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Ferroelectric Nanogap-Based Steep-Slope Ambipolar

Transistor

Yaodong Guan, Zhe Guo, and Long You*

The subthreshold swing (SS) of metal-oxide-semiconductor field-effect
transistors is limited to 60 mV dec™' at room temperature by the Boltzmann
tyranny, which restricts the scaling of the supply voltage. A nanogap-based
transistor employs a switchable nanoscale air gap as the channel, offering

a steep-slope switching process. Meanwhile, nanogaps featuring even

sub-3 nm can efficiently block the current flow, exhibiting the potential for
tackling the short-channel effect. Here, an electrically switchable ferroelectric
nanogap to construct steep-slope transistors, is exploited. An average SS

of 15.9 mV dec™' across 5 orders and a minimum SS of 13.23 mV dec™ are

emission of carriers limits the SS to be
no less than 2.3kT/q (or 60 mV dec™ at
room temperature), also known as “Boltz-
mann limitation,”* where g denotes the
elementary charge. Therefore, it is neces-
sary to seek novel device platforms to over-
come this limitation and reduce the SS
to sub-60 mV dec’l. Fortunately, several
steep-slope devices have been proposed to
realize an SS of sub-60 mV dec’?, such as
tunnel field-effect transistors (TFETs),>6]

obtained in the high current density range. The transistor exhibits excel-

lent performance with near-zero off-state leakage current and a maximum
on-state current of 202 A pm~" at Vs = 0.5 V. In addition, the transistor can
turn off with either a positive or negative increase in the gate voltage, exhib-

iting ambipolar characteristics.

1. Introduction

In the new era of hyper Moore’s law, one of the main challenges
is supply voltage reduction for dynamic power dissipation.
In conventional complementary metal-oxide-semiconductor
(CMOS) technologies, the supply voltage has not significantly
decreased for nearly a decade, although conventional geometric
scaling has been ongoing. This is owing to a fundamental bot-
tleneck in the subthreshold swing (SS), which is defined as the
gate voltage variation required to change the drain-to-source
current (Ip) by a decade. In the metal-oxide-semiconductor
field-effect transistor (MOSFET), the electron density n(E) in
the source can be approximated as the Boltzmann distribu-
tion (n(E) ~ exp[(Ep-E)/kT]) with a long thermal tail above the
Fermi level Eg, where k and T denote Boltzmann’s constant
and temperature, respectively."? The fundamental thermionic
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Dirac-source  field-effect  transistors
(DSFETs),278 negative-capacitance field-
effect transistors (NCFETs),° nano-
electromechanical field-effect transistors
(NEMFETs),*”]  and  phase-transition
field-effect  transistors.'®)  Emerging
steep-slope field-effect transistor (FET)
technologies with novel principles have
been extensively studied.??l According to
the formula for SS, which is given as (JV¢g/dM¥s)[M's/d(logiyIp)]
(where Vg, Ip, and Wy are the gate voltage, drain current, and
channel surface potential, respectively), the goals of these
technologies can be divided into two categories: lowering the
transport factor MW¥g/d(logglp) or reducing the body factor
AV /M8l The body factor can also be expressed as 1+Cy/ Ciye
(Cs and Cj,¢ denote the substrate capacitance and insulator
capacitance, respectively), which is usually larger than 1./ How-
ever, it is noted that an ideal logic transistor prefers to have an
ultralow SS value while maintaining a large on-current, in other
words, it should switch from the beginning of the subthreshold
region. Thus, it is desirable to develop transistors with high
steep-sloped current densities.

The representations of the transport factor reduction-
induced steep-slope FETs are the TFETs and DSFETs. TFETs
utilize quantum mechanical band-to-band tunneling from the
valence band to the conduction band instead of thermionic
carrier injection in conventional MOSFETs.'2422l The main
challenge in TFETSs is to realize a high on-state current.®?* In
DSFETs, a Dirac material with linear energy dispersion near
the Dirac point is used as the source material.?l Therefore, the
Dirac source cuts off the long thermal tail and exhibits a more
localized electron distribution. This electronic refrigeration
effect lowered the transport factor.®] Nevertheless, ultralow SS
could be difficult to implement based on such a mechanism,
and the performance of DSFET is strictly related to the quality
of Dirac materials, whose preparation and device construction
pose some challenges.

