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ABSTRACT Previous studies have suggested that the operating voltage and energy-delay properties of
a nanoelectromechanical (NEM) system can be improved using the negative capacitance (NC) effect of fer-
roelectric materials. However, the advantages of using the NC effects alone have been utilized for perovskite
ferroelectric materials, which is incompatible in complementary metal-oxide—semiconductor (CMOS) fab-
rication processes. In this work, a CMOS-compatible HfO,-based ferroelectric material is used for the
NC + NEM system. The effects of the ferroelectric properties [i.e., remnant polarization (P;) and coer-
cive field (E;)] on the NC + NEM system performance are studied in detail. The results show that the
NC + NEM system can operate as a relay or a memory device depending on the P; and E. values.
Moreover, the pull-in/out voltages of the NC 4+ NEM system are more sensitively affected by E. rather
than P; and decrease as E increases. The device design guideline with appropriate P, and E. values of the
HfO,-based ferroelectric material is thus developed and discussed to improve the electrical characteristics
of NC + NEM relay/memory devices.

INDEX TERMS Coercive field, ferroelectric capacitor, nanoelectromechanical system, negative capaci-

tance, remnant polarization.

I. INTRODUCTION

Scaling the physical/electrical gate lengths of transis-
tors to below a few nanometers has been hampered by
their ever-increasing off-state leakage currents. Moreover,
this increased leakage current results in degraded energy
efficiency [1]; hence, such leakage currents must be
addressed for nanometer-scale transistors. To solve this
technical problem, a nanoelectromechanical (NEM) system,
which has an almost zero off-state leakage -current,
has received much attention in the electron device
community [2]-[4]. The NEM system has been adopted as
a logic and memory device because of its steep on/off-
state switching behaviors and temperature/radiation-immune
operation [5]-[7]. Several recent studies have proposed NEM
systems that are connected in series with ferroelectric capac-
itors (i.e., NC + NEM system) to improve the electrical
characteristics of the conventional NEM system [8], [9].

The main idea of the NC + NEM system originated
from using the voltage amplification phenomenon achieved
by the negative capacitance (NC) effect in ferroelectric
layers [10]. In previous studies, the conventional per-
ovskite structure of SrggBir»TapO9 (SBT) was used, but
it was incompatible with the complementary metal-oxide—
semiconductor (CMOS) fabrication process. Moreover, the
minimum required thickness to generate the voltage ampli-
fication effect is large enough to be unacceptable for
the CMOS fabrication process [11]. Therefore, CMOS-
compatible ferroelectric materials should be explored and
investigated for the NC 4+ NEM system. From this per-
spective, the ferroelectricity in hafnium oxide (HfO;)-
based thin films has been discovered and utilized [12]
because unlike perovskite-type ferroelectric materials, HfO;-
based ferroelectric materials are compatible with the
CMOS fabrication process and have stable ferroelectric

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

608

VOLUME 8, 2020


https://orcid.org/0000-0001-9735-2288
https://orcid.org/0000-0003-4126-227X
https://orcid.org/0000-0001-6057-3773

YOON et al.: DEVICE DESIGN GUIDELINE FOR HfO,-BASED FERROELECTRIC-GATED NANOELECTROMECHANICAL SYSTEM

ELECTRON DEVICES SOCIETY

(b) Ve

. Gatle .
&ate oxce.

V,
|B {Contact gap (x,)
Body Source

Air gap lxe)I
Drain

FIGURE 1. (a) Isometric view of the NC + NEM system
and (b) cross-sectional view along the AA’ of the NC + NEM system.

characteristics even with nanometer-order thickness (i.e.,
5-20 nm) [13], [14]. The representative ferroelectric proper-
ties [e.g., coercive field (E;) and remnant polarization (P;)]
are known to depend on process conditions (e.g., deposition
temperature [15], dopants in the materials [16], and thick-
ness of the HfO;-based ferroelectric films [17]). Therefore,
we collected the measured P; and E. values of HfO;-based
ferroelectric materials and investigated the effects of the P,
and E; variations on the NC + NEM system operation. This
work specifically presents the range of P; and E, in which
the NC 4+ NEM system operates as a logic and memory
device. Furthermore, we present the Py and E. values that
can provide the best device performance for each application.
This work would be fruitful in determining the ferroelectric
properties for fabricating NC 4+ NEM logic/memory devices.

