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ABSTRACT: Recent advancements in ferroelectric field-effect 107

transistors (FeFETs) using two-dimensional (2D) semiconductor Source Drain 1074 Z
channels and ferroelectric Aly¢sScy3,N (AIScN) allow high- Channel 10h% o
performance nonvolatile devices with exceptional ON-state { ‘{ (WSez) ‘{ { ‘{ = 10°p)

currents, large ON/OFF current ratios, and large memory Ferroelectric - 107

windows (MW). However, previous studies have solely focused (AIScN) <°10%

on n-type FeFETs, leaving a crucial gap in the development of p- 109 %)

type and ambipolar FeFETs, which are essential for expanding Gate (Pt) 10"

their applicability to a wide range of circuit-level applications. Si/SiO, 10° 110-8 6420246810
Here, we present a comprehensive demonstration of n-type, p- Vs (V)

type, and ambipolar FeFETs on an array scale using AIScN and

multilayer/monolayer WSe,. The dominant injected carrier type

is modulated through contact engineering at the metal—semiconductor junction, resulting in the realization of all three types
of FeFETs. The effect of contact engineering on the carrier injection is further investigated through technology-computer-
aided design simulations. Moreover, our 2D WSe,/AlScN FeFETs achieve high electron and hole current densities of ~20 and
~10 pA/pm, respectively, with a high ON/OFF ratio surpassing ~10” and a large MW of >6 V (0.14 V/nm).

KEYWORDS: ferroelectric field-effect transistors, nonvolatile memory, AIScN, WSe,, contact engineering

INTRODUCTION More recently, a III-nitride ferroelectric material, AIScN, has
emerged as a promising solution to address the small MW
issue.”'” One key feature of AIScN is its large coercive field
(E¢), which exceeds ~3—5 MV/cm. This characteristic allows
AlScN-based FeFETs to achieve a considerably larger MW,
ranging from ~3 to 21 V, albeit at the expense of increased
switching voltage.”'? Additionally, AIScN possesses several

: : ‘ notable advantages. It can be grown at temperatures below
emerging non-volatile memory (NVM) devices after the ~400 °C, making it compatible with back-end-of-line (BEOL)

As data-intensive processing becomes pervasive, there is a
growing demand for fast, dense, low-power, nonvolatile
memory devices. Ferroelectric field-effect transistors (FeFET)
are an attractive option as they offer high speed, low power
consumption, and non-volatile data storage capabilities.' > In
particular, FeFETs have gained significant attention among

discovery of ferroelectricity in hafnium oxide (HfO,) in processes. Additionally, it can exhibit a large remnant
2006. HfO, holds substantial promise due to its full polarization (P,) of ~70—130 uC/cm'" Another advantage
compatibility with complementary metal-oxide-semiconductor lies in its single-phase nature, with Al;_ Sc,N (x < 0.43) being
(CMOS) processes and its ability to be thinned below ~10 nm the ferroelectric phase. This is in contrast to HfO,, which has
while retaining its ferroelectric properties.” However, one key various polymorphs including both nonferroelectric and
concern with HfO,-based FeFETs, particularly for NVM ferroelectric phases."> Consequently, for a ferroelectric phase
applications, is their limited memory window (MW) of < ~1—

2 V.° For sufficient sensing margins and reduced bit flip error Received: September 25, 2023

rates, it is important to secure a large MW in FeFETs. Several Revised:  January 17, 2024

approaches have been proposed to enhance the MW of HfO,, Accepted:  January 18, 2024

FeFETs, including clual-gating,6 utilizing thicker HfO, layers Published: January 25, 2024

(~20 nm),” or engineering the area ratio of the ferroelectric

layer and the metal-oxide-semiconductor layer.”
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Figure 1. n- and p-type FeFETs using multilayer WSe, flakes and ferroelectric Alj¢sScy3,N. (a) Schematic diagram of a multilayer WSe,/
AIScN FeFET. A ferroelectric AIScN/Pt is integrated as the back-gate of the FET, with multilayer WSe, as the channel material and Ti or Pd
as the contact electrodes to achieve the n-type or p-type FeFET. (b) Optical microscopy (OM) image of the fabricated FeFET. (c and d)
Narrow range (dotted line) and wide range (solid line) of transfer characteristics (Ids—Vgs) of (c) the n-type multilayer WSe, FeFET with Ti
contact electrodes and (d) the p-type multilayer WSe, FeFET with Pd contact electrodes. The transfer curves are recorded at a rate of 10 Hz
with a V spacing of 0.2 V. (e and f) Transfer characteristics of the 50 nm SiO,/WSe, FET (dotted line) and the 45 nm AlScN/WSe, FeFET
(solid line). (e) n-type FET/FeFET with Ti contact electrodes and (f) p-type FET/FeFET with Pd contact electrodes. (g and h) Energy band
diagram of the (g) Ti-contacted n-type WSe, FeFET and (h) Pd-contacted p-type WSe, FeFET.