The other category includes NCFETs, NEMFETS, and phase-
transition FETs in which the body factor can be reduced below
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101213182425 To construct transistors, NCFETs introduce fer-
roelectric materials into the gate dielectric stack. The incorpo-
ration of a ferroelectric material triggers internal gate voltage
amplification behavior and thus a high W, thereby reducing
the body factor and achieving sub-60 mV dec™ SS.[*°! Phase-
transition FETs employ a metal-insulator transition material
(such as VO,) attached to the source terminal while the abrupt
transition process tends to occur near the off-state.l¥! Similarly,
the filament transistors employing the formation and rupture
of metallic filaments in the conducting bridge random access
memories have achieved record low SS (0.24 mV dec™!). But it
faces the challenge that the different drain polarity is needed
to change its resistance states.?l Abrupt switching from the
on-state can be easily observed in NEMFETs, which utilize
a mechanically movable gate or body through electrostatic
force.['31427.28] The NEMFET can accomplish an on-off switch
corresponding to a dinky gate voltage change. However, with
device scaling down, the precise control of nanogap switching
by electrostatic force could become challenging.?! A relatively
high contact resistance may also decrease the on-state current.
Moreover, as the core of NEMFETs, a switchable nanogap is
usually formed by the final “release” etching step using highly
stringent fabrication processes.[23]

According to the principle of NEMFETS, the transistor in
a mechanical switching manner can, in principle, achieve
abrupt switching from the beginning of the subthreshold
region. In this study, we use a ferroelectric nanogap (FN) to
construct a novel steep-slope transistor. In contrast to NCFETS,
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the ferroelectric material involved in our configuration is
aimed at producing the switchable nanogap by the ferroelec-
tric domain switching-induced strain in a local region. As the
nanogap opens and closes in mechanically, ultralow SS and
high steep-slope current densities are obtained. An inverter
logic based on an FN transistor (FNT) has also been demon-
strated. Furthermore, because ferroelectric domain switching
is dominated by the applied electric fields, a sub-1 V operating
voltage is expected by reducing the ferroelectric material thick-
ness. Our study reveals that the FNT has the potential to be
a new type of emerging steep-slope device for beyond-CMOS
technologies.

2. Results and Discussion

2.1. Device Structure and Nanogap Morphology

Under the action of an electric field, the ferroelectric domains
in a ferroelectric single crystal undergo specific switching.
The switching-induced elastic energy could cause the appear-
ance of a nanogap along the domain boundary, as discussed
in our previous works.332 If there is a metallic thin film on
top of the ferroelectric material, a nanogap is also created in
the film when it propagates through the film. Therefore, it is
possible to use a simple method to prepare extremely small air
nanogaps without involving complicated fabrication processes,
as in traditional nanoelectromechanical switches.33l Figure 1a

b

<«—— Nanogap

Figure 1. FN transistor and Ferroelectric nanogap. a) Schematic of FN transistor and measurement setup. b) Top-view SEM image of one fabricated
device with the parallel strips for electrical measurement. Scale bar: 2 um. The bottom panel shows an enlarged view of the parallel strips. Scale bar:
500 nm. c) Morphology of induced FN at V; =0 V. Scale bar: 1 um. d) Enlarged view of white dashed-line rectangle in (c). Scale bar: 300 nm. The V¢

pulse for nanogap forming is 40 V.
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shows a schematic of the ferroelectric nanogap transistor and
the measurement setup. The metallic thin films were patterned
into parallel strips to apply a voltage (V) to trigger ferroelec-
tric domain switching. In the actual experiments, we used a
(100)-oriented BaTiO; (BTO) single crystal as the ferroelectric
substrate with a thickness of 500 um, which is a tetragonal (T)
phase at room temperature. The MnsoPts, (MnPt, 40 nm)/Pt
(5 nm) bilayer films were deposited on the substrate by sput-
tering at room temperature. MnPt has moderate mechanical
performance and possesses a balance between ductility and
brittleness;[34 therefore, the nanogap in the film can be easily
switched between the open and closed states. The top Pt layer
increased the channel conductivity in the closed state of the
nanogap. Figure 1b illustrates the top-view SEM image of one
fabricated device for electrical measurements with a distance
(d) of =400 nm between the parallel strips. Notably, a high elec-
tric field can be acquired by simply decreasing this distance,
which will be discussed later. After completing device fabrica-
tion, the nanogap forming process was performed by repeat-
edly applying an alternating Vg pulse until the nanogap was
induced. The detailed formation process has been described
previously.?” The SEM image in Figure 1c illustrates the mor-
phology of induced ferroelectric nanogap, which was captured
from a similar device at Vg = 0 V (corresponding to the closed
state). A shallow trace along the x-direction was visible, as
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indicated by the white dashed-line rectangle, and an enlarged
view is shown in Figure 1d.

2.2. Transfer Characteristics and Mechanism of Ambipolar
Switching

Figure 2a shows the room-temperature transfer characteristics
(Ip—Vg) of the FNT at Vpg =50 mV (see the linear-scale curve in
Figure S1, Supporting Information). At V¢ = 0 V, the nanogap
is closed, and accordingly, current can flow between the source
and drain when Vpg is applied. As V increased monotonically
up to the threshold voltage (V7), abrupt switching from the
on-state was observed, and a high on/off current ratio (=10°)
at Vpg = 50 mV was achieved, indicating the opening of the
nanogap. Once V is scanned back from —36 V to the vicinity
of Vy, abrupt switching from the off to on state occurs. The
forward and backward sweeping loops demonstrate a small
hysteresis. This behavior is similar to that of an n-channel
depletion-mode MOSFET. Intriguingly, with a positively
increased Vg, the transistor turned off again, similar to the
p-channel mode, as shown in Figure 2b. Thus, our transistor
exhibits ambipolar characteristics.

