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ABSTRACT The energy-delay sensitivity of a nanoelectromechanical (NEM) relay and an NEM relay with
the negative capacitance of a ferroelectric capacitor (NC + NEM relay) are theoretically investigated. The
energy-delay characteristics of the NC + NEM relay deteriorate compared to those of the NEM relay
when its movable beam becomes shorter/thicker than the critical beam length/thickness. The energy-delay
characteristics of the NC + NEM relay (vs. the NEM relay) can be improved by increasing/decreasing the
movable beam length/thickness. However, the maximum length and minimum thickness of the movable
electrode are specified. This is necessary to avoid stuck-on failure. This study provides guidelines for
improving the switching energy-delay characteristics and the operating voltage of the NC + NEM relay
(vs. the NEM relay) by optimizing the device design variables.

INDEX TERMS Energy-delay sensitivity, ferroelectric capacitor, nanoelectromechanical relay, negative
capacitance.

I. INTRODUCTION
The transistors in integrated circuits (ICs) have been aggres-
sively scaled down to enhance the transistor performance and
the functions of the ICs. However, this results in the increased
off-state leakage current (Ioff) of the transistor even when
the IC transistors are turned off. The energy consumption
in the off-state may drastically increase because an IC com-
prises billions of transistors. This hampers the scaling of the
power supply voltage (VDD). Therefore, an appropriate tech-
nology to reduce the Ioff is of particular importance. Ioff can
be theoretically suppressed by (i) increasing the threshold
voltage (Vth) or (ii) decreasing/improving the subthreshold
slope (SS), which is the gate voltage (VGS) that is required
to increase the drain current (IDS) by 10 times. However,
increasing the Vth results in a reduced on-state drive cur-
rent (Ion). In addition, SS is limited to 60 mV/decade at the
room temperature (a.k.a, the Boltzmann limit). To address

this issue, various steep switching devices, which exhibit
an SS of sub-60 mV/decade, have been proposed [1]–[3].
These steep switching devices can achieve reduced Ioff and
static power consumption because their SS is less than
60 mV/decade at 300 K. Among these devices, the nanoelec-
tromechanical (NEM) relay has received significant attention
because it has almost zero SS and negligible Ioff [4], [5].
Recently, several studies have indicated that the operat-
ing voltage and electrical characteristics of an NEM relay
can be reduced/improved by connecting it in series with
a ferroelectric capacitor [6], [7]. The concept of the series-
connected structure, i.e., “the NEM relay + ferroelectric
capacitor,” originates from voltage amplification, generated
by the negative capacitance (NC) phenomenon in a ferroelec-
tric capacitor. In a previous study, the improved energy-delay
properties of an NEM relay with the NC of a ferroelectric
capacitor (NC + NEM relay) when compared with those
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FIGURE 1. A schematic of the NC + NEM relay. A ferroelectric capacitor is
connected in series to the gate electrode of the NEM relay.

FIGURE 2. Energy-delay characteristics of two devices (i.e., A and B) with
different energy-delay sensitivity.

of the NEM relay were investigated [9]. This improvement
can be attributed to voltage amplification. However, there
is a critical point, where the energy-delay properties of the
NC + NEM relay begin to deteriorate compared to those of
the NEM relay. In this study, a device design guideline is
proposed to improve the energy-delay properties and oper-
ating voltage of the NC + NEM relay compared to those of
the conventional NEM relay using sensitivity analysis.

II. SIMULATION METHODS
A schematic of the NEM relay connected in series to a ferro-
electric capacitor (NC + NEM relay) is presented in Fig. 1.
There are three main forces that control the behavior of
the NEM relay, i.e., (i) the spring force (Fspring), which
moves the movable beam away from the fixed electrode,
(ii) the electrostatic force (Felec), which moves the mov-
able beam toward the fixed electrode, and (iii) the adhesion
force (Fad) in the contact region. If the sum of Felec and
Fad is greater than Fspring (i.e., Felec + Fad > Fspring), the
movable beam is attached to the fixed electrode, causing
the abrupt flow of the current. This phenomenon is called

“pull-in.” However, if the sum of Felec and Fad is less than
Fspring (i.e., Felec + Fad < Fspring), the movable beam is
released from the fixed electrode, preventing the abrupt flow
of the current. This phenomenon is called “pull-out.” In this
simulation, metal-to-metal contacts are used for obtaining
low on-state resistance [9]. The adhesion force between the
metal-to-metal contacts can be expressed as follows [8], [9]:

