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Abstract—In the dawn of the Internet of Things (IoT) era, 
device-to-device interactions on real-time data without 
involving humans have become a vital part of everyday life. 
Hence, ultra-low-power sensors and processing units are of the 
utmost importance. In recent years, micro-electromechanical 
(MEM) relays have been treated as promising beyond-CMOS 
candidates due to their zero-leaking and steep turn ON/OFF 
properties. This paper presents a MEM relay and its 
characterization, followed by a demonstration of relay-based 
core logic circuits, including an XOR and an adder. The relays’ 
mechanical operation makes them inevitably slower than 
transistors; however, this paper demonstrates that a scaled 32-
bit relay adder consumes 60 times less energy per operation than 
its CMOS counterpart in 40 nm technology. The proposed relay 
circuits, with their ultra-low power consumption property, are 
particularly suitable for applications with rigorous energy 
requirements while operating at a slow-to-moderate speed, such 
as wearable accessories, remote sensors, and implantable 
biomedical devices. 

Keywords—Microelectromechanical systems (MEMS), Micro-
electromechanical relay, Adders, Low-power digital circuits. 

I. INTRODUCTION 
CMOS technology has dominated the chip industry over 

the past few decades. Nonetheless, the CMOS scaling has 
faced roadblocks in not only fundamental device physics but 
also economics, leading to more severe subthreshold leakage, 
higher power density, and higher fabrication cost. MEM 
relays have recently gained research attention in various 
shapes [1-6]. Due to their unique characteristics such as zero 
leakage [7, 8], sharp turn ON/OFF curves [9], the possibility of 
MEMS-CMOS hybridization [10, 11], and feasibility of 
implementation on back-end-of-line (BEOL) layers [12, 13], 
they are treated as favorable beyond-CMOS devices. Despite 
different devices being studied, there is a little experimental 
demonstration on some fundamental but core logic circuits. 
Ref [14] focused on device characterization and energy 
consumption studies. In this paper, we further explain the 
operation of relay in detail; experimentally demonstrate the 
trade-off between switching energy and delay. We propose a 
relay XOR and an adder, then experimentally demonstrate and 
compare scaled relay with CMOS transistors.  

The rest of this paper is organized as follows. Device 
structure, operation, fabrication, characterization, and 
mechanical delay tuning are introduced in Section II. Section 
III demonstrates relay circuits with measured results. Section 
IV discusses results and compares scaled relay with its CMOS 
counterpart. Section V summarizes the work and presents a 
conclusion. 

II. RELAY STRUCTURE, OPERATION, FABRICATION, 
CHARACTERIZATION, AND MECHANICAL DELAY TUNING 

A. Relay Structure  
Fig. 1(a) shows the relay has four terminals namely Source 

(S), Body (B), Gate (G), and Drain (D). The suspending beam 
is fixed at one end and can move freely at the other end. We 

use D as a contact for passing signals, G as actuating electrode, 
and B for biasing the beam with a constant DC voltage. This 
bias can effectively reduce the switch-on threshold of the relay 
by providing an extra electrostatic force on the beam. Fig. 1(b) 
illustrates geometry details. The actuation gap, gGS, is intended 
to be greater than the contact gap, gDS, to guarantee intended 
operations as only S and D shall make contact. Corresponding 
parameters of relay structure are listed in Table I, together 
with the material properties of the relay, the doped silicon.  

B. Relay Operation 
Upon applying a gate voltage, an electrostatic force (Fe) is 

generated, and the beam bends toward side electrodes and 
forms an opposing spring force Fs. As the beam travels, due to 
the non-linear increment of Fe and the linear increment of Fs, 
at a certain point, Fe grows faster than Fs, which leads to the 
beam snapping onto the drain. This is commonly referred to 
as "Pull-in," and the gate voltage at this point is known as VPI. 
Once the relay is pulled in, a contact force, Fc, dominated by 
Van der Waals force, is formed on the contact surface [15], as 
pointed out in Fig. 1(c). When the gate voltage decreases, Fe 
reduces, and once Fs is greater than the combination of Fe and 
Fc, it breaks the contact, followed by the beam returning to its 
initial position. This is commonly referred to as "Pull-out," 
and the gate voltage at this point is known as VPO. 

C. Relay Fabrication and Characterization 
Utilizing the SOI-MUMPs process developed by 

MEMSCAP [16] as a proof of concept, relay chips were 
fabricated with a minimum feature size of 2 µm. The overall 
fabrication process flow can be seen in Fig. 2. The process 
starts with doping a silicon-on-insulator (SOI) wafer with 
phosphosilicate glass (PSG); the wafer is then annealed at 
1050°C for 1 hour in argon to drive the phosphorous dopant 
into the top surface of the silicon layer. PSG layer is 
subsequently removed using wet chemical etching. Then, the 
wafer is coated with a negative photoresist with lithography 

Fig. 1. (a) Schematic of the proposed relay. (b) Detailed geometries and side 
gaps of the relay. (c) Illustration on forces upon pull-in.  