Next, we discuss the possible underlying mechanism of
ambipolar switching. T-phase ferroelectric oxides usually have

b 10* _\
e 10-6 L Forward
E |
< 10%}
\01 010 Backward
Step =30 mV
FVs=50mV k
1 0-12 L L ) '
0 10 20 30 40
Ve (V)

Metal film

Bottom
electrode

Metal atom

LA®)

Electron

Figure 2. Transfer characteristics and mechanism of ambipolar switching. a,b) Transfer characteristics (Ip-V() of FN transistors with n- and p-type
at Vps = 50 mV, respectively. V¢ step is 30 mV. ¢) The schematics and working principle of FN transistor. The reversible ambipolar switching of the
transistor is demonstrated. The schematic of the metal atomic layer visualizes the state of the current path.

Small 2022, 18, 2203017

2203017 (3 of 8)

© 2022 Wiley-VCH GmbH

85U8017 SUOLILLIOD BA 181D 3|cedtdde 8Ly Aq psuenob afe Sejoiie YO ‘8sn JO Sa|n 10} ARIq178UIUO AB] I/ UO (SUO1IPUOD-PUe-SWB) 0" A3 1M Ae.q Ul UO//SdnL) SUORIPUOD pue swiis | 8y} 89S *[£202/20/82] U0 Ariqiauliuo A8iM ‘Yde L @ 10S JO Aisieaiun BuoyzenH Aq T0E02Z02 |IWS/Z00T OT/I0p/L00" A3 1M Aeiq1pul [Uo//:Sdny Wiy papeojumoq '8y ‘2202 ‘6289€TIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

six spontaneous polarization directions (Figure 2c), which can
be divided into two types of domains: out-of-plane domains (i.e.,
¢ domain, red parts) and in-plane domains (i.e., a domain, blue
parts). As discussed in our previous work, in the configuration
shown in Figure 1a, the z-components of the electric fields (E,)
underneath the metallic thin film produced by Vg are much
larger than the x and y components and thus play a key role
in the domain switching. With a positive increase in E, to the
threshold Ey, the a domains switch to ¢ domains. Correspond-
ingly, an in-plane tensile strain (€) is produced in the domain
boundary (see detailed discussions in Note S1, Supporting
Information). Consequently, the nanogap in the film is driven
open. The source and drain were blocked by air such that no
current can flow between them, corresponding to the off-state
of the transistor. At this point, E, is sufficiently high to stabilize
the monodomain state (or unstable state). Then, once the gate
voltage (or E,) decreases to the vicinity of the threshold, it is
preferred to form the multidomain state again from the energy
view. According to previous studies,?> the domain texture
could return to the same structure as the previous texture
owing to pinned sites such as nanoscale defects. Thus, small
hysteretic switching, even hysteresis-free switching, can be
obtained. Similarly, with a negative increase in E,, all domains
switch to the z-direction (green parts), causing in-plane tensile
strain again. Hence, ambipolar switching characteristics were
acquired in our FNT.

In our previous studies,! it is noted that the nonvola-
tile transfer curves with large hysteresis are observed. A (001)
0.7PbMg; 3Nb,;305-0.3PbTiO; (PMN-PT) single crystal, which
has a rhombohedral phase at room temperature, was used as
the ferroelectric substrate in these studies. The nonvolatile
strain produced by 109° domain switching causes a nonvola-
tile transfer curve, which is significantly different from our

31-33]
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results. These results indicate that the switching characteristics
of ferroelectric nanogap-based devices are strictly determined
by the domain switching process, which also offers routes for
designing other functional devices with ferroelectric nanogaps.

2.3. Small SS Value and Large On-Current

Figure 3a,b shows the local enlarged view of the transfer char-
acteristic curves of the n-type (Figure 2a) and p-type (Figure 2b)
transistors, respectively. Figure 3c,d illustrates the extracted
SS—Ip characteristics of the two types of transistors from
Figures 3a, and 3D, respectively. An ultralow minimum SS
(SSmin) of 13.23 mV dec™! was achieved during the backward
sweep of the n-type device. In addition, from the subthreshold
region of the n-type FNT (Figure 3a), the average SS (SSyerage)
in the backward sweep is 15.9 mV dec™!, which has a large Iy
range (across five decades). These results clearly reveal that the
FNT scheme can effectively decrease the SS to sub-60 mV dec™.
The mechanical switching method was considered to enable
significantly reduced SS values. To demonstrate the good
performance of our FNT, we compared it with other repre-
sentative steep-slope transistors in our study. For instance,
the TFET has an SS,yerage of 31.1 mV dec™ across 4 decades,!"
the NCFET presents an SSyyerage Of larger than 41.7 mV dec™!
across 5 decades,) and the DS-FET exhibits an SS,yerage Of
35 mV dec! across 3 decades.”! Clearly, our FNT has the
smallest SS,erage compared with the aforementioned transis-
tors. More recently, a record low SS,yerage (0.24 mV dec™) over
5 decades has been reported in the filament transistor which
exploits conductive bridge random access memory (CBRAM)
attached to the source terminal of a conventional metal-oxide-
semiconductor transistor.?®! But different drain polarity is
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Figure 3. a,b) Local enlarged view of the transfer characteristic of n-type (Figure 2a) and p-type (Figure 2b) transistors, respectively. Average SS of
15.9 mV dec™ over 5 orders in n-type device is displayed. c,d) Extracting SS as a function of I from (a) and (b), a minimum SS of 13.23 mV dec ' is
achieved in the reverse sweep of n-type device. €) Ip as a function of Vs and the transistor is characterized for ohmic behavior when the nanogap is
closed. f) Our FNT with other state-of-the-art steep-slope transistors, including TFET, 1D DSFET,"I NCFET,"! PC-TFET,** and 2D ATSFET.% Our FN
transistor possesses higher steep-slope current densities even at Vps = 50 mV.
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needed to change its resistance states. On the other hand, in
our FNT, the smallest hysteresis is observed at =340 mV, as
shown in Figure 3a.