Fad(x) = 2γAc

(
x− D0

λM
2

)
e
x−D0
λM , (1)

where γ denotes the surface energy density, D0 denotes
the average atomic distance when metal-to-metal contact is
formed, λM denotes the characteristic decay length, and x
denotes the distance between the fixed electrode and the
movable beam electrode. The pull-in voltage (Vpi) and pull-
out voltage (Vpo) of the NEM and NC + NEM relay can
be expressed as follows [6]–[9]:
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√
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EFF

αPI
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where αEFF
N = (kx0 − Fad)/(kε0AN) − (−α′tFE/AFE),

βN
EFF = 1/(2k(ε0AN)2) − β ′tFE/AFE

3, αPI = (x0 − xd)
/(ε0AN), k is the spring constant of the movable beam,
x0 is the air gap, ε0 is the dielectric constant of vacuum,
AN is the actuation area, xd is the fabricated contact gap,
tFE is the thickness of the ferroelectric capacitor, AFE is
the area of the ferroelectric capacitor, and α′ and β ′ are
the ferroelectric anisotropy constants. In this simulation,
Sr0.8Bi2.2Ta2O9 (SBT) is used as the ferroelectric capacitor.
The electrical parameters and dimensions of the NEM relay
and the ferroelectric capacitor are summarized in Table 1.
In case of a clamped-clamped beam structure, the spring
constant (k) can be analytically expressed as follows [10]:

k = 32EWbeamtbeam
3/Lbeam

3, (6)

where E is the Young’s modulus of the movable beam
material, Wbeam is the beam width, tbeam is the beam thick-
ness, and Lbeam is the beam length. Poly–Si0.4Ge0.6 was
selected as the beam material. Its Young’s modulus (E) is
145 GPa [11]. When a voltage is applied to the NEM and
NC + NEM relay, the movable beam moves according to
the Newton’s second law [12].

m
d2x

dt2
= ε0ANV2

2x0
2

− kx, (7)

where m is the mass of the movable beam, x is the dis-
placement, and V is the voltage applied to the NEM and
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TABLE 1. Modeling parameters.

NC + NEM relay. The mass of the movable beam can be
given as follows [10]:

m = 0.4ρLbeamWbeamtbeam, (8)

where ρ is the density of the beam material (herein,
poly–Si0.4Ge0.6). The switching delay of the NEM relay
(tNEM) and the NC + NEM relay (tNC+NEM) was calcu-
lated at the time at which the displacement of the movable
beam (x) became equal to the contact gap (xd). Meanwhile,
the energy consumption per switching cycle (Eswitch) can be
calculated as follows [5]:

Eswitch = ε0AN
x0 − xd

VDD
2 (9)

The energy-delay sensitivity with respect to the device design
parameters can be defined as follows:

Sensitivity = ∂tdelay/∂parameter

∂Energy/∂parameter
(10)

The equation above denotes how the delay reduction per
energy cost can be obtained by varying the device design
parameters [13]. Further, the negative correlation between
the switching energy and the delay of NEM relay was
previously investigated [9], [13]. When the switching energy
of NEM relay increases, the switching delay decreases, and
vice versa. Therefore, the energy-delay sensitivity should
be a negative value in (10). Fig. 2 shows the switching
energy-delay characteristics of two devices (i.e., device A
and device B) with different energy-delay sensitivity. If
the switching energy for both device A and device B
equally increases, the switching delay of device A decreases
(i.e., improves) more than that of device B. Therefore,
the device A has a better switching energy-delay char-
acteristics than the device B because the device A can
more reduce its switching delay than the device B at
the same cost of switching energy. In terms of switching

FIGURE 3. The simulated (a) switching energy vs. air gap of the NEM relay
and (b) switching energy vs. delay of the NEM relay.

energy-delay sensitivity, the energy-delay sensitivity of
device A (SA) is lower than that of the device B (SB) [i.e.,
SA < SB < 0 in (10)]. Therefore, we can conclude that
the energy-delay characteristics improve with more negative
value of sensitivity. According to (2) and (6), the pull-in
voltage of the NEM relay can be reduced by (i) reducing the
air gap, (ii) increasing the beam length, and (iii) decreasing
the beam thickness. In this study, the optimal air gap of
NEM relay was initially determined. Subsequently, the
energy-delay properties and operating voltage of the NEM
and NC + NEM relay are compared by varying (i) the beam
length and (ii) the beam thickness. The impact of variation
of the device parameters (herein, the beam length and/or the
beam thickness) on the operating voltage and the switching
energy-delay properties of the NEM and NC + NEM relay
are determined by employing a reference device, which is
designed with the device parameters in Table 1.

