitch cre-
ates sufficient space to enable an interchangeable use of
our soft and stiff NEM switches (Figure 4).

A single vertical column of 5 anchors is sufficient to
create a simple inverter cell as one would place the pull-
up switch on the first 3 anchors, whereas the pull-down
switch occupies the last 3 anchors. The middle anchor in
a column of 5 is shared by the drain terminal of both
switches. A more elaborate example is shown in Fig-
ure 5b, where the switches are placed on the anchor grid
to form a NAND8 cell. Note how the pull-down switches
connected in series share the same anchor from drain to
source. The U-shaped path of the series switches makes
it straightforward to connect the gate electrodes of the
parallel switches in the pull-up network. Finally, connec-
tions are made through the available routing channels to
complete the logic cell in a 45 µm × 27 µm area as illus-
trated in Figure 5c. This relatively large area of 1215 µm2

is due to the lithography limitation of the anchors, but
assuming this can be improved through the miniaturiza-
tion of anchor vias, we estimate that a NAND8 cell can fit
into an area of ∼500 µm2. This would put us on par with
350 nm CMOS technology, whose NAND8 cell can fit into a
480 µm2 area. Based on the current state of our BEOL pro-
cess, our fully-integrated NAND8 cell (1215 µm2) is ∼2.5
times larger than the 350 nm CMOS equivalent (480 µm2).
We have created a large variety of combinational cells from
2- to 16-input logic gates as well as sequential logic cells
(flip-flops and latches) using the described standard ap-
proach.

Furthermore, because NEM switches have practically
zero leakage, we can exploit this property to create dy-
namic circuits in which data is stored as charge on para-
sitic capacitances. In CMOS, such circuits must operate
at a minimum clock rate so that data is read or refreshed
before sufficient charge leaks away to change the logical
state [25]. In the case of NEM switches, there is no need
for a minimum clock rate. Figure 6 is an example of how
one would implement a dynamic D flip-flop by exploiting
the zero-leakage property of NEM switches. Both static
and dynamic logic cells have been implemented in the de-
velopment of the logic library.

Lastly, an advantage of the curved cantilever switch is
the wide margin between Vpi and the breakdown voltage
[6, 20, 21]. Measured breakdown voltages of curved can-
tilevers show that they are more than twice the pull-in
voltage. This is particularly useful for creating a library

Soft

1.0 μm
hinge

Stiff

0.5 μm
hinge

(a)

(b)

Source Gate Drain

Source Gate Drain

Figure 4: Layout of NEM switches with anchor electrode connec-
tions. The spacing of the anchors (4.5 µm pitch) allows seamless in-
terchangeability between the two designs. The length of the hinge is
an adjustable design parameter that influences the Vpi of the switch.
The soft switch design has a length of 1.0 µm, a Vpi of 7.6 V, and
a pull-in time of 48 ns (a). The stiff switch design has a length of
0.5 µm, a Vpi of 10.3 V, and a pull-in time of 23 ns (b). Vpi and pull-in
times are expected values obtained from finite-element analysis.

of buffering elements composed of NEM switches with dif-
ferent hinge lengths to fine tune the data and clocking
paths for completing the timing closure of VLSI circuits
[26]. The hinge length of the switch influences the switch-
ing speed as a stiffer switch results in a higher resonant
frequency. At the same time, the stiffness also changes Vpi

as the stiffest buffer in the library would have the high-
est Vpi. This ultimately determines what the minimum
operating voltage of the entire circuit should be, requir-
ing the softer buffers in the circuit to be overdriven above
their relatively lower Vpi. But because of the wide margin
between Vpi and the breakdown voltage of the curved can-
tilever design, this is a design tuning technique that can be
safely applied using our devices. Note that this particular
technique directly manipulates the mechanical domain of
the switching speed which is the dominant component of
the overall delay when compared with the RC electrical
delay of the device [27].

3.3. Interface Measurement Circuits for NEM Switches

The large parasitic loads of the measurement equip-
ment can be problematic when trying to characterize NEM
switches as the resulting surge currents from such loads can
inadvertently weld the electrical contacts, ceasing further
operation of the switch.

