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ABSTRACT Tri-state nanoelectromechanical (NEM) memory switches are proposed for the implemen-
tation of high-impedance state 0 in addition to low-impedance states 1 and 2 for the improvement of
conventional complementary metal-oxide-semiconductor-NEM (CMOS-NEM) reconfigurable logic (RL)
operations. Although it is well known that the high impedance state of routing switches is essential to prevent
the unnecessary data throughput of RL circuits, previously proposed NEM memory switches have only
implemented binary states: states 1 and 2. On the contrary, our proposed NEM memory switches can have
tri-states, which are achieved by modifying their operation methods and design guidelines.

INDEX TERMS High impedance, nanoelectromechanical (NEM) memory switch, reconfigurable logic

(RL), tri-state operation.

I. INTRODUCTION

Reconfigurable logic (RL) operations have been considered
to be indispensable for the following applications: deep
learning, database searching, system control, and image pro-
cessing. A common example is a field programmable gate
array. On the contrary, owing to both logic and routing parts
that comprise complementary metal-oxide-semiconductor
(CMOS) devices, conventional CMOS-only RL circuits have
limitations such as poor chip density, low performance, and
high power consumption [1]. To overcome these limitations,
the routing parts are replaced by nanoelectromechanical
(NEM) memory switches that are vertically integrated into
the CMOS logic parts [2]-[4]. Both experimental and simu-
lation results have proved that monolithic three-dimensional
(M3D) CMOS-NEM RL circuits fully adhere to the
CMOS-compatible process and achieve a high chip den-
sity, high performance, and low power consumption [4]-[9].
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However, for the commercialization of M3D CMOS-NEM
RL circuits, further research is necessary.

This study addresses some of the challenges faced by
M3D CMOS-NEM RL circuits by contributing toward the
implementation of a high-impedance state in NEM memory
routing switches for efficient routing. The high-impedance
state of routing switches is necessary to prevent unnecessary
data throughput [10]. For example, if the high impedance
state is not provided, data signal paths remain connected
even when they do not need to affect the subsequent logic
parts. Moreover, if two different data signals are applied to
the same node, an undesirable signal distortion may occur.
In the case of conventional CMOS-only RL circuits, high
impedance states can be easily obtained using tri-state buffers
as the routing switches, as shown in Fig. 1(a) [1]. On the
contrary, the previously proposed NEM memory routing
switches had only binary states with a low impedance: states 1
and 2 [11]; Fig. 1(b) shows their operating mechanism. The
pristine state, which is also known as state 0 with high
impedance, is only obtainable after fabrication. Once the
NEM memory routing switches are operational, they toggle
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between the two selection lines (L1 and L2). The operation
is called the switching operation, providing only two low
impedance states. This implies that only binary states such
as states 1 and 2 are allowed because NEM memory switches
are operated in a near-vacuum environment where damping
is negligible [7], [12], [13]. Even if switching operation is
also dependent on the ratio of adhesion force and restoring
force, the pull-in instability, the switch geometry and so
on, this manuscript focuses on the ambient pressure issue.
Meanwhile, if damping is maintained at a reasonable level,
the acceleration of the movable beam will be alleviated,
which maintains it between L1 and L2 without being attached
to any of them. On the basis of this theoretical background,
tri-state NEM memory switches are proposed in which state O
with a high impedance as well as states 1 and 2 are restored
during operation as shown in Fig. 1(c). For the implementa-
tion of the high-impedance state 0, it is critical to toggle the
movable beam from either states 1 or 2 into state 0, which is
known as the release operation.
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FIGURE 1. (a) CMOS-only tri-state buffer. High impedance state is
conducted by disabling the enable signal. (b) Previously-proposed binary
state NEM memory switch operation. (c) Proposed tri-state NEM memory
switch operation. In State 0, neither of the selection lines are connected
to the movable beam. Toggling from (State 0) to (State 1 or 2), toggling
from (State 1 or 2) to (State 0), and toggling between State 1 and 2 are
called pull-in, release, and switching operation, respectively.