III. RESULTS AND DISCUSSION
A. AIR GAP (X0)
As shown in Fig. 3(a), the switching energy decreases as
the air gap of NEM relay reduces. However, below a critical
air gap value (herein, x0 = 90 nm), the switching energy
increases as the air gap of NEM relay decreases. Similarly,
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the energy-delay properties deteriorate if the air gap of NEM
relay becomes smaller than the critical air gap [see Fig. 3(b)].
Herein, the critical air gap is estimated when the air gap
is 1.5 times higher than the contact gap (i.e., x0_critical =
1.5xd). The switching energy (Eswitch) of NEM relay can
be expressed as a function of the air gap, according to (2)
and (9).

Eswitch = ε0AN
x0 − xd

VDD
2 = ε0AN

x0 − xd
Vpi

2

= 8

27
× 32EWbeamtbeam3

Lbeam3
× x0

3

(x0 − xd)
(11)

Meanwhile, the first-order derivative and the second-order
derivative of switching energy with respect to the air gap
(i.e., dEswitch/dx0 and d2Eswitch/dx0

2, respectively) can be
expressed as follows:

dEswitch
dx0

= 8

27
× 32EWbeamtbeam3

Lbeam3
× x0

2(2x0 − 3xd)

(x0 − xd)2
(12)

d2Eswitch
dx0

2
= 8

27
× 32EWbeamtbeam3
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×

2x0{
(
x0− 3

2xd
)2+ 3

4xd
2}

(x0 − xd)3

(13)

The equations above indicate that dEswitch/dx0 becomes zero
when x0 = 1.5xd. In (13), if the air gap (x0) is designed to be
thicker than the contact gap (xd) (i.e., x0> xd), then we can
make the value of d2Eswitch/dx0

2 to be always positive. To
sum up, (i) dEswitch/dx0 becomes zero if the design constraint
(i.e., x0 = 1.5xd) is satisfied, and thereby, (ii) d2Eswitch/dx0

2

can be positive. In Calculus, it is known that, if x is a crit-
ical point of f(x) (i.e., df(x)/dx = 0) and the second-order
derivative of f(x) is positive (i.e., d2f(x)/dx2 > 0), f(x) has
a minimum value at the x. Therefore, the switching energy
should be minimized if the design constraint of x0 = 1.5xd is
satisfied. Because the NEM relay has the minimum switching
energy when x0 = 1.5xd, the air gap is designed to be 90nm-
thick (if the contact gap is given as 60 nm). Subsequently,
by modulating the beam length and thickness, the switching
energy-delay properties and operating voltage of NC + NEM
relay vs. NEM relay can be quantitatively compared and
discussed.

B. BEAM LENGTH (LBEAM)
Once the air gap of NEM relay was determined, the
beam length of the reference device was varied by ±30%.
Subsequently, the electrical characteristics of the NEM and
NC + NEM relay were compared. The switching energy-
delay sensitivity to the beam length versus the beam length
of the NEM and NC + NEM relay is illustrated in Fig. 4(a).
This figure indicates that the sensitivity of the NC + NEM
relay is improved compared to that of the NEM relay with
an increase in the beam length. Specifically, the switching
sensitivity to the beam length of the NC + NEM relay is

FIGURE 4. (a) Estimated sensitivity to beam length vs. the beam length,
(b) switching energy vs. delay, and (c) operating voltage of NEM relay and
NC + NEM relay vs. the beam length.

improved by 142.37% compared to that to the beam length
of the NEM relay when the beam length becomes 13 μm.
Further, as the beam length decreases, the switching sensi-
tivity to the beam length of the NC + NEM relay worsens.
The inset in Fig. 4(a) shows that the switching energy-
delay sensitivity to the beam length of the NC + NEM
relay becomes worse than that of the NEM relay when the
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beam length becomes shorter than 8.9 μm. The switching
energy-delay properties of the NEM and NC + NEM relay
are shown in Fig. 4(b). When the beam length becomes
shorter than 8.9 μm, the switching energy-delay properties
of NC + NEM relay degrade more than those of NEM
relay since the sensitivity to beam length of the NC + NEM
relay worsens than that of the NEM relay. Eventually, the
energy-delay properties of NC + NEM relay worsen than
those of the NEM relay when the beam length becomes
shorter than 7.7 μm. The operating voltages of the NEM
and NC + NEM relay, which decrease with an increase
in the beam length, are shown in Fig. 4(c). However, as
the beam length is increased to improve the performance of
the NEM and NC+NEM relay, the spring constant reduces
according to (6). If the spring constant reduces even fur-
ther to cause the spring restoring force to become smaller
than the adhesion force (i.e., kxd < Fad), a stuck-on failure
occurs. In this case, the electrodes of the movable beam
and the fixed electrode do not fall apart [14]. Thus, there
is a lower limit for the spring constant, which means that
there is an upper limit for the beam length. The maximum
value of the beam length is 16 μm, which is the value
observed when the spring restoring force becomes equal to
the adhesion force.