To overcome this difficulty, we added a single output
switch that is actuated by the output of the circuit-under-
test (CUT) so that the latter is decoupled from the mea-
surement equipment. The source-drain voltage (Vsd) of
the output switch is limited by means of an interfacing
operational amplifier. The source terminal of the output
switch is always set to a fixed voltage, typically Vdd or
Vss, whereas the drain terminal is connected to the virtual
ground of the operational amplifier. The amplifier uses an
inverting topology that allows the virtual ground voltage
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Figure 5: Design approach for standard cell development using the
full-integration process.

to be adjusted through the direct biasing of the positive
input so that we can safely limit the voltage across the out-
put switch while still operating the CUT at the full-voltage
swing. The measured output is effectively the output of
the inverting operational amplifier as it compensates rela-
tive to the virtual ground in response to the output switch
driven by the CUT. Figure 7 shows the schematic of the
interface circuit.

With this approach, we effectively limit the output
voltage swing, but we also reduce the surge currents that
otherwise may weld the nanoscale contact of the switch
because of the large external capacitive load of the mea-
surement setup [21]. We typically apply a Vsd of 2 V to
2.5 V across the output switch so that there is a suffi-

clk clk

clk clk

in out out

Vdd Vdd Vdd Vdd

Vss Vss Vss Vss

Figure 6: Schematic of a dynamic D flip-flop cell. As NEM switches
have zero leakage, this unique property can be exploited to store data
as charge on parasitic capacitances without the need of maintaining
a minimum clock rate.
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Figure 7: Schematic of the interface circuit for measurement using
an output switch to sample the output of the CUT as well as to
decouple it from the measurement equipment load. The potential
across the output switch is kept at safe voltages through the use of
the virtual ground of the operational amplifier.

ciently large voltage to allow the a-C to form conduct-
ing filaments. We have successfully measured prototype
circuits with this measurement setup, as detailed in Sec-
tion 4.

3.4. Analytical Compact Model (ACM) Simulation

Emerging electron devices need corresponding compact
models in order to be brought seamlessly into the indus-
trial design environments and the corresponding EDA tools.
For this reason, we have developed an analytical compact
model for the NEM switch.

As the functionality of the switch is based on the elec-
trostatic actuation of a movable cantilever, the modeled
behavior covers both the electrical and the mechanical
regime. The development of the model is based on the hier-
archical analysis of the device into separate modules. Each
module is dedicated to a specific element of the switch (i.e.,
movable cantilever, contact) and targets either its electri-
cal or its mechanical behavior. It is indispensable to have
a balanced approach towards the modeling needs of both
electrical and mechanical regimes, and this hierarchical
modeling structure drives the model in this direction [28].

The classical parallel-plate capacitor approach lies at
the core of the model, which is then enriched by scalable,
empirical and physical formulations for describing various
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Figure 8: Schematic of the ring oscillator with output switch and
measurement setup. Vdd and Vss are in series with current-limiting
resistors and are connected to the circuit through probe needles.
A similar setup is also used for the standalone inverter and buffer
with the addition of a function generator to drive the input of the
respective CUT.

higher-order effects seen on real devices and their measure-
ments. Overall, the model can be described as a robust
set of equations that covers the complete electromechan-
ical functionality of the switch. The Verilog-A language
is a portable tool between circuit simulators that contains
all the elements needed for this task, and thus it was used
for the implementation of the model [29]. The model has
been successfully validated against measurements and nu-
merical simulations [28].

Compact models allow the emerging devices to be tested
and validated at both the circuit- and system-level, and
demonstrate their benefits and potential at a higher scale.
Moreover, the analytical, physical and scalable character-
istics of the compact model can be used to estimate the
sensitivity and the trends of the behavior of the device on
any physical and geometrical parameter, either as a single
switch or at the circuit-level [30].

4. Prototype Circuits and Measurements

As a first experimental investigation of our NEM switch
circuits, prototypes have been fabricated using only a sin-
gle SOI wafer for fast turnaround and optimization of the
devices. The fabrication steps for this development are
a subset of the final steps of the full integration process.
However, this limits connectivity to the same device layer
for the time being, and therefore more complex logic cir-
cuits are not possible until the BEOL process is ready.
The prototype circuits include a single-stage inverter, a
buffer (two-stage inverter), and a three-stage ring oscil-
lator. Because measurements were performed on circuits
from different fabrication runs, there is some variability in
the air gaps and in the quality of the conduction mate-
rial, which can lead to different Vpi, Ron and other device
parameters.
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Figure 10: Output (green) of a standalone single-stage inverter
driven by a 5 kHz ±4 V input (blue). Measurement parameters: Vdd

= 4 V, Vss = −4 V, and Vsd = 2 V.

