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Contact-Free MEMS Devices for Reliable and
Low-Power Logic Operations

Y. Perrin

Abstract—We report the first experimental proof of
concept of a new electromechanical adiabatic logic family
operating without any kind of electrical and mechanical
contacts. Based on comb-drive actuators and standard
microelectromechanical system (MEMS) microfabrication,
we demonstrate the cascadability of logic gatesupto170°C,
and operation in the kilohertz-range under a power supply
of 4.5 V. Assuming that state-of-the-art microfabrication can
downscale our MEMS gates by a factor of 100, we expect
a dissipation of 0.1 aJ/op (24 kgT) at 250 kHz at 45 mV.
This study paves the way toward new reliable low-power
electromechanical digital circuits.

Index Terms— Adiabatic logic, Landauer switches,
microelectromechanical system (MEMS).

|. INTRODUCTION

HE inherent subthreshold slope of conventional field-

effect transistors (60 mV/d at 300 K) sets the minimum
amount of energy dissipated during a single logic operation.
For state-of-the-art nanoscale devices, this limit is about
1000’s kgT (1’s alJ/op) and remains orders of magnitude
above Landauer’s limit [1]. Since the 1990s, unconventional
logic families or transistor outsiders have been introduced to
overcome the minimal power consumption of conventional
architectures. Table I compares different implementations of
conventional and adiabatic architectures.

By trading the constant power supply Vpp for a variable
and reversible power supply, adiabatic logic reduces charging
losses and recycles the energy invested to code the logic
state. Although various transistor-based adiabatic schemes
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have been proposed, the tradeoff between leakage and dynamic
losses inherent to solid-state transistors has restrained these
efforts [2]. According to the principle of adiabatic clocking,
if the power supply is trapezoidal and recovers the energy back
after each cycle, the dissipation should scale with the ramping
time 7. But the FET implementation of adiabatic logic gates
leads to a fixed residual loss due to FET hysteresis behav-
ior and the significant leakage contribution at the operating
temperature.

To overcome these limitations in conventional or adiabatic
logic clocking, low-power architectures must take advantage of
microelectromechanical system (MEMS) relays that received
growing interest over the last two decades, as they do not suffer
from static power loss [3]. Substantial improvements in terms
of dynamic power consumption have been recently reported,
such as steep effective subthreshold slope driving voltage in
the sub-100 mV range [4], [5]. However, they show poor
reliability inherent to mechanical and electrical contacts, which
are destructive at the microscale. Recent MEMS switches can
handle millions of cycles [6], which is not enough to operate
a MEMS-based general-purpose processor longer than a few
minutes.

To increase the reliability of MEMS switches, we recently
proposed to use them in contact-free operation [7]-[9]: instead
of opening or closing an air gap, “contact-free switches”
stay open and act as a variable capacitor. By modulating a
capacitance divider rather than a resistance divider for conven-
tional switches (Table I), the output logic state is given by the
inputs states through a variable ac-coupling between the power
supply and the output. This energy-reversible ac supply, also
called power-clock, allows us to determine the dynamic logic
state value using the modulation of the capacitive contrast.
Like in dynamic logic, [7]-[9] exploits the temporary storage
of information in capacitances. But, the capacitive coupling
(and thus the logic states differentiation) is affected by the
parasitic capacitance of gate-to-gate connections. To overcome
this limitation, we introduced contact-free Electromechanical
Adiabatic Computing (EMAC) in [10], where logic states
are processed and propagated mechanically. By coding the
logic state in the MEMS position, the parasitic capacitance
is no longer an issue. EMAC shows a reversible displace-
ment, thus suppressing the fixed residual term in energy
consumption compared to others logic families summarized
in Table I.
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TABLE |
CONTACT-FREE OPERATIONS AND ADIABATIC COMPATIBILITY OF SOME SELECTED LOGIC FAMILIES

Resistive-based | Adiabatic resistive- .
. . Contact-free logics
logic based logic
Reference [4,5,6] [11,12] CAL [7,8,9] EMAC [10]
Electrical contact Y Y N N
Mechanical contact* Y Y Y N
Devices FET or relay FET or relay variable capacitor comb drive
Logic state coding .
h h h t
nature charge charge charge position
Adiabatic-compatible** N YxE® Y Y
Leakage Y* Y* N N
ibl ..
Sens.lb e to capacitive v v % N
interconnects
*If FET are used Voo ./\‘} Voo Vio ./ N\
** energy Reon T Reon
dissipation scales Vi Vin
when lowering the O‘I R O-I
operation frequency e V V.
*** limited by the out m:;
hysteresis of relays relay c T
or Vi of FET L,_|\A gnd ]; gnd
2 (R + Rppy)C RppyC, E RponC,o vz
Energy Eop~CVpp Eop~ AT PO V2, Eqp~ - CV3p op™~ T DD
dissipation ° FhearVooTop +4TlearVpp +Emecha +Emecha(%)
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Fig. 1. (a) Elementary contactless devices (CDSs) used in electro-
mechanical adiabatic computing. (b) Micrograph of a CDS.