The proposed tri-state NEM memory switches are anal-
ogous to binary-state NEM memory switches as presented
in [11]-[14]. The three terminal structure is maintained con-
sidering the size and fabrication of NEM memory switches.
The main difference is the release operation, which is carried
out to restore state 0 during operation. Fig. 2(a) shows the
conceptual view of our proposed M3D CMOS-NEM RL
circuit. The NEM memory switches, comprising a movable
beam and two selection lines, are located at the backend
copper (Cu) interconnection layers by using dual damascene
process as shown in Fig. 2(b). When a voltage is applied
between the movable beam and the two selection lines,
the beam moves between L1 and L2 owing to the electrostatic
force. The beam is then attached to one of the selection lines
(states 1 and 2) or remains in the middle without contacting
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FIGURE 2. (a) Schematic view of a M3D CMOS-NEM RL circuit.
(b) Enlarged view of a NEM memory switch. x means beam tip
displacement.

the selection lines (state 0). This study focuses on the design
guidelines of the release operation to implement tri-state
NEM memory switches.

Il. SIMULATION ENVIRONMENTS

Henceforth, the release operation will be discussed based on
the one-dimensional analytical parallel plate model and the
3D finite-element analysis (FEA). Fig. 3 shows the equivalent
circuits of NEM memory switches for states 0, 1, and 2.
The value of contact resistance (R.,) is shown in Table 1
assuming that 15 % of the movable beam is in contact with the
selection lines [15], [16]. In the case of the analytical model,
the following d’Alembert’s equation is calculated to obtain
the beam tip displacement (x) as defined in Fig. 2(b) [17].

d*x dx
+b_+kx:Felec+Fad (1)

dr? dt

(b) State 1

State 1
Pull-in | State o<:St:t§ )

Switching | State 1<—>State 2

State 1 i
State 2>State 0!

i Release

(c) State 2

FIGURE 3. Equivalent circuit of NEM memory switches (a) in State 0 (b) in
State 1 (c) State 2 and their operations.

where m, represents the effective beam mass, which is 0.4x
the actual beam mass, b denotes the damping coefficient, and
k denotes the beam spring constant. b and k are calculated as
follows [18]:

b= 38 Mefbee;m Whoeam )
27 t5ap
3
K — 2EWbe;mtbeam 3)
3Lbeam
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TABLE 1. Design parameters of NEM memory switches.

Parameters Values
Technology node 65 nm
CMOS supply voltage (Vpp) 1.2V
Switching voltage (V) 096 V
Beam length (Lyeam) 4.5 ym
Beam width (Woeam) 126 nm
Beam thickness (focam) 70 nm
Initial gap (#gap) 70 nm

Beam material Cu
Young’s modulus (E) 110 Gpa
Dielectric constant of vacuum (&) 8.85 pF/m
Damping fitting parameter (5) 0.15

Surface adhesion force per unit area (p) 4.5 nN/pm?
Van der Waals distance (dyaw) 1.5 nm [21]
Contact resistance (R.,) 5.7kQ

where e means the effective viscosity [19]. In (1),
kx and bdx/dt correspond to the spring force (F;) and damping
force (Faamp), respectively. B is a fitting parameter for Famp.
In addition, the electrostatic force (Fejec) and adhesion force
(F,q) are derived as [11]

Felec

£0Lbeam Woeam (VL1 — Vin)2
2(tgap — X)?

£0Lbeam Woeam (VL2 — Vin)2
2(tgap + x)?

when V5 — Vi = 0V

when Vi, — Vi, =0V
“
PLoeam Woeam (dvaw — (fgap — X)) / dvdw

= Whentgap —dyaw =< |x| < Tgap (5
0 when 0 < [x| < fgap — dyaw

Because NEM memory switches are fabricated during CMOS
backend process, the influence of moisture on F,gq will be
ignored in this work. Other design parameters are summa-
rized in Table 1. Considering the CMOS-compatible process,
the beam width (Wpeam) and thickness (fpeam) refer to the
65-nm node of International Technology Roadmap for Semi-
conductors memory switches that operate under the supply
voltage (Vpp) of CMOS baseline circuits [20]. For the oper-
ation margin, the switching voltage (V;) is set at 0.8x supply
Vbp of CMOS baseline logic circuits. g is fixed at 0.15 in
the analytical model. Fgamp issues will be discussed in detail
in the following section. Fig. 4 shows the 3D FEA model of
our proposed NEM memory switch which is simulated using
a commercial tool [22].