of AIScN, there is no need for additional postannealing or
other phase stabilization processes, offering the advantage of
uniform device performance.

Despite these outstanding ferroelectric properties and the
promising performance demonstrated by both HfO, and
AlScN FeFETs, a majority of studies in this field have primarily
focused on n-type FeFETs (n-FeFETs), while research on p-
type FeFETs (p-FeFETs) and ambipolar FeFETs remains
limited. Particularly, the demonstration of p-type or ambipolar
FeFETs using AIScN has yet to be achieved. The lack of p-type
components for complementary FeFETs and the absence of
ambipolar FeFETs can restrict the potential applications of
various circuits. For example, complementary FeFETs enable
the realization of various circuit applications, including
nonvolatile static random-access memory (SRAM),"” reconfig-
urable circuits combining logic and memory functional-
ities,"'* and content-addressable memory (CAM).'® More-
over, it has been recently reported that a single ambipolar
FeFET can fully function as CAM or ternary CAM (TCAM)
which typically reclluires the use of 16 CMOS transistors or at
least 2 n-FeFETs."” Hence, the implementation of ambipolar
and BEOL-compatible FeFETs facilitates the development of
ultrascalable CAM arrays, which hold great potential for future
logic-in-memory applications.

In this study, we present the successful demonstration of
FeFETs with different polarities, ie., n-type, p-type, and
ambipolar, through the integration of 45 nm thick AIScN and
multilayer/monolayer WSe,. Several notable aspects of our
work are emphasized. First, all three FeFET types are realized
using a single-channel material, WSe,. Contact engineering at
the metal—semiconductor junction (MS]) allows modulation
of the dominant injecting carrier type, resulting in the polarity
change in the FeFETSs. This strategy is advantageous for large-
scale integration in that an additional doping process or change
to the channel material is not required. Second, the FeFETs
are demonstrated at the array level, and their transfer
characteristics exhibit reliable and reproducible behavior with
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a large MW of over ~6 V and an ON/OFF current (I,,/I,¢)
ratio exceeding ~10". Further, the electron and hole current
densities of our FeFETs in the ON-state (I_,) are found to be
~20 and ~10 uA/um, respectively, at a Vg of 1 V|,
representing exceptional performance in WSe,-based FeFETs.
Finally, we report a device operation analysis using the
technology-computer-aided-design (TCAD) simulation, show-
ing similar transfer characteristics to experimental results. The
simulation results lead to a deeper understanding of the
operation of our WSe, FeFET device operation. Notably, the
simulations suggest that the WSe, FeFETs operate in the
minor loop of FE switching, and even the minor loop P, of
AlScN results in a large conduction from majority carriers and
an unignorable conduction from minority carriers.

RESULTS AND DISCUSSION

Multilayer WSe,/AIScN FeFET. The fabricated FeFET
structure is depicted in Figure la. A 45 nm thick layer of
ferroelectric Aly¢Scy3,N is grown on Pt (150 nm) with a
(111) crystallographic orientation by using sputtering. Detailed
information regarding the growth conditions, methods, and
ferroelectric properties of AljgsScy,N can be found in our
previous studies.'”® On top of the AIScN, multilayer WSe,
flakes with a few micrometer-scale lengths were exfoliated,
followed by a metallization process for the deposition of
source/drain (S/D) contact electrodes. For the n-FeFET, a
small work function metal (Ti) was used, while a large work
function metal (Pd) was used as the contacts for the p-FeFET.
Figure 1b shows an optical microscopy (OM) image of a
representative WSe, FeFET with a channel length of ~1-5
pum.