C. BEAM THICKNESS (TBEAM)
The beam thickness of the reference device was adjusted
by ±30%, and the electrical characteristics of the NEM
and NC + NEM relay were compared. Fig. 5(a) illus-
trates the switching energy-delay sensitivity to the beam
thickness versus the beam thickness of the NEM and
NC + NEM relay. This figure indicates that the switch-
ing energy-delay sensitivity to the beam thickness of the
NC + NEM relay improves compared to that of the NEM
relay with decreasing the beam thickness. Specifically, the
sensitivity to the beam thickness of the NC + NEM relay
is improved by 163.26% compared to that of the NEM
relay when the beam thickness is 84 nm. However, as the
beam thickness increases, the switching sensitivity to the
beam thickness of the NC + NEM relay worsens. The inset
in Fig. 5(a) indicates that the switching energy-delay sen-
sitivity to the beam thickness of the NC + NEM relay
worsens than that of the NEM relay when the beam thickness
becomes thicker than 134 nm. The switching energy-delay
properties of the NEM and the NC + NEM relay are
shown in Fig. 5(b). When the beam thickness becomes
thicker than 134 nm, the switching energy-delay proper-
ties of the NC + NEM relay deteriorates more than those
of NEM relay since the sensitivity to the beam thick-
ness of the NC + NEM relay worsens than that of the
NEM relay. Eventually, the energy-delay properties of the
NC + NEM relay worsens than those of the NEM relay
when the beam thickness becomes thicker than 154 nm.
Fig. 5(c) indicates the operating voltages of the NEM and
NC + NEM relay, which decrease as the beam thickness
decreases. However, as the beam thickness decreases to

FIGURE 5. (a) Estimated sensitivity to beam thickness vs. beam thickness,
(b) switching energy vs. delay, and (c) operating voltage of NEM relay and
NC + NEM relay vs. beam thickness.

improve the performances of the NEM and NC+NEM relay,
the spring constant reduces according to (6). If the spring
constant reduces even further to cause the spring restor-
ing force to become smaller than the adhesion force (i.e.,
kxd < Fad), a stuck-on failure occurs. Therefore, there is
a lower limit for the spring constant, which means that
there is a lower limit for the beam thickness. The minimum
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FIGURE 6. Estimated (a) operating voltage of NEM relay and (b) NC + NEM relay, switching energy of (c) NEM relay and (d) NC + NEM relay, and
switching delay of (e) NEM relay and (f) NC + NEM relay.

value of the beam thickness is 75 nm, which is the value
observed when the spring restoring force becomes equal to
the adhesion force.

D. BEAM LENGTH (LBEAM) & BEAM THICKNESS (TBEAM)
The performance of the NEM and NC + NEM relay
improves when the beam length increases and/or the beam
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thickness decreases. Furthermore, there is a maximum value
for the beam length (herein, 16 μm) and a minimum value
for the beam thickness (herein, 75 nm) to avoid the occur-
rence of stuck-on failure. We have varied both (i) the
beam length of the reference device in the range of
7.7 μm ≤ Lbeam ≤ 16 μm (i.e., from the value at which
the switching energy-delay properties of the NC + NEM
relay deteriorate, compared to those of the NEM relay to the
maximum value) and (ii) the beam thickness of the refer-
ence device in the range of 75 nm ≤ tbeam ≤ 154 nm (from
the minimum value to the value at which the switching
energy-delay properties of the NC + NEM relay deterio-
rate compared to those of the NEM relay). As the beam
length and thickness are varied together, the spring con-
stant is correspondingly varied. Therefore, in certain regimes,
the spring restoring force becomes smaller than the adhe-
sion force, causing the stuck-on failure (i.e., kxd < Fad).
We marked the regimes where the NEM relay and the
NC + NEM relay do not operate due to the stuck-on failure
in Fig. 6.
The NC + NEM relay can be operated in two differ-

ent modes, i.e., (i) effective NEM mode and (ii) effective
ferroelectric (FE) mode; the NC + NEM relay in effec-
tive NEM mode operates as a conventional NEM relay. If
αN