4.1. Single-Stage Inverter

The simplest logic circuit we can design is the single-
stage inverter. It consists of two NEM switches in com-
plementing configuration as shown as a subcomponent in
Figure 8 and Figure 9a.

The soft switch design with a pull-in voltage of 7.6 V
was used for this experiment, in which a ±4 V input signal
was applied to produce the measured output (Figure 10).
The output trace is the result of three inversions: (1) NEM
inverter (full rail-to-rail voltage swing internally), (2) out-
put NEM switch, and (3) inverting amplifier (limited swing
to control currents with interfacing measurement equip-
ment and to observe resistance variations of the NEM
switch). When the input signal is Vdd, the output from
the NEM inverter is Vss. This closes the output switch,
causing the inverting amplifier to respond with a negative
voltage with respect to the virtual ground to compensate
for the increase in current from the output switch. When
the input signal is Vss, the output from the NEM inverter
is Vdd. This opens the output switch and allows the in-
verting amplifier output to return to the virtual ground.
As observed in Figure 10, the output exhibits slight differ-
ences in voltage each time the output switch closes. This
is due to the active contact formation in the a-C layer,
which alters the input resistance of the output amplifica-
tion circuit and thus the inverting gain.

4.2. Buffer (Two-Stage Inverter)

Connecting two inverters in series creates a buffer cir-
cuit. By operating such a circuit, we can demonstrate how
one logic gate can drive another logic gate under the full-
voltage swing. The measurement approach is similar to
that of the single-stage inverter. The only small modifica-
tions to the measurement setup are that the source termi-
nal of the output switch is now tied to Vss, and the virtual
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Figure 9: (a) SEM image of a single-stage NEM switch inverter and (b) SEM image of a 3-stage ring oscillator and output switch.

ground of operational amplifier is biased to a voltage close
to Vss. This will now cause the operational amplifier to
respond with a voltage above virtual ground each time
the output switch closes and then return to virtual ground
when the output switch opens. The soft switch design was
again used for this experiment, but on this particular fab-
rication run, the Vpi was lower than usual, namely in the
range of 4 V to 5 V with air gaps of 25 nm to 30 nm.

We first operated the circuit such that the Vsd of the
output switch is 2 V to 2.5 V to create a sufficient num-
ber of conduction filaments in the a-C contact and lower
the Ron so that we can see a reasonable output from the
operational amplifier. Afterwards, we reduced Vsd to 1 V
and cycled the buffer in bursts of 1024 cycles. Figure 11
shows the buffer operating over the entire duration of the
measurement.

4.3. Three-Stage Ring Oscillator

The ring oscillator consists of 3 inverter cells connected
in series with the output of the final inverting stage con-
nected to the input of the first inverting stage to create
the self-oscillating feedback loop when the circuit is pow-
ered on (Figure 9b). This differs from NMOS-style single-
switch oscillators achieved in the past [18], which use a
pull-up resistor instead of an additional, complementing
switch.

To measure the ring oscillator, the Vdd and Vss power
supply rails are enabled for 100 µs to control the number
of oscillations. The stiff switch with a simulated pull-in
voltage of 10.3 V was used for this experiment. A Vdd and
Vss of ±7 V were needed to observe oscillations. While
the NEM switches in the oscillator operate at the full rail-
to-rail voltage swing of 14 V, the output stage has a low
bandwidth and thus limits the oscillations to 100 mV (Fig-
ure 12a and Figure 12b). The frequency of the output was
measured to be 6.7 MHz. In other runs of the same cir-
cuit design, these oscillations have consistently been in the
6 MHz to 7 MHz range, with an operating voltage of 13 V

to 15 V (Figure 12c and Figure 12d). These oscillations
have been sustained for as long as 50 µs. Similar to the
previous measurements, the slight changes in the peak-to-
peak voltages result from the changing resistance of the
a-C layer. As the propagation delay of NEM switches is
mechanically dominated [4, 5, 27], the resistive variations
have a negligible effect on the operation speed and func-
tionality of digital circuits.