This article shows the fabrication and operation of ele-
mentary devices, then the design of electromechanical logic
gates and their integration inside a pipeline. As an extension
of [10], we report the first experimental proof of concept
of EMAC, implemented with reliable elementary devices,
i.e., comb-drive actuators made from a standard fabrication
process. We also show that we propagate series of logic
states through a pipeline with no attenuation. Since the EMAC
family is based on electrostatic and mechanical couplings, it is
not affected by the usual limitations of semiconductor-based
electronics. Thus, EMAC is suitable for operating under high
temperatures or radiation exposure. Our EMAC pipeline has
operated up to 170 °C, which was the maximum temperature
we could reach with our experimental setup.

II. CONTACT-FREE MEMS DEVICE

Fig. 1(a) depicts a simplified view of an elementary device
in EMAC. Each comb-drive structure (CDS) consists of
one active (A;) and one passive (P;) electrodes allowed
to move along the x-axis with a stiffness k. Active and
passive electrodes are connected to the power-clock V; and
the ground, respectively. They are electrostatically coupled by

Position x; [um]
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Position x; [um]
>
'

Voltage V; [V]

0 T T T T T 0
0 02 04 06 08 1

lime [ms]

Bias voltage V; [V]

Fig. 2. (a) Equilibrium positions versus dc bias V; (9 = 1.16 um,
n = 68, k = 0.1 N/m). Measured (dot), fited to aV, (line).
(b) Stroboscopic measurement of the response of the input actuator to
a step voltage function.

n interdigitated fingers separated by an air gap g. Comb-drive
actuators have strong assets for implementing EMAC.
1) Displacement in the micrometer range by applying only
a few volts between the electrodes (and by taking
advantage of low-stiffness spring designs).
2) Already proven reliable operation by avoiding any
mechanical contact.
3) Stable and hysteresis-free position-versus-voltage curve,
allowing physically reversible operation [12], [13].
4) Relatively simple fabrication process (cf., Section V).
Fig. 1(b) shows a scanning electron micrograph of a CDS
after fabrication, with g = 1.16 um and n = 68. From the
geometry of the springs (folded beams, 0.9 ym wide, 1.75 ym
thick, and 165 pm long), the stiffness k is about 0.1 N - m — 1.
Fig. 2(a) shows the quasistatic electrode motion along the
x-axis x,4; versus V; biasing. The experimental curve has a
parabolic shape in accordance with the elementary model of
the comb-drive actuator (x = aV?, with a = 0.057 ym - V™2
for our device). These data were gathered with the same exper-
imental setup as for the gate pipeline shown later (Section IV).
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Fig. 3. Buffer logic gate in EMAC when the input logic state is “low.”

To characterize the dynamical properties of an electrode,
we measured its response to a voltage step V; [Fig. 2(b)].
Fitting the dynamic response with an elementary damped
mass-spring system leads to a Q-factor of 2.3 and a resonance
frequency of about 3.16 kHz.

I1l. SINGLE BUFFER LOGIC GATE

The CDS design must be tailored for adiabatic logic gates
because stray field effects may lead to a significant electro-
static force between electrodes, even when they are pulled
apart [10]. This problem, which was challenging for the
design of logic gates, was solved by adding a complementary
electrode to the actuators, as shown on the buffer gate in
Fig. 3. This gate is composed of 1) an input electrode P;;
2) a central electrode A;; and 3) an output electrode P;,;.
Electrodes P; and P;;; are electrically grounded, whereas A;
is connected to the trapezoidal-shaped power-clock V;. The
reference of position x is the OFF-state, where no voltage is
applied to the circuit. A picture of fabricated devices is shown
in Fig. 3(a), which will be scaled down in the future by using
thinner lithography processes.