One of the main concerns is the contact resistance of the
closed state of the nanogap, which determines the on-state cur-
rents. We measured I}, as a function of Vg, and the results are
shown in Figure 3e. A linear relationship between I and Vpg
was observed, indicating an ohmic contact. Compared to the
Ip—Vps curve of the device without a nanogap (the black line
in Figure 3e), the negligible difference indicates that the source
and drain electrodes were in close contact in the on-state, which
was unaffected by the occurrence of the nanogap. Therefore,
the on-state resistance of the transistor was determined by the
conductivity of the metallic thin films. As expected, high on-
currents of 202 and 1208 UA um™ were obtained at Vpg = 0.5
and 3 V, respectively. We measured the transfer curves under
different drain biases (Figure S2, Supporting Information), and
the proportional relationship between the on-current and drain
biases again proved the ohmic contact across the nanogap.
We also measured the off-state current as a function of Vpg
(Figure S3, Supporting Information), which has several pico-
ampere orders and can be attributed to measurement noise.l*®!
Our transistor also exhibited good stability under voltage pulse
tests (Figure S4, Supporting Information). In addition, our FNT
exhibited a relatively wide working temperature range from 200
to 410 K (Figure S5, Supporting Information).

It is ideal for transistors to have a small SS value while main-
taining a large on-current, which is a key metric for logic tran-
sistors to benefit from steep slopes.®l The SS as a function of
Ip was compared with other state-of-the-art steep-slope transis-
tors, including TFET,!) 1D DSFET,”! NCFET,™ hybrid phase-
change-tunnel FET (PC-TFET),* and 2D atomic threshold
switching (ATSFET),*) as shown in Figure 3f. Our FNT pos-
sesses superior steep-slope current densities compared with
other technologies. Note that the current density was obtained
at Vpg = 50 mV, and higher values can be expected at a larger
Vps.

2.4. Implementation of Inverter

Then, we demonstrate inverter logic based on the
FNT. Figure 4a illustrates the circuit diagram of one

- b 20
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transistor-only inverter with a pull-down load. The input signal
Vi, is the potential difference between the two parallel elec-
trodes in the device, which is defined as Vg, — Viige (Figure 4a).
Vgap refers to the potential of the electrode where the nanogap
is located and Vj;q. refers to the potential of the other electrode.
An R, of 1 MQ was used as a voltage divider resistor, and an
R; of 47 kQ was the current-limiting protection resistor. When
a small V;, (less than the switching voltage) is applied, the
nanogap is closed and the transistor is in the on-state. The
output voltage V., is equal to the divided voltage of resistor R,
which is approximately equal to the entire Vpp. When Vi, is
greater than the switching voltage, the nanogap opens and the
transistor turns off. The output voltage is =0. Figure 4b shows
the output characteristics of the inverter and corresponding
gain values at Vpp =5 V. The highest gain of 1768 was achieved.

2.5. Top-Gate Structure Design

For large-scale applications, the top-gate configuration used
in conventional MOSFET is preferred. The top-gate design
comprising the core structure is shown schematically in
Figure 5a. In such a structure, a ferroelectric oxide film is
employed, sandwiched between the top-gate electrode and the
bottom conductive layer. The perpendicularly applied Vg was
responsible for the switching of the nanogap, and Vpg was
used to detect the resistance states. To optimize the structure,
a buffer layer underneath the conductive electrodes, into which
the nanogap can easily extend, is inserted between the sub-
strate and the conductive source, and drain layers. In recent
years, BTO thin films have been fabricated on silicon sub-
strates, which is beneficial for compatibility with the CMOS
technology.'=#! Moreover, the HfO,-based thin films, which
exhibit ferroelectric characteristics and are compatible with
silicon technology, could also be applied to our technology./4’]