(a) (b) (c) 

TABLE I. Device Parameter and Material Properties of the Relay 



patterning and development. A stack metal of 20 nm chrome 
and 500 nm gold is coated into the wafer through e-beam 
evaporation for better uniformity and then goes through a lift-
off process and photoresist dissolved. Next, (inverted) designs 
are patterned and developed in the active doped-silicon layer 
using a positive photoresist for better resolution; deep reactive 
ion etching is used to etch the silicon down to the oxide layer, 
and the remaining photoresist is chemically stripped. In the 
final steps, reactive ion etching (RIE) removes the oxide layer, 
followed by a final release using vapor hydrofluoric acid. Fig. 
3 shows the SEM image of a fabricated relay. We design 
dummy structures on the other side of the beam, aiming for a 
cleaner release from RIE. The contact area details and critical 
gaps are illustrated in zoomed-in figures.  

We characterize single relays using a probe station and 
Keysight B1500A semiconductor device analyzer under 
standard atmosphere and room temperature. The biasing 
voltages on the D, B, and S are 10, -40, and 0V, respectively, 
and the relay shows a VPI and VPO of 10.6 and 4.2V, 
respectively, in Fig. 4(a). Current compliance is 100 nA 
during pull-in measurements to prevent stiction. This 
limitation is switched to unlimited for contact resistance (RON) 
measurements. According to measured results, RON is around 
10-15 kΩ. This high RON is due to the contact area between S 
and D being designed to be minor to mimic a dimple; the 
surface roughness on the contact surface [17]; no additional 
material coating after final release; and the use of doped 
silicon instead of metal due to fabrication foundry limitation. 
In future tape-outs, the abovementioned points should be 

taken into consideration to address the high contact resistance 
issue.  

We measure the mechanical delay (tM) by applying pulses 
to G and bias D to 10 V. From Fig. 4(b), tM of the relay is 
19.5µs. Note that since the output capability of the device 
analyzer is limited to 10V, we increased the bias on B to -50V 
to assure a pull-in when measuring tM, and the current 
compliance is set as 1 µA. As reported in [14], the lifetime of 
the relay is approximately 200 million cycles when switching 
in a hot switching condition. 

D. Mechanical Delay Tuning 
By biasing S and D at -15 and 10V, respectively, and 

changing the maximum values on gate pulse, we find the 
correlation between VG and tM, as illustrated by the dashed line 
in Fig. 5. Note that the B terminal is used as the second gate 
and biased together with G with the same signal to investigate 
the pure effect of VG over tM.  

The result points out that we can tune tM by adjusting VG, 
and a trade-off between energy and performance exists. For 
example, when applying VG as 10 V, one can operate the relay 
circuits up to 95 kHz (the corresponding tM is 10.5 µs); 
whereas if the applied VG is 2.7 V, one shall reduce dynamic 
switching energy consumption up to 81 % from the nominal 
operating voltage (VG = 10 V), and operates at around 6 kHz. 
This gives the designer more flexibility between energy and 
speed during runtime.  

III. DESIGN AND DEMONSTRATION OF RELAY CIRCUITS 
As a fundamental building block of digital circuits, XOR 

has incomparable importance as it can be used as a parity 
checker and in digital addition circuits. In this paper, we 

Fig. 3. SEM image of the relay with the tip contact area details and critical 
gaps shown in zoomed-in images. 

Fig. 4. Measured results of (a) pull-in/-out (b) mechanical delay of the relay.  

(a) (b) 

Fig. 5. Measured results of the relationship between mechanical delay and 
gate voltage, with experiment setup as inset.  

Fig. 2. Overall fabrication process flow of the MEM relay. 



propose an XOR gate with a simple implementation using just 
a single relay. Since the body can be used as a second gate for 
actuation, we used a similar device shown in Fig. 3, with G 
and B shorted together and mirrored on the other side of the 
beam, as shown in Fig. 6(a). The truth table of XOR is shown 
in Fig. 6(b), along with measured results in Fig. 6(c), showing 
correct functionality.  

In addition to basic gate, we also explore the design of 
relay adder; as adders are the core of any processing unit, they 
are widely used in addition, subtraction, and multiplication. 
Fig. 7(a) shows the truth table of the adder. Note that the Sum 
bit is the XOR function between A, B, and Cin. We then 
designed a relay adder circuit following a standard mirror 
adder structure [18], and the schematic is shown in Fig. 7 (b). 
The adder in this paper is built with only 16 relays, while the 
standard CMOS adder would need 28 transistors or more. The 
device used in the relay adder is similar to the one shown in 
Fig. 3; with G and B shorted, it essentially becomes a 3-T 
device. Fig. 7(c) shows the test setup, with Fig. 7(d) as the 
measured results, showing correct functionality.  