In an EMAC buffer, bits are processed in the following way:

Logic State “0” (Fig. 3): At t = T, the input electrode P;
is slightly pushed toward the right (xp; > 0) by the previous
gate and the buffer is ready to evaluate the bit. The clock
voltage V; rises, and electrostatic forces appear between P;
and A;. Because the displacement xp; breaks the symmetry
of the actuator, the electrode A; is attracted toward the left.
Atr=2T, V; and x,; < 0 are maximum, the bit is stored in
the buffer. As the displacement of A; breaks the symmetry of
the output actuator, the output electrode P, is fully attracted
toward the right (xp; + 1 > 0). The output can then be
evaluated by the next logic gate where V; | is shifted by 7.

Logic State “I1”: The situation is the opposite as for the
logic state “0.” At t+ = T, the input electrode P; is pushed
toward the left (xp; < 0). Thus, when the clock voltage V;
rises, the electrode A; is attracted to the right. At t = 2 T,
x4; > 0 so the output electrode P;;; is attracted toward the
left (xp;+1 < 0).

Fig. 4(b) shows how bits “0” and “1” are processed experi-
mentally in the buffer gate pictured in Fig. 4(a), when included
in a buffer pipeline (see Section IV). As explained earlier,
a “0” logic state is encoded when xp is positive compared to

Fig. 4. (a) SEM picture of an EMAC buffer gate within a pipeline.
(b) Measured positions of three electrodes in a buffer gate when the
input logic state is “0” or “1”
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Fig. 5. Other logic gates in EMAC and interface with standard com-
putation. (a) NOT logic gate. (b) Nonvolatile latch. (c) OR logic gate.
(d) EMAC-to-classical logic interface.

the steady-state position. When the output is equal to “0,” the
buffer gate (A;) is moved backward (x4; < 0). With a peak-to-
peak clock voltage of 6 V, amplitudes of motion for electrodes
P;, A;, and P;y are xp; = £1.2 um, x4 = £2 um, and
xP;+1 = £1.2 um, respectively.

Although this experimental study is focused on buffer gates
only, EMAC can be extended to any combinatorial and sequen-
tial logic gates to implement a general-purpose processor.
Reversible gates such as the Fredking gate [14] could also
be envisaged. Possible designs for combination logic such as
NAND and XOR gates are given in Fig. 5.

OR Gate: The OR gate [cf., Fig. 5(c)] combines two
mechanically encoded logic inputs. If one or two inputs have
the state “1,” P; will be attracted to the left and break the
symmetry as in the buffer gate. The spring design must
be optimized to prevent the gate from twisting due to the
asymmetric applied forces and constrain the displacement
along the x-axis.

RS Latch: Making an reset set (RS) latch [cf., Fig. 5(b)]
for EMAC requires a hysteretic element such as a nonvolatile
bistable beam. The writing terminal moves the moving part
P; in one of two stable positions. The latched logic state
can be read by the reading terminal A;. When V; increases,
the position of A, will be determined by the state of P;.

Interface: If EMAC is envisaged as a low-power logic unit
inside a conventional digital circuit, position-encoded logic
states can be converted to charge-encoded states by the device
in Fig. 5(d). The variable capacitor formed by A; and the gate
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Fig. 6. (a) Optical picture of the whole pipeline composed of four
cascaded buffer gates. (b) Schematic of the measured buffer chain.
(c) Optical measured A; position of each gate versus time, demonstrating
the logic cascadability without attenuation through the gates.

termination will create a charge redistribution to turn on/off
the FET.

IV. PIPELINE OF LOGIC GATES

We designed and tested a pipeline composed of four cas-
caded buffer gates arranged in an Adiabatic Dynamic Logic
(ADL) architecture [11] as shown in Fig. 6.

In our experimental setup, the logic gates are connected to
the four-phase T-shifted trapezoidal power-clock Vi, V,, Vi,
and V4, by a homemade probe station. These synchronized
clock signals (in charge of supplying and synchronizing the
gates) are generated by a programmable multichannel voltage
source. For the sake of clarity, we will no longer show the
position of input—output electrodes, but only focus on the
position of the active electrode in each buffer (x4;, XAz,
X 43, XA4). Fig. 6(c) depicts the measurements of power-clock
signals, the input sequence injected in the pipeline, and its
mechanical response with optical testing. We used a low-
frequency clock (0.4 Hz) to allow real-time imaging of the
electrode motion with a microscope camera. The logic states
are distinguishable from the positions of the electrodes, with
amplitudes of motion in the micrometer range. We emphasize
that there is no attenuation of the signal through the pipeline,
proving the cascadability of our hardware implementation. The
bits are delayed by 7 from gate to gate due to the ADL
clocking scheme [12].