EFF and βN
EFF are positive, the NC + NEM relay are

working in effective NEM mode. To improve the electrical
characteristics, the NC + NEM relay needs to operate in
effective NEM mode [6]. Therefore, we found the regime
where the NC + NEM relay operates in an effective NEM
mode. The purple-colored box in Fig. 6 represents the regime
where the energy-delay properties of the NC + NEM relay
deteriorate compared to those of the NEM relay due to
the degraded energy-delay sensitivity. This regime is not
desirable for the NC + NEM relay to improve its energy-
delay properties compared to those of the NEM relay. In
summary, except for the regime where (i) a stuck-on fail-
ure occurs, (ii) the NC + NEM relay operates in the
effective FE mode, and (iii) the energy-delay properties of
the NC + NEM relay deteriorate compared to those of
the NEM relay, the switching energy-delay properties and
the operating voltage of NEM and NC + NEM relay are
compared.
Figs. 6(a) and 6(b) indicate the operating voltage of NEM

and NC + NEM relay, respectively, according to the variation
of the beam length and thickness. These results verify that
the operating voltage decreases as the beam length increases
and the beam thickness decreases. In particular, the minimum
operating voltage of the NEM/NC + NEM relay is obtained
when Lbeam = 15.7 μm, tbeam = 118 nm. The minimum
operating voltage of the NC + NEM relay was 43.07%
lower than that of the NEM relay. Overall, the operating
voltage of the NC + NEM relay is lower than that of the
conventional NEM relay.
The variation in the switching energies of the NEM and

the NC + NEM relay according to the variation of the beam
length and thickness is presented in Fig. 6(c) and 6(d),

respectively. Similar to the operating voltage, the results
verify that the switching energy decreases as the beam
length increases and the beam thickness decreases. The
minimum switching energy of the NEM/NC + NEM relay
is obtained when the Lbeam = 15.7 μm, tbeam = 118 nm.
The minimum switching energy of the NC + NEM relay
is 67.6% smaller than that of the NEM relay. Overall, the
switching energy of the NC + NEM relay is lower than
that of the conventional NEM relay.
The operating mechanism of NC + NEM relay can be

given as follows: (i) the voltage is simultaneously applied to
the movable electrode of the NEM relay and the top electrode
of the NC + NEM relay and (ii) a voltage is applied to the
movable electrode of the NEM relay after the polarization
switching of the ferroelectric capacitor when the voltage is
applied to the top electrode of the NC + NEM relay. In the
former case, the switching delay of the NC + NEM relay
is similar to that of the NEM relay. However, in the latter
case, the switching delay of the NC + NEM relay is the sum
of the switching delay of the NEM relay and the ferroelec-
tric polarization switching time. The switching delays of the
NEM and NC + NEM relay are illustrated in Fig. 6(e) and
6(f), respectively. Herein, 200 ps of the ferroelectric polar-
ization switching time [15] is added to the switching delay
of the NC + NEM relay to quantitatively estimate the worst
switching delay of the NC + NEM relay. The simulation
results indicate that the beam length should be decreased
and that the beam thickness should be increased. This is
necessary to decrease the switching delays of the NEM and
NC + NEM relay. Furthermore, the minimum switching
delay of the NEM relay is obtained when Lbeam = 7.7 μm,
tbeam = 154 nm. However, in case of the NC + NEM relay,
it operates in the effective FE mode when Lbeam = 7.7 μm,
tbeam = 154 nm. Instead, the minimum switching delay of
the NC + NEM relay is obtained when Lbeam = 7.7 μm,
tbeam = 119.33 nm. The minimum switching delay of the
NC + NEM relay is 29.45% slower than that of the NEM
relay due to the ferroelectric polarization switching time.
However, in the effective NEM mode, it was observed that
the identical switching delay of NEM relay and NC + NEM
relay can be achieved by slightly increasing the operating
voltage of the NC + NEM relay (i.e., reducing the volt-
age amplification effect in ferroelectric capacitor). Even in
this case, the operating voltage and switching energy of the
NC + NEM relay is observed to be still smaller than those
of the NEM relay.

IV. CONCLUSION
The energy-delay sensitivity analysis of the NC + NEM
relay indicated that its energy-delay characteristics were
worse than those of the NEM relay when the beam
length/thickness became shorter/thicker than its critical
length/thickness. Further, the performance of the NC + NEM
relay could be improved compared to that of the NEM relay
by increasing the beam length and decreasing the beam
thickness.
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