Il. SIMULATION METHODS

Fig. 1 shows the isometric/cross-sectional views of the
NC + NEM system. The pull-in state occurs if the sum of
the electrostatic (Felec) and adhesion (F,q) forces is stronger
than the spring force (Fgpring) (i.€., Felee + Fad > Fpring)-
A movable beam is attached to the bottom electrode if a volt-
age higher than the pull-in voltage (Vpi) is applied to the
NEM system, causing a sudden current flow. On the con-
trary, the pull-out state occurs if the sum of Fejec and Fyq is
weaker than Fypring (i.€., Felec + Fag < Fpring). The attached
movable beam is released away from the bottom electrode if
a voltage lower than the pull-out voltage (Vpo) is applied to
the NEM system, preventing the flow of current suddenly.
In this simulation, gold was used as the metallic conducting
channel/electrode to achieve a low surface adhesion force and
low operating voltage [18]. Suitable channel/electrode mate-
rials for the NC + NEM system should be chosen to improve
its electrical performance. In the case of metal-to-metal
contacts, the adhesion force is expressed as follows [4]:

x—Dgp\ *=Po
Faa(x) = 2y Ac 5 Je M (1)
AM

where y is the surface energy density; A, is the contact
area; Ay is the characteristic decay length; Dy is the average
atomic distance when the metal-to-metal contact is formed;
and x is the distance between the movable beam and bottom
electrodes. The V,; and Vp, of the NEM system in the
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pull-in mode is expressed as follows [7]:

8kxg3
Vpi_NEM = FTeoAn (2
2(x0 — xg)* (kxg — Faq)
Vpo_NEM = \/ codn - 3)

where k is the spring constant; x¢ is the air gap; Ay is the
actuation area; gg is the dielectric constant of vacuum; and
xg is the contact gap. The switching voltage of a conven-
tional NEM system is high; thus, the NC 4+ NEM system is
proposed and designed to implement a much lower switching
voltage. The switching voltage of the NC + NEM system
in the pull-in mode is expressed as follows [8], [9]:

20[NEFF (XNEFF

Vpi_NCNEM = — 4
Pl 33\ BnEFE
EFF EFF
an Bn 3
Vv = Vv - —V 5
po_NCNEM app " PO-NEM = =5~ Vo NEM (@)
where aI]::IF F— oy —ar = (kxg — Faq)/(kegAN) —

(—o'teg/Are); BNETT = By — Br = 1/(2k(s0AN)?) —
B’ tFE/Af:E; apr = (xo — x4)/(€0AN); tpg is the ferroelectric
material thickness; Apg is the area of the ferroelectric mate-
rial; and o’ and B’ are the ferroelectric anisotropy constants.
The NEM system operates in the pull-in mode if the ratio
of the contact gap to air gap (xq/xp) is greater than 1/3 (i.e.,
xq/xp > 1/3), and vice versa [19]. The air gap is far greater
than the contact gap in this simulation (i.e., x7/x0 = 2/3);
hence, the NC 4+ NEM system should still operate in the
pull-in mode even if the process-induced variations in the
air and contact gaps are considered. The derived switching
voltage of the NC + NEM system would therefore remain
unchanged and valid. In addition to lowering the switching
voltage, the NC + NEM system can be designed to be used
not only as a logic device when Vp, is positive but also as
a memory device when V,, is negative [Fig. 2(a)] [9], [20].
Moreover, its fabrication process has advantages with regard
to deposition of only an additional ferroelectric layer onto
the gate oxide layer. Compared to other techniques, such as
self-assembled molecular (SAM) coating [21], this is a sig-
nificant advantage of the NC + NEM system for lowering
the operating voltage over that of the conventional NEM
system. For simplicity, the ferroelectric anisotropy parame-
ters (i.e., o’ and B’) were derived from the single-domain
Landau—Khalatnikov (L-K) equation as a function of E. and
P; [22]:

. 3VBE. ., 3J3E
2P, ~2p3

However, previous works used a perovskite ferroelectric
material [e.g., SrggBi»2TizO9 (SBT)] and specific ferro-
electric anisotropy constants (ie., @’ = —6.5 x 10’7 m/F,
B’ =3.75 x 10° m? /C?F at room temperature). HfO,-based
ferroelectric materials should hence be utilized to fabricate
CMOS-compatible NC + NEM systems. We investigated

(6)
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TABLE 1. Modeling parameters.