We note that a high operating voltage is demonstrated in our
transistor, which is mainly owing to the high thickness of the
bulk BTO substrate. Because the switching mechanism of the
ENT originates from electric-field-induced ferroelectric domain
switching, the operating voltages can be reduced by reducing
the thickness of the ferroelectric layer. Thus, a low operating
voltage was expected in the top-gate structure. Here, we exploit
the COMSOL simulations to estimate the operating voltage

+ - Ry 5
in
V. : 4 1 6 5
gap side | — é
! S 112
< =1
@ ) : 23 B
BN 1 @
| | Vep=5V I, 5
| i
MnPt BTO | step=0.1V
0 0
Ferroelectric-nanogap ,: 0 2 4 18 20 22 24
S transistor ____- Vin (V)

Figure 4. Implementation of inverter. a) Circuit diagram of one transistor-only inverter with a pull-down load. b) Output characteristics of inverter and

corresponding gain values.
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FN transistor. ) z-components of electric field simulated by COMSOL software for 500 um and 500 nm thickness of ferroelectric layer at V; = 80 and
0.55V, respectively. The maximum value of E; is similar in both cases. d) Switching voltages for devices with different thicknesses of ferroelectric layer.

based on experimental results from a back-gate device using
the BTO bulk substrate. The Ip—V( transfer characteristics of
a back-gate device are shown in Figure 5b, where the thickness
of BTO substrate is 500 um. At the switching voltage (=80 V),
the electric field distributions were obtained via simulations
(top panel of Figure 5c¢). In the central area of the device (white
dashed line), the maximum E, reached 3.36 x 10° V m™. For
ferroelectric layers of different thicknesses, we can achieve
the same or similar electric field distributions by adjusting
the applied V. For instance, when the thickness of the ferro-
electric layer decreases to 500 nm, Vg of 0.55 V can trigger a
similar electric field distribution with maximum E, reaching
3.54 x 10° V m™, as shown in the bottom panel of Figure 5c.
Then, we extracted Vg as the switching voltage for this thick-
ness (500 nm). As shown in Figure 5d, as the thickness
decreases, the switching voltages shrink quickly and sub-1 V
operation can be potentially achieved when the thickness of the
ferroelectric layer is 500 nm. More recently, a study experimen-
tally demonstrated a low switching voltage (<100 mV) for BTO
thin films with thicknesses less than 150 nm,* which facili-
tates our nanogap-based transistor to have a low gate voltage.

3. Conclusion

In conclusion, a new steep-slope ambipolar transistor based on a
switchable nanogap is demonstrated, which exhibits an average
SS of 159 mV dec! and minimum SS of 13.23 mV dec™.
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Owing to the metallic ohmic contacts between the source and
drain, a high on-state current of 202 pA pm™ at Vpg = 0.5V
was achieved. In addition, the existence of an air nanogap ena-
bles a negligible off-state leakage current, which allows low
static power consumption. By further reducing the dimensions
of device, a sub-1 V operation can be obtained. These results
demonstrate the potential for developing an excellent steep-
slope transistor beyond-CMOS technology. However, there are
still numerous further optimization studies that require the
joint efforts of researchers, such as more stable free hysteresis
and electrodes resistant to oxidation and fracture. Ferroelectric
domain engineering, hermetic packaging, and alternative elec-
trode materials are potential solutions for these issues.

4. Experimental Section

Sample Growth: A5 X 5 um? area, 500 um thick (100)-oriented BaTiO;
single crystal was used as the ferroelectric substrate. 40 nm thick layer
of MnPt was sputtered from MnPt target on the BaTiO; substrate by
radio frequency (RF) sputtering system with a base pressure of 1.5 x 107
Pa at room temperature (RF power of 20 W, argon (Ar) gas pressure of
0.2 Pa, and Ar at 20 sccm flow). The sputtering time was 12 min. Then,
a 5 nm thick layer of platinum (Pt) was deposited on top of the MnPt
using direct current sputtering.

Device Fabrication: The device patterns with nanoscale were defined
using standard e-beam lithography (EBL) process followed by argon
ion beam etching to sputter-etch the MnPt and Pt layers. The back-gate
electrodes of the FNT were defined by lithography and argon ion beam

© 2022 Wiley-VCH GmbH
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etching. In back-gate device, the BaTiO; substrates were coated silver
(Ag) on the backside for bottom conductive layer.

Electrical Measurements: The electrical contacts on the MnPt/
Pt film were made of aluminum (Al) wires by wire bonding. The V¢
pulse for nanogap forming was applied by Keithley 2400. The transfer
characteristic measurements of the FNTs with the parallel strips were
performed by semiconductor parameter analyzer (Keysight B1500A)
in an ambient atmosphere at room temperature. These were done by
sweeping the voltage from 0 to 36 V (or —36 V) in steps of 30 mV. The
transfer characteristic measurement of the back-gate transistors was
performed by Keithley 2400 and 2450 in a vacuum chamber of 6 x 107°
mbar at room temperature. This was done by sweeping the voltage from
0 to =110 V in steps of 1 V. The electrical performance of inverter was
measured by the combination of Keithley 2400, 2450, and 2182 A. Devices
were placed in a closed chamber in a vacuum chamber of 6 x 10~ mbar
for the switching performance tests under different temperatures. The
temperature was controlled by balancing the heating wire with liquid
nitrogen. The repeatability test was performed in a vacuum chamber of
6 X 107> mbar.