A representative transfer curve obtained from an n-FeFET
and a p-FeFET is shown in Figures 1c and 1d, respectively. In
Figure 1c, when a narrow range of gate-source voltage (V,,) of
< +5 V is used for the voltage sweeps for the n-FeFET, a
clockwise hysteresis of drain-source current (Iy) is observed
because the charge trapping effect is dominant over the

https://doi.org/10.1021/acsnano.3c09279
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Figure 2. n-, ambipolar, and p-type FeFET arrays using monolayer WSe,and ferroelectric Al ¢;Sc, ;,N. (a) Schematic diagram of a monolayer
WSe,/AIScN FeFET. A ferroelectric AIScN/Pt is used as the back-gate, with exfoliated/MOCVD monolayer WSe, as the channel material
and In or Pd as contacts to achieve the n-type or p-type/ambipolar FeFET. (b) Cross-sectional bright-field TEM image of the monolayer
WSe,/AIScN FeFET. (c) Magnified SEM image utilizing an in-lens backscattered detector to confirm the channel length of the monolayer
WSe,/AIScN FeFET. S, source; D, drain. (d) SEM image of the FeFET array. (e—g) Experimental multiple transfer characteristics at room
temperature of (e) n-type FeFETs, (f) the ambipolar monolayer, and (g) p-type FeFETs using monolayer WSe,. (h—j) Simulated transfer
characteristics of (h) n-type FeFETs, (i) ambipolar FeFETs, and (j) p-type FeFETs with the same device structure as the experimentally
fabricated device structure. More details of the simulation are described in the Methods and Note S1.

ferroelectric switching in the small V, range. In contrast, as the
range of the Vi, sweep increases (> £12 V), the ferroelectric
switching effect becomes more prominent, resulting in a
counterclockwise hysteresis of the I;. This counterclockwise
loop is an important feature of n-FeFET operation.” In
contrast, for p-FeFET, the hysteresis is in the opposite
direction (Figure 1d). Initially, the transfer curve exhibits a
counterclockwise hysteresis loop in the narrow Vi, sweep (<
19 V), and as the sweep range is increased (V, > +15 V), the
hysteresis becomes clockwise. This reversal of the hysteresis
loop direction is also one of the key features of the p-FeFET
operation.

To further confirm the ferroelectric switching of the
FeFETs, a comparison was made with a WSe, FET fabricated
on thermally grown silicon oxide (SiO,) as the gate insulator
instead of AIScN. A degenerately doped Si wafer was the
substrate underlying the SiO,. We note that all the fabrication
processes and contact metals used for both the WSe, FeFET
and WSe, FET were identical, with the only difference being
the substrate (i.e, 45 nm thick AlyScy3;,N vs SO nm thick
Si0,) functioning as the gate insulator. For the n-type and p-
type WSe, FETs on the SiO, dielectric (gray curves in Figures
le and 1f), regardless of the V,, sweep range, the hysteresis
loop shows a clockwise and counterclockwise direction,
respectively, since SiO, is not a ferroelectric material. Previous
reports have indicated that the hysteresis observed in 2D FET's
originates from charge trapping at the dielectric interface
between the 2D channel and oxides.'”*° Therefore, the
distinct difference in the hysteresis behavior of 2D FeFETs

4182

and FETs provides further evidence supporting the ferro-
electric switching in the AlScN-based devices.

To qualitatively depict the operating mechanisms of the n-
FeFETs and p-FeFETs, we show energy band diagrams in
Figure 1g and 1h, respectively. In the case of the n-FeFETs, the
Fermi level of the small work function metal Ti is aligned near
the conduction band (E¢). Consequently, when a positive gate
voltage is applied, electrons are the predominant carriers
injected at the MS junction, leading to the dominant electron
conduction. On the other hand, in the p-FeFET, the Fermi
level of the large work function metal, Pd, is aligned near the
valence band (Ey). As a result, hole conduction becomes
dominant. Utilizing different metals with distinct work
functions can control the Fermi level alignment and achieve
the desired conduction type in the FeFETs.

Arrays of Monolayer WSe,/AIScN FeFETs. While the
successful demonstration of n-FeFETs and p-FeFETs using the
exfoliated micrometer-scale WSe, through simple contact
engineering is important, it poses challenges for scaling up to
arrays of FeFETs suitable for practical circuit applications. The
devices fabricated using randomly exfoliated WSe, exhibit
unignorable variations in the transfer curves (Figures lc—1f),
which is caused by the thickness-dependent energy band
structure of WSe,. This lack of uniformity hampers the
scalability and reproducibility required for large-scale arrays of
FeFETs. To overcome this limitation, we implemented
FeFETs using millimeter- to centimeter-scale monolayer
WSe, obtained through the large-area exfoliation method”'
or utilized monolayer WSe, grown via metal—organic chemical
vapor deposition (MOCVD) on a 2 in. sapphire wafer (Figure

https://doi.org/10.1021/acsnano.3c09279
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2; see the Methods for more details). This approach ensures
that the thickness and energy band structure of the WSe, are
more consistent, minimizing device-to-device variations and
enhancing the potential for large-scale array integration.

