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ABSTRACT

We present 4-terminal (4-T) silicon (Si) nanoelectron-
mechanical (NEM) relays fabricated on silicon-on-
insulator (SOI) wafers. We demonstrate true 4-T switching
behavior with isolated control and signal paths. A pull-in
voltage (Vp;) as low as 11.6 V is achieved with the
miniaturized design. 4-T NEM relays are a very promising
candidate for building ultra-low-power logic circuits, since
they enable novel circuit architectures to realize logic
functions with far fewer devices than CMOS
implementations, while also allowing the dynamic power
consumption to be reduced by body-biasing.
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INTRODUCTION

NEM relays have been known for their attractive
propetties, such as zero off-state leakage, ultra-low static
power consumption and abrupt switching transition, which
make it possible to overcome the energy-efficiency limit of
CMOS technology [1]. The robustness of NEM relays also
makes them outstanding in harsh environments, such as
extreme temperature and radiation levels, where CMOS
transistors cannot survive [2]. Therefore, NEM relays have
been proposed as a promising candidate for ultra-low
power computing applications, e.g., energy-efficient field-
programmable gate arrays (FPGAs) [3]. Among the
various NEM logic relays, 4-T NEM relays offer great
potential for novel circuit architectures to realize logic
functions with far fewer devices and much higher energy
efficiency than CMOS implementations. As much as a
five-fold reduction in device count can be achieved in
commonly used logic functions such as multiplexer and
demultiplexer circuits [4]. However, to achieve practical 4-
T NEM circuits, a reliable fabrication method is required
to miniaturize the dielectric plug together with the 4-T
relays for achieving a compact circuit layout, which
remains a challenge.

Previously reported 4-T NEM relays were made of
metal and formed by conventional manufacturing
processes within the metallic interconnect layers of a
CMOS process [5-6]. Although they can achieve small
footprints down to 0.055 um? [7], the metal relays suffer
from fatigue during repeated actuation, which limits their
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long-term reliability. In contrast, the Si NEM relays have
been proven to exhibit excellent mechanical properties and
longevity, but the Si 4-T NEM relays with miniaturized
dielectric plugs have not been demonstrated. Overall,
currently available 4-T relays have either a large footprint
[4,8], occupying a significant chip area, or a high pull-in
voltage [4-5,8], resulting in considerable dynamic energy
consumption.

Here we report on a miniaturized Si 4-T NEM relay
with an integrated dielectric plug, fabricated on SOI
substrates. We describe the design and fabrication
methodology for the miniaturized 4-T NEM relay and
demonstrate switching behavior with independent control
and signal paths. This method enables compact NEM
circuit layout, while also improving energy efficiency.

DEVICE CONCEPT AND FABRICATION

The design of an in-plane Si 4-T NEM relay is
illustrated in Figure 1. This 4-T NEM relay uses
electrostatic actuation with a single contact point. It
consists of four terminals: two movable beams connected
to the source and the body terminals, respectively, and
fixed drain and gate terminals. Each terminal is electrically
connected to an aluminum (Al) contact pad for electrical
contacting of the relay.
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Figure 1: 2D illustration of the in-plane 4-T NEM relay
realized in an SOI wafer process (the AlOx plug is shown
in green).

The unique feature of our 4-T relay is the dielectric
aluminum oxide (AlOx) plug between the two beams
(shown in green in Figure 1). This plug electrically
insulates the data signal (source-drain) from the control
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signal (body-gate), which enables body biasing, as well as
the device count reduction of NEM-based circuits [2].