Morphological Characterization: The morphology of the FNT was
characterized by SEM imaging (Zeiss GeminiSEM 300-71-12). The
top-view SEM image of one FNT was obtained using a magnification
of x3.5 k, an acceleration voltage of 3.0 kV, and a working distance of
6.4 mm. The enlarge-view image of above device was obtained using a
magnification of x15.0 k, an acceleration voltage of 3.0 kV, and a working
distance of 6.4 mm. The SEM image of induced ferroelectric nanogap
was obtained using a magnification of x7.92 k, an acceleration voltage of
2.0 kV, and a working distance of 8.1 mm. And the enlarge-view image of
nanogap was obtained using a magnification of x19.56 k, an acceleration
voltage of 2.0 kV, and a working distance of 8.1 mm. The SEM images
were a bit blurry due to the super insulating properties of the BaTiO;
substrates.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (NSFC grant Nos. 61904060, 62074063, 61821003, and
61674062), the National Key Research and Development Program of
China (2020AAA0109005), the Interdisciplinary program of Wuhan
National High Magnetic Field Center (WHMFC202119), the Huazhong
University of Science and Technology, and the Fund from Shenzhen
Virtual University Park (2021Szvup091). Z.G. acknowledges support from
the China Postdoctoral Science Foundation (Nos. 2019M652642 and
2021T140228).

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

Y.G. and Z.G. contributed equally to this work. L.Y. and Z.G. conceived
the idea. Z.G. deposited the film. Y.G. fabricated the devices. Y.G. and
Z.G. performed the electrical measurements and analyzed the results.
Y.G. conducted the SEM characterizations. Y.G, Z.G., and L.Y. wrote the
manuscript. All authors commented on the manuscript.

Small 2022, 18, 2203017

2203017 (7 of 8)

www.small-journal.com

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords

beyond complementary metal-oxide-semiconductors, ferroelectric
nanogaps, ferroelectronics, negligible off-current, steep-slope transistors

Received: May 15, 2022
Revised: September 10, 2022
Published online: September 30, 2022

[ D. Sarkar, X. Xie, W. Liu, W. Cao, J. Kang, Y. Gong, S. Kraemer,
P. M. Ajayan, K. Banerjee, Nature 2015, 526, 91.

[2] Z. Tang, C. Liu, X. Huang, S. Zeng, L. Liu, J. Li, Y. G. Jiang,
D. W. Zhang, P. Zhou, Nano Lett. 2021, 21, 1758.

[3] 1. Ferain, C. A. Colinge, J. P. Colinge, Nature 2011, 479, 310.

[4] M. M. Waldrop, Nature 2016, 530, 144.

[5] A. M. lonescu, H. Riel, Nature 2011, 479, 329.

[6] Y. W. Lan, C. M. Torres, S. H. Tsai, X. Zhu, Y. Shi, M. Y. Li, L. J. Li,
W. K. Yeh, K. L. Wang, Small 2016, 12, 5676.

[7] C. Qiu, F. Liu, L. Xu, B. Deng, M. Xiao, J. Si, L. Lin, Z. Zhang,
). Wang, H. Guo, H. Peng, L. M. Peng, Science 2018, 367, 387.

[8] M. Liu, H. N. Jaiswal, S. Shahi, S. Wei, Y. Fu, C. Chang,
A. Chakravarty, X. Liu, C. Yang, Y. Liu, Y. H. Lee, V. Perebeinos,
F. Yao, H. Li, ACS Nano 2021, 15, 5762.

[9] J. C. Wong, S. Salahuddin, Proc. IEEE 2019, 107, 49.

[10] X. Wang, P. Yu, Z. Lei, C. Zhu, X. Cao, F. Liu, L. You, Q. Zeng,
Y. Deng, C. Zhu, ). Zhou, Q. Fu, ). Wang, Y. Huang, Z. Liu, Nat.
Commun. 2019, 10, 3037.

[11] M. Si, C. ). Su, C. Jiang, N. J. Conrad, H. Zhou, K. D. Maize, G. Qiu,
C. T. Wu, A. Shakouri, M. A. Alam, P. D. Ye, Nat. Nanotechnol. 2018,
13, 24.

[12] W. Cao, K. Banerjee, Nat. Commun. 2020, 17, 196.

[13] J. H. Kim, Z. C. Y. Chen, S. Kwon, ). Xiang, Nano Lett. 2014, 14, 1687.

[14] H. Kam, D. T. Lee, R. T. Howe, T. J. King, in Technical Digest - Int.
Electron Devices Meeting (IEDM), |EEE, Piscataway, NJ 2005,
pp. 463-466.

[15] U. Zaghloul, G. Piazza, IEEE Electron Device Lett. 2014, 35, 669.