The aforementioned two models are applied to emulate
the release operation. The analytical model provides physi-
cal insights while the FEA model calculates more accurate
results, reflecting the actual shape of the NEM memory
switches. Our FEA model, however, has a limitation: F,q is
assumed to be constant within a certain range rather than
gradually increasing as the movable beam approaches the
selection lines; thus, the FEA results regarding the release
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FIGURE 4. 3D FEA model of a NEM memory switch.

operation will be discussed while considering the analytical
results.

IIl. RESULTS AND DISCUSSION

To implement the tri-state NEM memory switches, state 0
should be restored from states 1 and 2. In states 1 and 2,
the NEM memory switches maintain a signal path in a
non-volatile manner because F,q is designed to be greater
than F;. For a simple discussion, it is assumed that state 1 is
toggled into state 0. When the voltage applied to L2 (V12)
turns positive, the beam leaves L1. Then, F; as well as Fejec
accelerate the beam towards L2, which makes state O hard to
restore. Thus, it is necessary to suppress the beam accelera-
tion during the release operation for the implementation of
state 0.

For this purpose, two ideas are proposed in this article.
First, the ambient pressure of NEM memory switches should
be increased. Conventionally, NEM memory switches have
been assumed to operate under the near-vacuum condition.
In this case, b is negligible for Fy,mp and can be neglected
during the movement of the beam. Consequently, once the
beam leaves L1, it easily gets attached to L2. However, as the
ambient pressure increases, Faump also increases, thereby
decelerating the beam. Thus, the beam’s motion towards L2 is
hindered by Fgamp. A higher pressure increases pefr [19]
because the mean free path is inversely proportional to the
ambient pressure [23]. Considering (1) and (2), beam acceler-
ation is suppressed as the ambient pressure increases. Second,
pulsed Vi is preferred to the constant V1. For this purpose,
the pulse width (7') and amplitude (V) of Vi, should cor-
respond to the time required to pull the beam off from the
selection lines. Combining both the ideas enables the release
operation. As soon as the beam leaves L1, it moves only
because of its own elastic potential energy. The beam motion
is continuously hindered by Fgamp until the beam loses its
energy to reach L2, which implies state 0 is restored from
state 1.

Fig. 5 shows the relation between forces of the analytical
model in the switching and release operation. Net force (Fper)
is calculated as Felec + Fag — Fr — Fdamp. As Fy is linearly
proportional to x, the curve shape of F; is analogous to that
of x. In the early stages of the switching and release operation,
the NEM memory switch is in state 1 in a nonvolatile manner,
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FIGURE 5. V{,, beam displacement, and forces as a function of time
calculated by the analytical model during (a) switching and (b) release
operation. Fye is calculated as Fejec + Fad - Fr - Fdamp-

which implies that F,q is greater than F;. Then, long- and
short-pulse Vijs are applied for the switching and release
operation, respectively. In the former case, a nonzero Vi is
applied continuously until the beam tip is attached to L2 as
shown in Fig. 5(a). Thereafter, the absolute value of Feec
increases exponentially following (4) as x decreases, which
implies that the beam is accelerated to L2: switching opera-
tion. On the contrary, in the latter case, nonzero V1, is applied
only until F; becomes greater than F,q as shown in Fig. 5(b).
Once Vi, becomes zero, the only force which makes the
beam move towards L2 is F;, which is hindered by Fgamp.
As the ambient pressure increases, the beam experiences a
greater Famp. The direction of Fpe is then turned over so that
the beam stops in the air gap without reaching either L1 or L2:
the release operation.