The fabrication process of the 4-T NEM relays is
illustrated in Figure 2. Steps (i) to (ii) are performed on SOI
wafers with a 220 nm thick device layer and a 2 um thick
buried oxide (BOX) layer. The NEM structures are firstly
patterned with sub-200 nm feature stepper lithography and
etched by reactive ion etching (RIE). After that, a 70 nm
thin layer of AlOx is deposited on the entire chip, which is
selectively patterned and removed later with a photoresist
mask to form the dielectric AlOx plug (step iii). To improve
the conductivity of the relay contacts, we adopt a standard
lift-off process to deposit 80 nm of gold (Au) only on the
tip of the NEM relays (step iv to step v). The partial release
is conducted before the Au deposition to avoid undesired
short-circuits between the drain and the source. Finally, we
use vapor hydrofluoric acid (VHF) release etch to fully
suspend the movable beams (step vi).
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Figure 2: Schematic cross-section of the fabrication flow:
(i) Blank SOI wafer with 220 nm-thick device layer,
(ii) Define the NEM relay pattern, (iii) Deposit and etch the
AlOx plugs (iv) Partial release of the NEM relays,
(v) Metallize the contact of the NEM relays with Au,
(vi) Full release of NEM relays.

A typical AlOx plug etching result after step (iii) is
shown in Figure 3. We studied the dielectric plug design to
find the limit of this fabrication process, which is mainly
determined by the resolution and alignment accuracy of the
lithography process.

Figure 3: Top view SEM micrograph of two 4-T NEM
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relays with AlOx plugs.

In Figure 3, a misalignment shift of ~ 200 nm to the
top-left of the relay is clearly visible. Due to the direction
of the misalignment, this caused the left AlOx plug to miss
the gap between the two beams, while the right AlOx plug
remained aligned with the gap.

RESULTS AND DISCUSSION

A Scanning Electron Microscope (SEM) image of a
fabricated 4-T NEM relay is shown in Figure 4. The design
parameters of this 4-T relay are listed in Table 1.

iping 0-20 V

Figure 4: Top view SEM micrograph of a 4-T NEM relay
with AlOx plug and ~80 nm Au contact. The image is
captured after step (v) in Figure 2.

Table 1: Design parameters of the 4-T NEM relay

Parameters Size

Silicon device layer thickness 220 nm
Source hinge width wy;, 200 nm
Body hinge width wy,, 200 nm
Body-gate airgap horizontal g, 300 nm
Body-gate airgap tilted g, 350 nm
Body-source airgap g, 200 nm
Plug-length [, 7.0 um
Plug-width w,, 2.4 um
Contact width w, 1.0 um
Contact airgap g, 200 nm

Actuation of a 4-T NEM relay

To actuate the 4T NEM relay, we directly contact the
Al pads with probe needles and applied a voltage ramp
Vgpb =(0V > ~15V —> 0V) between the gate and the
body terminals. A drain bias voltage was applied between
the drain and the source terminals (V43 = 5 V), while both
the source and body terminals were kept at ground level.
As shown in Figure 5, the 4-T relay shows a clear pull-in
when ramping the gate voltage up to Vj,; = 11.6 V, under a
10 nA current compliance. The contact got stuck on the
drain after the first actuation due to the high adhesion force,
which is the main problem induced by using Au as the
contact material.
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Figure 5: Measured actuation of a 4-T NEM relay. The
abrupt drain-source current (lis) increase indicates
successful pull-in.

Demonstration of dielectric plug insulation

To prove true 4-T actuation behavior, we confirmed
that there is only ~pA current flowing through the body
electrode during the actuation (as shown in Figure 6),
which indicates good insulation between the source and the
body terminals, i.e., the AlOx plug is providing adequate
insulation between the two beams. Also, the current on the
gate is also at noise-level (pA).
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Figure 6: Measured current flowing through body and gate
terminals versus gate voltage of the 4-T NEM relay.

CONCLUSION

We implemented a nano-scale Si 4-T NEM relay on an

826

SOI substrate. We demonstrated true 4-T switching with
insulated data and control signals, which enables body
biasing that significantly lowers the pull-in voltage and the
dynamic power consumption. This design and fabrication
technology shows promise for making compact NEM
relay-based circuits for high-volume applications. Future
work is needed to find compatible contact solutions with
sufficient switching reliability to improve the lifetime of
the NEM relays during hot-switching. Possible candidates
of the contact coating include Ti, W and Ru, which provide
improved hardness and good electrical conductivity.
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