Symbol DESCRIPTION UNIT Value
T Surface energy density J/m? 1.6
Dy Average atomic distance Nm 0.165
Am Characteristic decay length Nm 0.1
Xo Air gap Nm 90
X4 Contact gap nm 60
Ay Actuation area um? 900
A, Contact area nm? 100
Thickness of the ferroelectric
trg nm 5.6
layer
Arg Area of ferroelectric capacitor um? 2
Lueam Beam length um 10
toeam Beam thickness nm 100
Wheam Beam width um 10
Young’s modulus
E (Poly-SiosGeog) [33] GPa 145
Spring constant
k (= 32EWeamtbeam /Licam) N/m 6.4
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FIGURE 2. (a) Logic/memory operation of the NC + NEM system
and (b) measured remnant polarization (Pr) and coercive field (Ec) of the
HfO,-based ferroelectric materials [23]-[32].

the effects of P, and E. variations on the NC + NEM
system by reviewing published literature [23]-[32] that
have reported measured P, and E. values of the HfO,-
based ferroelectric material [Fig. 2(b)]. The effects of P;
and E. variations on the NC 4+ NEM system operation
were then investigated by varying P, and E; within lim-
ited ranges (i.e., 3 p,C/cm2 < P < 25 p,C/cm2 and
0.5MV/cm < E; < 1.6 MV/cm). A reference/baseline device
was designed with the device parameters summarized in
Table 1.

11l. RESULTS AND DISCUSSION
The NC + NEM system can have two types of opera-
tions: (1) effective NEM system mode and (2) effective
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FIGURE 3. (a) Pull-in voltage (Vpi) and (b) pull-out voltage (Vpo) of the
NC + NEM system for various remnant polarizations and coercive fields.

ferroelectric (FE) system mode. In the effective NEM system
mode, the NC + NEM system operates as a conventional
NEM system, wherein aﬁFF and ,BI]\EIFF are positive and vice
versa [8]. In the effective FE mode, the traveling range of the
beam (i.e., distance traveled by the movable beam electrode
before it is attached to the bottom electrode) is increased
and can be useful for interferometric modulator (IMOD)-
based displays [8]. In contrast, the NC + NEM system must
operate in the effective NEM system mode to reduce the trav-
eling range of the beam and lower the operating voltage [8].
Therefore, we mapped out the phase space of P; and E. and
divided it into two regions, where the NC + NEM system
operates effectively in the NEM/FE modes. In the effective
NEM system mode, if Vy, is negative, the NC + NEM
system is turned on even at zero voltage, indicating that it
operates as a nonvolatile memory device. If V, is posi-
tive, it operates as a steep switching logic device. Figs. 3(a)
and (b) show the pull-in (V;;) and pull-out (V,,) voltages
of the NC + NEM system, respectively.

According to a previous study, Vpo < —Vy; is not desir-
able because the NEM system would be pulled-in again
at reverse charge [8]. This condition did not occur in the
present simulation, but special care must be taken to avoid
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FIGURE 4. (a) Derivative of the pull-in voltage of the NC + NEM system
with respect to the remnant polarization and (b) magnified view of
region A.

this unwanted condition when fabricating the device. The
pull-in/out voltages of the NC + NEM system were affected
more by the E. variation than by the P, variation. The
blue-colored line indicates the trend of the minimum pull-
in/out voltages of the NC + NEM system. In the case of
8.8 pdClcm2 < P, <166 uC/cmz, Vpi_NcNEM decreased
as E. increased until E; became 1.26 MV/cm. Thereafter,
VpiNncneM decreased as Pr and E¢ increased together. On
the contrary, in the case of 16.6 pLC/cm2 <P. <25 pLC/cmz,
VpiNcNem decreased as Ec increased. Fig. 4(a) shows
the derivative (or sensitivity) of Vpi Nenem With respect
to P; for varying P; and E.. Fig. 4(a) also indicates
that dVpi_ncnem/dP; gradually changed from a negative
to positive value as P, increased. The point at which
dVpi_nenem/dP; changed from negative to positive is the
point at which Vi NcnEM 1S minimum. Fig. 4(b) shows
a magnified view, where dVp; ncNem/dP; has a zero value.
As shown in Fig. 4(b), since dV;_ncNem/dP: changed from
a negative to positive value at a certain Py, Vi NeNEM
had a minimum value at that P.. Beyond a certain E.
(herein, 1.26 MV/cm), dVpi nenem/dPr was always posi-
tive (Fig. 4). In calculus, if the first-order derivative of
f(x) is positive (i.e., df(x)/dx > 0), f(x) increases as X
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FIGURE 5. (a) Energy landscapes of the ferroelectric material
and (b) energy landscape of the NC + NEM system and reference NEM
system for various values of coercive fields.