Fig. 6 shows the T of Vi, for a tri-state operation as a
function of the ambient pressure using the analytical and FEA
model. Ty and Tiax represent the minimum and maximum
T required to obtain state 0. If 7 becomes shorter than Tryjp,
neither release nor switching occur owing to the Fpq within
the van der Waals distance. On the contrary, if 7 becomes
greater than Tax, Switching occurs rather than release, which
leads to a binary state operation rather than a tri-state one.
Tmin does not significantly vary with the variation of the
ambient pressure because it is mainly determined by Fyq
and van der Waals distance (dyqw). On the contrary, as the
ambient pressure increases, Tmax becomes greater because a
high ambient pressure allows a longer T to stop the beam
in the middle of the air gap than at a low ambient pressure.
To summarize, T should remain between Tpin and Tiax to
implement state 0. The time margin (Trg,r) is defined as the
difference between Ti.x and Thin, Which increases as the
ambient pressure increases both in the analytical and FEA
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(€) Tinin: Tmax. and (d) Tmar required for tri-state operation as a function
of ambient pressure calculated by the FEA model. Two voltage levels are
assumed for Vy,: Vs and Vpp.

model as shown in Figs. 6(b) and 6(d). It implies that a low
ambient pressure is desirable for the binary state operation
while a high ambient pressure is desirable for the tri-state
operation in terms of the controllability of 7. Additionally,
Fig. 6 shows the two cases of different V values: Vi and
Vpp. On the whole, the V value is not considerably affected
by the ambient pressure because the separation of the beam
from one of the selection lines is mainly affected by Faq
which is independent of the ambient pressure. In the case
of the analytical model shown in Fig. 6(a), Tmin, Tmax, and
Tmar at V. = Vg are ~ 4.4x, ~ 4.1x, and ~ 0.3x greater
than those at V = Vpp, respectively. According to the FEA
model shown in Fig. 6(c), Tmin, Tmax, and Tmar at V. = Vj
are ~ 1.3x, ~ 0.2x and ~ 0.2x greater than those at V =
Vbp, respectively. This is because Vj is fixed at 0.8x Vpp,
as mentioned before. It takes a longer duration to pull the
beam off from the selection line and to stop the beam in the
air gap, which leads to greater Ty, and Tinax values because
the Felec applied to the beam is lower when applying Vg
than when applying Vpp. Owing to the abrupt increase of
Tmax compared with the T, increase, a greater T, value
is obtained, which implies that a lower V1 is more desirable
in the implementation of a tri-state operation. Finally, it needs
to be mentioned that Fig. 6(c) shows a steep transition of Tpax
between 10 and 100 Torr. It is a result of the limitation of the
commercial FEA simulator where a constant F,q is applied
within van der Waals distance.

Interestingly, the analytical model overestimates the influ-
ence of the ambient pressure compared with the FEA model.
As shown in Fig. 6, the analytical model predicts a longer
Tmar than the FEA model at the same atmospheric pressure.
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The influence of the atmospheric pressure and V on Try is
also overestimated because the FEA model reflects the actual
shape of the cantilever beam [24]. For example, the ana-
lytical model assumes that forces are equally distributed on
the entire beam surface. However, the FEA model includes
non-uniformly distributed forces due to a one-sided anchor.
The beam part near the anchor barely moves compared with
the beam tip, which results in a reduced Fgamp. On the con-
trary, F; applied near the anchor is greater than that applied
near the beam tip because k is inversely proportional to Lgeam.
It implies that near the anchor, F; is a dominant factor
over Fgamp. Thus, the time required for the switching oper-
ation is overestimated in the case of the analytical model
method.