After the oscillations have stopped, probing the power
supply pads with a low voltage showed unconditional cur-
rent flow from Vdd to Vss, which indicates a direct short
circuit through welded switches in both the pull-up and
pull-down network. Compared with hot-switching relia-
bility experiments performed on standalone curved NEM
switches [21], measurements in this case are done at larger
voltages and with switches in a complementing configura-
tion. This increases the possibility of a short circuit should
one switch get temporarily stuck in the closed position
and its complementing switch also close during this period
of stiction. The resulting short-circuit current from the
temporary stiction can ultimately lead to the welding of
the nanoscale contacts, causing oscillations to cease. This
fundamentally different experiment could explain the dis-
parity in reliability when compared with single-switch ex-
periments. Prevention of temporary stiction will require
further investigation and optimization of the a-C contact
material, perhaps by adjusting the thickness of the depo-
sition such that nanoscale conducting filaments can still
form but adhesion forces are kept sufficiently low to pre-
vent stiction.

Furthermore, probing the output switch showed no un-
conditional current flow and thus no welding. This indi-
cates the effectiveness of using an inverting operational
amplifier as a protective readout circuit during measure-
ment.

The ring oscillator is an excellent circuit to extract the
propagation delay of a single inverter from measurements.
A single cycle at the output corresponds to 2 passes of the
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(b) A zoom-in on the burst measurement

Figure 11: Measured output of the NEM switch buffer actuated for
1024 cycles at 2 kHz, Vdd = 5 V, Vss = 0 V, Vsd = 1 V. The vari-
ations in the amplitude reflect the changing contact resistance and
are amplified by the output read-out circuit. Amplitude swings vary
from 60 mV to 120 mV above the virtual ground.

oscillator or 6 inverter delays in total. With a measured
cycle time of 148 ns (6.7 MHz frequency), this results in a
25 ns propagation delay per inverter. Simulation results of
a transient finite-element analysis of the tip-displacement
of a single stiff switch as it makes contact (Figure 13a)
and of a transient analysis of a single-stage inverter us-
ing the analytical compact model (Figure 13b) confirm
the extracted delay [28, 30]. Furthermore, an equivalent
schematic of Figure 8 was implemented in simulation to
verify the functionality of the model and evaluate the con-
sistency of the measured data. Ideal elements were used to
describe the behavior of the operational amplifier and the
readout circuitry of the setup. In addition, a modest par-
asitic capacitive load was added to the nodes in between
the stages of the ring oscillator with a shunt connection to
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Figure 13: (a) Transient finite-element analysis of the actuation volt-
age rising to 14 V (blue) and the tip displacement (red) as the tip
makes contact. (b) Analytical compact model simulation of propaga-
tion delay in a single-stage inverter measured from 50 % of the input
(blue) to 50 % of the output (red). The step response is due to the
modeled tip bouncing, but the first contact is sufficient to achieve
50 % of the output swing.

the ground (Cpar = 1 fF). The stiffness of the cantilever
was tuned to match Vpi obtained from the static charac-
terization of stand-alone stiff NEM switches. The overall
behavior of the system corresponds well to the measured
data and results in an oscillating period of 152 ns (Fig-
ure 14).

5. Conclusion

We have fabricated and demonstrated the first NEM
ring oscillator built with logical inverters using curved can-
tilever switches coated with a-C on the contact. The cir-
cuit uses a dedicated output stage to safely interface with
the environment and operates at 6.7 MHz. The measured
results match well with simulations, indicating that our
stiff NEM switches have a switching time of ∼25 ns. These
demonstrated results are an important step towards devel-
oping scaled devices with a sub-micron length and an air
gap of 5 nm, enabling 1-V operation and sub-nanosecond
propagation delays. The simplicity of the process flow en-
sures compatibility with present BEOL integration and
paves a way for NEM-switch-based VLSI circuit design.
The main challenge now is to optimize the a-C contact
material. While it showed promise in operating under rel-
atively low-voltage conditions, it still creates sufficiently
strong adhesion forces to cause temporary stiction of the
contact under high-voltage operation.
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Figure 12: Measurements of the ring oscillator. While the oscillator operates at the rail-to-rail voltage swing internally, the limited bandwidth
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