increases. Likewise, Vpi NcNEM increased as P increased
because dVpi ncnem/dP; was positive beyond a certain
Ec (1.26 MV/cm). Therefore, Vi nenem can be reduced
by decreasing P;. However, if P; becomes too small, the
NC + NEM system operates in an effective FE mode (Fig. 3).
Hence, when the NC 4+ NEM system operates in the effective
NEM mode, the trend for the minimum Vpi NCNEM €Xists
at the boundary between the effective NEM and FE modes
beyond a E. = 1.26 MV/cm. Fig. 5(a) indicates the energy
landscape of the ferroelectric material (U vs. Q) for vari-
ous coercive fields (E.). The minima of the energy landscape
reduced as E; increased. Fig. 5(b) represents the energy land-
scape of the reference NEM (Uyn vs. Q) and NC + NEM
(Upn vs. Q) systems. Based on previous studies, the energy
landscape of the NC + NEM system was calculated as the
sum of the energies of the NEM system and the FE material
(i.e., Upn = Ux + Up) [8], [9]. The maxima in the energy
landscape of the NC 4+ NEM system were lower than those
of the NEM system and further reduced as E; increased.
Hence, the pull-in state of the NC 4+ NEM system can be
achieved at a lower gate voltage (i.e., Vpi_NcNEM decreases as
E. increases) [9]. Specifically, the pull-in voltage of the con-
ventional NEM system was 1.1215 V. In contrast, the pull-in
voltage of the NC + NEM system varied from 0.8415 V to
0.2259 V as E. increased. For the P, and E. variations, the
pull-out voltage variations of the NC + NEM system can
be understood in the same manner.

The pull-in/out voltage of the NEM system can be
adjusted by applying a negative body voltage (V) [2],
via which the operating voltage (Vpp) of the NEM system
can be decreased to Vp — |Vg|. In the case of the
NEM relay, the maximum body voltage was —Vp, to
ensure that the relay turned off at the zero gate voltage.
Therefore, the minimum operating voltage (Vpp) of the
NEM relay was Vpi — Vo [34]. Meanwhile, the memory
window (MW) of the NC + NEM is the voltage dif-
ference between Vi ncNEm and Vpo Nenem (€., MW =
Vpi_NCNEM — Vpo_NCNEM). Moreover, a large MW is desir-
able for a memory device application. Fig. 6 indicates
the voltage difference between Vi neNEM and Vpo NCNEM
(i.e., Vpi_NCNEM — Vpo_NcNEM)- The blue-/yellow-colored
lines represent the minimum/maximum trends of the
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FIGURE 6. Voltage difference between the pull-in/out voltages of the
NC + NEM system.

voltage differences between Vy,;_ncNem and Vo NeNEM (€.,
Vpi_NCNEM — Vpo_NCNEM)- To operate the NC + NEM relay
with a low voltage, the ferroelectric material must have
P, and E; values on the blue-colored line. Specifically,
the lowest operating voltage (i.e., 0.509 V) was obtained
when P, = 12 pC/cm? and E. = 0.86 MV/cm. On
the contrary, the ferroelectric must have P, and E. val-
ues on the yellow-colored line to operate the NC + NEM
with a large MW. Specifically, the largest memory window
(i.e., 0.607 V) was achieved when P, = 21 va/cm2 and
E. = 1.6 MV/cm. Note that the ferroelectric properties of
the HfO,-based ferroelectric material could be varied for any
given/identical fabrication process [35]. The ferroelectricity
of the HfO;-based material originated from the forma-
tion of a non-centrosymmetric orthorhombic phase [12].
However, in a polycrystalline HfO,-based ferroelectric mate-
rial, the orthorhombic phase coexists with the monoclinic
or tetragonal phase, which interferes with ferroelectricity.
This unwanted variation can be alleviated by fabricating
a single-crystalline HfO;-based ferroelectric material. For
the NC 4+ NEM logic/memory device to have minimum
operating voltage/maximal memory window, the P, and E.
values should vary according to the design parameters of the
NC + NEM system in this work.

IV. CONCLUSION

The effects of the remnant polarization and the coercive field
of the HfO,-based ferroelectric material on the NC + NEM
system were studied herein. Depending on the P; and E, val-
ues, we theoretically verified that the NC + NEM system
could operate as a logic or memory device. The lowest
operating voltage of the NC + NEM logic device was the-
oretically estimated as ~0.5 V when P, = 12 wC/cm? and
E. = 0.86 MV/cm. The widest memory window (0.607 V)
of the NC + NEM memory device was theoretically realized
when P; = 21 nC/cm? and E. = 1.6 MV/cm. These simula-
tion results are expected to be of guidance for NC + NEM
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logic/memory devices that can achieve improved electrical
characteristics with optimal ferroelectric properties.
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