Finally, the release time (7;) will be discussed. 7 is defined
as the difference between the time when the beam leaves
L1 and the time when the amplitude of beam tip oscillation
becomes less than fg,p - ¢! (~ 25 nm in this work) as
shown in Fig. 8. Fig. 7 represents T; with the variation of the
ambient pressure, normalized T (Tyorm), and V of Vio. Thorm
is defined as:

T — Twin
Tnorm = (6)
Tmar
12 15
a 100 Torr — Vi2=V, a 100 Torr — Viz=V;

11} O 760 Torr — Vi, = Vop _ 14} © 760 Torr — Vi, = Voo
[} 7))
%10&—&—&——"—‘ %13 A A A0
£, Ex
o 3 Q 3
® ®
2 2 D 2
@ e 9

145_0_0’@-—77 1

0 (]

000 025 050 075 100 000 025 050 075  1.00
(a) Normalized pulse width (b)  Normalized pulse width

FIGURE 7. Normalized pulse width vs. release time calculated by (a) the
analytical and (b) FEA model.

In other words, Thorm is 0 and 1 when T is equal to Tpin
and Tax, respectively. First, a different Thorm vs. Ty trend
is observed near Thorm = 0.5, when T; is minimal: the
fastest release operation. When Tyor is less than 0.5, most
of T; is spent on pulling the beam off from the selection
line, which is affected by F,q. On the contrary, if Thorm 1S
greater than 0.5, more energy is stored in the beam than
required for the release operation. The released beam has a
high kinetic energy, which requires a longer duration to stop
the beam near x = 0. Thus, Tyorm = 0.5 will be optimal
when the fastest release operation is obtained with good T
margin. Furthermore, as the ambient pressure decreases, T;
increases. Lower ambient pressure makes the energy stored
in the beam less dissipated by damping. Therefore, it takes
a longer duration to suppress the beam from oscillating near
x = 0. Third, T; is discussed in terms of V. T, at V = Vpp is
slightly less than thatat V = V;. As ahigher V induces greater
Felec, the movable beam can be more effectively separated
from the selection line. Consequently, it is confirmed that 7}

202010

is mainly affected by the ambient pressure. The effects of T
or V are relatively insignificant even if it becomes stronger as
the ambient pressure increases. The fastest release is obtained
at Thorm = 0.5and V = Vpp.

Fig. 8 shows the release operation under the ambient
pressure of 760 Torr predicted by the analytical and FEA
model. The T and V of V1, are determined and they satisfy
Toorm = 0.5 (T = 75.8 ns and 69.0 ns for analytical and
FEA model, respectively) and Vpp conditions. The values
of Ty are 1.07 and 1.60 us in the analytical model and FEA
model, respectively, which is understood considering that
the analytical model overestimates Fgamp. The T; of tri-state
NEM memory switches seems greater than the delay time of
conventional CMOS circuits. However, it should be noted that
T; only corresponds to the configuration-mode delay, which
implies the time to reconfigure circuit topology. Generally,
the portion of the configuration mode in the entire operation
of RL is very small [3], [11]. Once the circuit topology
is determined, NEM memory switches only provide short-
or open-circuit condition between CMOS logic parts. Thus,
the dynamic-mode delay, which is the time between data
signals are transferred from input to output, is similar to the
delay time of conventional CMOS circuits [11].

Analytical
— FEA

14

o Al o
5 A A ddd

Ambient pressure =760 Torr
T (Analytical) = 75.8 ns
T (FEA) =69.0 ns

Beam displacement (nm)

70 b .
0 3 6 9 12 15
Time (us)

FIGURE 8. Release operation of NEM memory switch under the 760-Torr
ambient pressure. The pulse width (T) is set by 75.8 ns for analytical
model and 69.0 for and FEA model.

In the actual operation environment of NEM memory
switches, F,q at contact area is affected by Joule heating
or partial welding. Even if these problems can be mitigated
by the cold switching method limiting current density at the
contactregion [25], F,,g may vary whenever switching occurs.
To investigate the influence of Fyq fluctuation on NEM mem-
ory switch operation, Fig. 9(a) shows pulse width vs. ambient
pressure with the variation of Fq. It is observed that both Ty
and Thax increase as F,q becomes larger because more energy
is required to separate the movable beam from one of the
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selection lines. However, it is observed that Ty, 1S insensitive
to Faq as shown in Fig. 9(b). For example, at 760 Torr,
Tmar varies only ~1.5 % with 10-% increase of Fq. It means
that the optimal condition of the original Fyq (Thorm = 0.5)
can still be used in spite of Fyq variation.
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500
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FIGURE 9. FEA-simulated (a) Timin, Tmax and (b) Tmar vs. ambient
pressure with the variation of Fq4.