[16] X. Hu, S. F. Almeida, Z. Alice Ye, T. ). K. Liu, in Technical Digest
- Int. Electron Devices Meeting (IEDM), IEEE, Piscataway, NJ 2019,
p. 803.

[17] J. O. Lee, Y. H. Song, M. W. Kim, M. H. Kang, J. S. Oh, H. H. Yang,
J. B. Yoon, Nat. Nanotechnol. 2013, 8, 36.

[18] N. Shukla, A. V. Thathachary, A. Agrawal, H. Paik, A. Aziz,
D. G. Schlom, S. K. Gupta, R. Engel-Herbert, S. Datta, Nat.
Commun. 2015, 6, 7812.

[19] W. Hou, A. Azizimanesh, A. Sewaket, T. Pefia, C. Watson, M. Liu,
H. Askari, S. M. Wu, Nat. Nanotechnol. 2019, 14, 668.

[20] Y. Zhai, Z. Feng, Y. Zhou, S. T. Han, Mater. Horiz. 2021, 8, 1601.

[21] D. Sarkar, M. Krall, K. Banerjee, Appl. Phys. Lett. 2010, 97, 263109.

[22] W. Cao, D. Sarkar, Y. Khatami, J. Kang, K. Banerjee, AIP Adv. 2014,
4, 067141,

[23] U. E. Avci, D. H. Morris, I. A. Young, IEEE J. Electron Devices Soc.
2015, 3, 88.

[24] Q. Huang, R. Huang, Y. Pan, S. Tan, Y. Wang, IEEE Electron Device
Lett. 2014, 35, 877.

[25] F. A. McGuire, Y. C. Lin, K. Price, G. B. Rayner, S. Khandelwal,
S. Salahuddin, A. D. Franklin, Nano Lett. 2017, 17, 4801.

© 2022 Wiley-VCH GmbH

85U8017 SUOLILLIOD BA 181D 3|cedtdde 8Ly Aq psuenob afe Sejoiie YO ‘8sn JO Sa|n 10} ARIq178UIUO AB] I/ UO (SUO1IPUOD-PUe-SWB) 0" A3 1M Ae.q Ul UO//SdnL) SUORIPUOD pue swiis | 8y} 89S *[£202/20/82] U0 Ariqiauliuo A8iM ‘Yde L @ 10S JO Aisieaiun BuoyzenH Aq T0E02Z02 |IWS/Z00T OT/I0p/L00" A3 1M Aeiq1pul [Uo//:Sdny Wiy papeojumoq '8y ‘2202 ‘6289€TIT



ADVANCED

SCIENCE NEWS

Sl

www.advancedsciencenews.com

(26]

(27]
(28]
(29]

(30]
(31]
(32]

(33]

(34

(33]
(36]

(37]

(38]

Small 2022, 18, 2203017

J. Aziz, H. Kim, T. Hussain, H. Lee, T. Choi, S. Rehman, M. F. Khan,
K. D. Kadam, H. Patil, S. M. Z. Mehdi, M. |. Lee, S. J. Lee, D. K. Kim,
Nano Energy 2022, 95, 107060.

Y. Yang, C. Gu, J. Li, Small 2019, 15, 1804177.

R. Yang, J. Qian, P. X.-L. Feng, Small 2020, 76, 2005594.

I. S. Devised, I. For, T. Assessment, |. S. Without, R. To,
C. Considerations, P. To, I. Products, O. R. Equipment, Int. Roadmap
for Devices and Systems (IRDS), 2020 Edn., |EEE, Piscataway, N)
2020, https://irds.ieee.org/editions/2020.

S. Lee, S. Park, D. Cho, J. Microelectromech. Syst. 1999, 8, 409.

Z. Guo, Y. Guan, Q. Luo, J. Hong, L. You, Adv. Electron. Mater. 2021,
7, 2100023.

Z. Guo, Q. Luo, H. Huang, S. Zhang, X. Shi, F. Sun, Y. Ji, Q. Zou,
M. Song, X. Yang, D. Chen, J. Hong, L. Q. Chen, L. You, Nano
Energy 2020, 75, 104871.

Q. Luo, Z. Guo, H. Huang, Q. Zou, X. Jiang, S. Zhang, H. Wang,
M. Song, B. Zhang, H. Chen, H. Gu, G. Han, X. Yang, X. Zou,
K. Y. Wang, Z. Liu, ). Hong, R. Ramesh, L. You, IEEE Electron Device
Lett. 2019, 40, 1209.

Z. Q. Liu, J. H. Liu, M. D. Biegalski, J. M. Hu, S. L. Shang, Y. Ji,
J. M. Wang, S. L. Hsu, A. T. Wong, M. J. Cordill, B. Gludovatz,
C. Marker, H. Yan, Z. X. Feng, L. You, M. W. Lin, T. Z. Ward,
Z. K. Liu, C. B. Jiang, L. Q. Chen, R. O. Ritchie, H. M. Christen,
R. Ramesh, Nat. Commun. 2018, 9, 41.