IV. DISCUSSION 
With relay logic implemented [19], relay circuits only 

endure one tM between output and inputs. Though relays are 

inevitably slower than transistors, this difference becomes 

smaller when the circuit complexity increases, as CMOS 
circuits suffer from quadratically increased Elmore delay. In 
contrast, relay circuits still add only one tM between output and 
inputs. This points out the benefit of further device scaling. 
We then scaled the relay in 40 nm technology with a scale 
factor of 50 on all device dimensions and gaps. We simulated 
its performance using Coventor MEMS+ [20], a commercial 
finite element modeling tool that performs electromechanical 
simulations. The simulated results of the scaled relay are 
plotted in Fig. 8. 

When the device is scaled, the energy consumption of 
relay circuits is also scaled since both the capacitance and 
nominal voltage VDD become smaller. The switching energy 
consumption of a relay, as introduced in [21], can be 
expressed as below: 

𝐸! =	𝑎"#$ %
𝜀% ∙ 𝐴&'
𝑔 − 𝑔()

(1 + 𝑟) + 𝐶1 𝑉**+  

where 𝑎"#$  is the average activity factor, r is an area 
proportionality factor, and C is the parasitic capacitance. 

Energy consumption measured from the fabricated single 
bit full adder is 156.2 pJ/op, with a VDD of 34V; the nominal 
voltage (VDD) of the scaled relay is simulated using MEMS+ 
as 0.46 V. By using the abovementioned equation with a scale 
factor of 50, the energy consumption of scaled 32-bit relay 
adder is estimated to be 𝐸,-"!./-0 ×

1
)2"3-	5"267/

×

('!!.#$%&'(
'!!

)+ × 32	= 18.3 fJ/op. We compared the scaled relay 
adder and its CMOS counterpart and found that the energy 
consumption of the 32-bit relay adder is almost 60 times 
smaller than its CMOS counterpart [22] and 80% smaller than 
state-of-the-art NEM relay work [3]. The results are 
summarized in Table II. The CMOS simulation work [22] 
used standard transistors in a 40 nm technology library with a 
ripple-carry adder style. 

Fig. 7. Relay adder (a) schematics, (b) truth table, (c) test setup, and (d) 
measured results.  

(a) (b) 

(c) (d) 

Fig. 8. Simulated result of the mechanical delay of scaled relay in 40 nm 
technology. 

Fig. 6. Relay XOR gate (a) structure, (b) truth table, and (c) measured 
results.  

(a) 

(b) (c) 

TABLE III. Comparison between Relay and CMOS 32-bit Adder 



Relay circuits consume a larger area than CMOS since the 
device footprint is big. This can be mitigated by implementing 
the relays using BEOL layers [23]. In this way, the previous 
front-end-of-line area does not need to spare any for the relay 
circuits. An example of a BEOL relay can be found in [24]. 
With the usage of metal and VIA (vertical interconnect access) 
layers, we designed a miniaturized BEOL relay that has a 
much smaller pull-in voltage (around 2 V) and shorter tM (less 
than 20 ns), pointing out the feasibility of MHz operation. The 
BEOL relay can also be used as the “sleep switch” in the 
power gating scheme for the whole chip energy management.  

Relay circuits can generally be built with fewer devices 
than CMOS, another distinctive property of the relay work. It 
also partially compensates for the larger device footprint. 
Relay-based JK flip-flop [19] uses 20, while the CMOS 
counterpart uses 36 devices. Relay 4-bit DAC (digital-to-
analog converter) and ADC (analog-to-digital converter) can 
be built with 84 and 116 devices [24], while the CMOS way 
would need 160 and 343, respectively. When the circuit 
complexity increases, this saving turns more noticeable. A 16-
bit multiplier [7] needs 1683 relays, but the CMOS 
implementation uses 7014 transistors. 

V. CONCLUSION 
In this paper, we present the design and characterization 

results of a MEM relay. We also study the trade-off between 
energy and the performance of relay operation. Moreover, we 
experimentally show the demonstration of relay XOR and full 
adder. We further modeled the scaled relay and benchmarked 
a multi-bit relay adder with CMOS and NEM relay designs. 
While the mechanical nature of operation leads the relays to 
be inherently slower than transistors, we show that the 32-bit 
adder using the scaled relay consumes 60 times less energy 
per operation than the CMOS counterpart. This energy-
efficient property makes the proposed relay an ideal candidate 
for applications with strict demand for energy-saving while 
functioning at low to moderate speed, such as the always-on 
display on wearable gadgets, wireless sensor networks for 
remote areas, and communication between the IoT devices, 
biomedical and implantable devices. 
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