Finally, as the ambient pressure surrounding NEM mem-
ory switches increases, the pull-in and switching operation
in Fig. 1(c) as well as the release operation are affected.
Fig. 10 shows the voltage and time required for the pull-in
and switching operation vs. the ambient pressure calculated
using the FEA model. Fig. 10(a) shows the pull-in operation
case. As the ambient pressure increases, the pull-in voltage
(Vp) increases owing to an increased Fgamp that suppresses the
beam from reaching the selection lines. However, the influ-
ence of the Fyayp on the pull-in operation is not as strong
as that on the release operation because the former shows
a slower beam motion. Thus, V,, does not increase until
100 Torr. Same V), with increased pressure makes T, slower
so that T}, increases ~3% below 10 Torr case. However, V),
increases by ~1% above 10 Torr because Fqamp starts to affect
beam motion. Then, T}, decreases as the ambient pressure
becomes higher. Specifically, it shows ~8% faster pull-in
operation thanks to increased Fejec. Subsequently, in the case
of the switching operation shown in Fig. 10(b), it is observed
that Vg remains constant and switching time (75) increases
by ~3 % as the ambient pressure increases from 0.001 to
760 Torr. It is because the beam separation from the selection
lines is affected by F,q. Especially, T dramatically increases
at 760 Torr, because the increasing Fgamp starts to affect
acceleration of the beam. The different aspect with pull-in
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FIGURE 10. Voltage and time required for (a) the pull-in and (b) switching
operation with the variation of the ambient pressure.
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operation is that switching operation is implemented with
the maximum elastic energy. Thus, Fyamp is less affected by
pressure than pull-in operation. Consequently, it is confirmed
that only the release operation is sensitive to the ambient
pressure unlike the pull-in and switching operation in the case
of tri-state NEM memory switches.

So far, the proposed release operation has been discussed
based on simulation results. From now, the implementation
of the release operation is experimentally verified as shown
in Fig. 11. During measurement, compliance current is fixed
at 110 nA for cold switching. Initially, the switch is in State 1
as shown in Fig. 11(a). Then, a short pulse whose ampli-
tude and width are 7 V and 400 ns, respectively, is applied
to V1. Finally, the beam is stuck with neither of the selec-
tion lines, which means State 0, as shown in Fig. 11(b).
Figs. 11(c) and (d) show the current vs. Vi, curve in each state.
In State 1, as shown in Fig. 11(c), the absolute value of [;; and
I11 is 110 nA while I » is near zero. This means signal path is
formed between the input and L1. On the contrary, after the
release operation, only leakage level current is observed at all
three terminals as shown in Fig. 11(d). It means that the beam
is not in contact with either L1 or L2.

»n
=]

-
=)

Current (pA)
ol

Current (nA)

o

0 Vii=V,=0V r

50 Viy=V,=0V L1
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
(©) v, (mv) ) v, (mv)

FIGURE 11. Plan view of the fabricated NEM memory switch of (a) State 1
and (b) State 0 by applying pulsed V. Measured current vs. V;, curves in
(c) State 1 and (d) State 0.

IV. SUMMARY

Tri-state NEM memory switches and their design guidelines
are proposed for the first time to implement state 0 as well
as states 1 and 2. By adjusting the ambient pressure and
applying a short pulse, NEM memory switches can have three
states. It is confirmed that the fastest release operation is
conducted at Tyorm = 0.5 and V = Vpp under the atmo-
spheric ambient pressure. It is also observed that the pull-in
and switching operation is independent of the ambient pres-
sure. The efficient signal routing of CMOS-NEM RL circuits
is feasible because state 0, which is uniquely implemented
by the release operation, provides the high-impedance
state.
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