E. Snoeck, L. Normand, A. Thorel, C. Roucau, Phase Transitions
1994, 46, 77.

Z. Chen, F. Li, Q. Huang, F. Liu, F. Wang, S. P. Ringer, H. Luo,
S. Zhang, L. Q. Chen, X. Liao, Sci. Adv. 2020, 6, eabc7156.

Y. Shirahata, R. Shiina, D. L. Gonzélez, K. ). A. Franke, E. Wada,
M. Itoh, N. A. Pertsev, S. Van Dijken, T. Taniyama, NPG Asia Mater.
2015, 7, e198.

V. Dubois, S. N. Raja, P. Gehring, S. Caneva, H. S. ]. van der Zant,
F. Niklaus, G. Stemme, Nat. Commun. 2018, 9, https://doi.
org/10.1038/541467-018-05785-2.

(39]

40]

[41]

(42]

(43]

(44]

(45]

[46]

2203017 (8 of 8)

www.small-journal.com

E. A. Casu, W. A. Vitale, N. Oliva, T. Rosca, A. Biswas,
C. Alper, A. Krammer, G. V. Luong, Q. T. Zhao, S. Mantl,
A. Schuler, A. Seabaugh, A. M. lonescu, in 2016 IEEE Int. Elec-
tron Devices Meeting (IEDM), |EEE, Piscataway, NJ 2017,
pp. 19.3.1-19.3.4.

Q. Hua, G. Gao, C. Jiang, ). Yu, J. Sun, T. Zhang, B. Gao, W. Cheng,
R. Liang, H. Qian, W. Hu, Q. Sun, Z. L. Wang, H. Wu, Nat.
Commun. 2020, 11, 6207.

B. Chen, N. Gauquelin, N. Strkalj, S. Huang, U. Halisdemir,
M. D. Nguyen, D. Jannis, M. F. Sarott, F. Eltes, S. Abel, M. Spreitzer,
M. Fiebig, M. Trassin, J. Fompeyrine, J. Verbeeck, M. Huijben,
G. Rijnders, G. Koster, Nat. Commun. 2022, 13, 4.

B. Wagué, ). B. Brubach, G. Niu, G. Dong, L. Dai, P. Roy,
G. Saint-Girons, P. Rojo-Romeo, Y. Robach, B. Vilquin, Thin Solid
Films 2020, 693, 137636.

A. Gémez, |. M. Vila-Fungueirifio, R. Moalla, G. Saint-Girons,
). Gazquez, M. Varela, R. Bachelet, M. Gich, F. Rivadulla,
A. Carretero-Genevrier, Small 2017, 13, 1701614.

S. S. Cheema, N. Shanker, L. Wang, C. Hsu, S. Hsu, Y. Liao,
M. S. Jose, J. Gomez, W. Chakraborty, W. Li, J. Bae, S. K. Volkman,
D. Kwon, Y. Rho, G. Pinelli, R. Rastogi, D. Pipitone, C. Stull,
M. Cook, B. Tyrrell, V. A. Stoica, Z. Zhang, ). W. Freeland,
C. J. Tassone, Nature 2022, 604, 65.

S. S. Cheema, D. Kwon, N. Shanker, R. dos Reis, S. L. Hsu,
J. Xiao, H. Zhang, R. Wagner, A. Datar, M. R. McCarter,
C. R. Serrao, A. K. Yaday, G. Karbasian, C. H. Hsu, A. J. Tan,
L. C. Wang, V. Thakare, X. Zhang, A. Mehta, E. Karapetrova,
R. V. Chopdekar, P. Shafer, E. Arenholz, C. Hu, R. Proksch,
R. Ramesh, J. Ciston, S. Salahuddin, Nature 2020, 580,
478.

Y. Jiang, E. Parsonnet, A. Qualls, W. Zhao, S. Susarla, D. Pesquera,
A. Dasgupta, M. Acharya, H. Zhang, T. Gosavi, C-C. Lin,
D. E. Nikonov, H. Li, I. A. Young, R. Ramesh, L. W. Martin, Nat.
Mater. 2022, 21, 779.

© 2022 Wiley-VCH GmbH

85U8017 SUOLILLIOD BA 181D 3|cedtdde 8Ly Aq psuenob afe Sejoiie YO ‘8sn JO Sa|n 10} ARIq178UIUO AB] I/ UO (SUO1IPUOD-PUe-SWB) 0" A3 1M Ae.q Ul UO//SdnL) SUORIPUOD pue swiis | 8y} 89S *[£202/20/82] U0 Ariqiauliuo A8iM ‘Yde L @ 10S JO Aisieaiun BuoyzenH Aq T0E02Z02 |IWS/Z00T OT/I0p/L00" A3 1M Aeiq1pul [Uo//:Sdny Wiy papeojumoq '8y ‘2202 ‘6289€TIT


https://irds.ieee.org/editions/2020
https://doi.org/10.1038/s41467-018-05785-2
https://doi.org/10.1038/s41467-018-05785-2