The amplitude of motion is controlled by the clock peak-
to-peak voltage Vjp: higher V,,, higher the displacements.
However, if V,,, < 4.5V the “1” states cannot be triggered and
are converted in “0” through the pipeline, so the cascadability
is lost. On the other hand, there is an upper limit of Vj,
due to electrostatic interactions between electrodes and the
underneath silicon substrate, separated by a 5 um air gap.
If Vip > 7'V, the active electrodes are actuated downward and
collapse on the substrate (out-of-plane pull-in).

V. FABRICATION FLOW

Other MEMS designs for performing contactless operation
have already been discussed [7]-[9] but they need an insulating
mechanical link in the mobile part to obtain four-electrode
devices. Our design avoids the insulating link and thus dras-
tically reduces the fabrication complexity.

SOl substrate
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Fig. 7. (a) Microfabrication process flow. (b) Simulated energy dissipa-
tion during an input sequence “1010” in a buffer.

Starting from a silicon-on-insulator (SOI) substrate, we
fabricated electromechanical logic gates by means of laser
lithography, Si etching, and removal of the buried oxide.
Fig. 7(a) illustrates the key steps of the fabrication process.
The substrate is an SOI wafer with a low-doped 1.75 gm-thick
Si layer on the top of 5.11 um of SiO,. Prior to patterning, a
30-nm-hard-mask of aluminum is deposited over the sample
by e-beam evaporation. The sample is then coated with a
positive AZ1512HS photoresist and baked at 100 °C for 60 s.
Lithography was performed with a laser power of 12 mW at
a wavelength of 405 nm. Samples were developed with AZ
developer for 30 s, and then in MF21 for 60 s to etch the
hard mask. The top silicon layer is dry-etched for 90 s by
a plasma of SF¢ and CH,F,. Electrodes are then released by
removing the SOI buried oxide with vapors of fluorhydric acid
for 90 min.

VI. DISCUSSION

Our experimental results prove the ability of contact-free
MEMS to perform logic operations in series. This demonstra-
tion is the first step toward a competitive hardware solution
in terms of operating frequency, footprint, energy-saving, and
reliability.

Unlike capacitive switches [16], EMAC does not require a
high capacitive ratio because logic states are encoded by the
position of the electrodes (i.e., tilt to the right or the left)
instead of a voltage value. This particularity reduces the need
for high capacitive contrast, unlike capacitive switches.

A. Reliability

Contact-free operation avoids the mechanical contact
between electrodes like for certain RF MEMS capacitive
switches with high reliability over cycling [17]. As the dis-
sipation in EMAC logic gates is in the order of 0.1 pJ/op
(cf., Section VI-C), no significant heating of the devices
is expected. Therefore, we consider the contribution of the
thermal effect [18] to the reliability negligible.

In EMAC, each logic state is associated with a motion, mini-
mizing the mechanical degradation since all springs stiffnesses
will drift simultaneously in time. Because EMAC does not use
any dielectric solid material, it will not be affected by effects
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TABLE Il
EFFECT OF A FORM FACTOR ON THE PROPERTIES
OF EMAC LoGICc GATES

Property Scaling effect™
Gate footprint 1/a?
Voltage operation 1/a
Operation frequency o
Energy dissipation /a3

* hyp: all dimension shrunk by a a factor (constant form factor)

such as dielectric charging observed in RF switches [19].
During our experiments in the hertz range, we have not
observed any failure for days.

EMAC is not a dynamic logic family as [7]-[9] because
all electrical nodes are always set. But the gate-to-gate inter-
connection is limited by the mechanical nature of the logic
coding i.e., the displacement must be transmitted, not only
the electrical polarization.

B. Operating Voltage/Frequency and Gate Footprint

Like any mechanical-based logic family, EMAC is limited
by the mechanical time constant which caps the highest
operating frequency. By stroboscopic imaging, we observed
a correct operation (without logic errors) up to 2.5 kHz,
corresponding to 80% of the frequency of the first mechani-
cal mode of the buffers. Downscaling this proof-of-concept
can increase the operating frequency, as demonstrated in
nanoelectromechanical system (NEMS) relays (e.g., 15 ns
switching time reported in [4]). If all dimensions are shrunk
by a factor a, the frequency of operation is boosted by a
(Table TI).

An a downscaling factor reduces the surface of the
gate by a?. Although the buffer covers a large area of
200 x 400 um?, improvements of the lithography process and
the use of higher operating voltages will reduce this footprint
and allow the realization of more complex circuits.

Assuming state-of-the-art microfabrication can downscale
our MEMS gates by a factor of 100, we expect an operating
frequency of 250 kHz under a 45 mV power supply with a gate
footprint of only 8 um”. By considering alternative MEMS
designs such as vertical actuation, liquid gap, or soft spring,
the performance can be increased further.

C. Power Consumption Contact-Free

Operation avoids leakage losses as long as the MEMS
dimensions remain high enough for avoiding quantum effects,
such as tunneling currents between electrodes. Energy losses
in our pipeline are mostly due to mechanical damping in the
air, and to dynamic dissipation within the access resistors
made by the long silicon springs that bear the electrodes. This
dissipation almost vanishes for lower frequencies of operation.
Due to technical limitations, we have not been able to measure
the dissipation in our devices as it would have involved
challenging measurements of low-frequency ac currents in the
PA range. As the position given by our simulation shows a

TABLE Il
COMPARISON OF THE PROPOSED LoGIC (EMAC) To OTHERS LoGICS

FET-based Relay-based Contact-free logic
logic logic (EMAC)
. . position
Logic state coding charge charge A50-0" ; x<0~"17)
Cascadability Y Y Y
Leakage-free N Y Y
Energy N N Y
Reversibility (Vpy limited) (Pull-in limited) (Hysteresis-free)
Dynamic loss Y Y 1/F,,*
Electrical contact Y Y N
Mechanical contact N/A Y N**
Reliability . .
after Billions of cycle high low high
Footprint small large large
Operation GHz 10°s MHz KHz***
Frequency range
Maximal o o 170°C (proven)
~<
temperature rating 200°¢ S00°C [8] >500°C (expected)
* scale-down with the operation frequency (adiabatic attribute), ** no deal with adhesion force or

ON-state conductance, *** MHz could be envisaged with device scaling

good correlation with experiments, we estimate the energy
loss on the basis of numerical simulations of electrostatically
coupled mass-spring damped oscillators (see [10] for modeling
details). Fig. 7(b) shows a simulation output computed with
experimental conditions (geometry of the gates, experimental
Q-factor and access resistors, and applied voltages), assum-
ing a lossless fully reversible power supply. The dissipated
energy per logic operation is 0.1 pJ/op at 2.5 kHz. Since the
dissipation is proportional to kg? [10], it can be reduced by
orders of magnitudes by downscaling the system. Because
the circuit involves only reversible mechanical motions (no
hysteresis, no pull-in), the dissipated energy/cycle of EMAC
scales down with the operating frequency, like in other true-
adiabatic architectures [11]. After scaling down all dimensions
by 100, the circuit is expected to dissipate only 0.1 al/op
(24 kgT) at 250 kHz under a 45 mV power supply. This
accounts only for the dissipation occurring within the logic
gates and ignores the losses in the power clock. For this
proof of concept, we used conventional waveform generators
that are not able to recycle the energy of the gates. Further
implementations will take advantage of resonant inductive
clocks to address that issue.

D. Temperature Robustness

Since our system relies on electrostatic interactions and
mechanical motions, it is very robust against thermal changes.
The logic state is encoded mechanically instead of electri-
cally, reducing the effect of electrical noise. Our pipeline
is operational up to 170 °C (similar results as in Fig. 6),
corresponding to the upper limit of our sample-holder heater
capability. Therefore, EMAC can withstand high temperatures
where transistors are inherently limited, and where relays are
facing oxidation of electrical contacts [15].

Table III summarizes the properties of EMAC circuits with
respect to other computing paradigms.

VIl. CONCLUSION

We demonstrated experimentally the proof of concept of a
contact-free electromechanical pipeline in adiabatic operation.
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The design is based on comb-drive actuators, which are
reliable structures widely used in industrial-grade sensors.
Contactless operation overcomes the reliability limitation of
MEMS relays, avoids uncontrolled adhesion force, and solves
the problem of the ON-state resistance. Electrostatic interac-
tions, mechanical bits encoding, and reversibility of mechan-
ical motion provide the upscaling capability, wide operating
temperature range, and compatibility with adiabatic archi-
tectures. These results open new perspectives for low-power
digital IC at the edge of the cloud, or for certain niche
applications at high temperatures.
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