Figure 2a presents the corresponding schematic of the
device structure, which is similar to the schematic shown in
Figure la, with the difference being that the WSe, used is a
large-area monolayer instead of a multilayer flake. Trans-
mission/scanning electron microscopy (T/SEM) was con-
ducted to confirm the device structure, as presented in Figures
2b—2d. These images confirm the dimensions of the fabricated
FeFETs, with a channel length and width of ~500 nm and ~20
pum, respectively. The corresponding energy dispersive spec-
troscopy mapping images also confirm the successful
fabrication of FeFETs based on monolayer WSe, (Figure
S1). Despite the change in the scale/thickness of WSe, for
improved device performance uniformity, the demonstration of
n-type, p-type, and ambipolar FeFET's has still been achieved
through metal contact engineering. Specifically, low work-
function metals (Ti and In) are employed for n-FeFETs, while
large work-function metals (Pd, Pt, and Au) are utilized for p-
type and ambipolar FeFETs.

Figure 2e presents the transfer curves of six n-FeFETs
having an In contact on the large-area monolayer WSe,. For
the electron-conduction regime (Vgs of ~—1to 10 V), the I,/
I 4 ratio exceeds ~107, and the I, reaches ~21.3 gA/um at Vy,
=1 V. The MW values normalized by thickness (~0.06—0.14
V/nm) are larger compared to those of other FeFET's based on
different ferroelectric materials and 2D WSe, channels
(~0.01-0.13 V/nm).>*~° Although Ti metal is also used for
an n-type contact metal, which was also employed in previous
multilayer WSe, n-FeFETs, the I, and I,,/I ¢ are more than
~10—100 times smaller compared to In-contacted FeFETs
(Figure S2). This discrepancy is attributed to the chemical
reactivity of Ti with transition metal dichalcogenides
(TMDs),””** leading to the formation of Se vacancies and
glassy WSe, layers leading to increases in contact resistance. In
contrast, it has been reported that In metal does not chemically
react when deposited on TMDs. Indium has a small work
function of ~4.1 eV, enabling an ohmic contact to create n-
type FETs.”” It should be noted that the deposition rate for the
In contact was kept below ~0.03 A/s to minimize any high-
energy damage of the WSe, surface (see the Methods for more
details). However, even with an In contact, the entire
suppression of hole conduction (at Vi, values of —10 to —4
V) is not achieved. This behavior is attributed to the large P, of
AIScN. When the polarization direction of AlScN is aligned
opposite to the WSe, channel, a substantial number of the
holes are induced in WSe, because of the large P, of AlScN™
(~70—130 pC/cm?). This phenomenon is analyzed in more
detail using TCAD simulations, which are explained in the
subsequent sections.

To demonstrate the p-FeFETSs, Pd metal is again used as the
contact on monolayer WSe, (with the same crystalline quality
in Figure 2e), and the corresponding transfer curves of
different devices are depicted in Figure 2f. However, unlike the
Pd-contacted multilayer WSe, FeFET (Figure 1d), the Pd-
contacted monolayer WSe, FeFET exhibits ambipolar transfer
characteristics (Figure 2f). This discrepancy is attributed to the
different energy band structures between monolayer and
multilayer WSe,. The bandgap and electron affinity of
monolayer WSe, are approximately 1.7 and 3.7 eV,
respectively,”® whereas those of multilayer WSe, are 1.2 and
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4.0 €V, respectively.’' Due to the larger bandgap in monolayer
WSe,, even with the use of a large work function metal like Pd
as the contact, the Fermi level of the metal appears to be
aligned near the middle of the bandgap.

For the electron (at Vi, of —1 to 10 V) and the hole
conduction (at Vi, of —10 to —1 V) in the Pd-contacted
monolayer WSe, ambipolar FeFET, the I /I ¢ ratio is ~107
and ~5 X 105 respectively (Figure 2f). The corresponding
current levels reach up to ~18.9 puA/um for electron
conduction and ~9.8 yA/um for hole conduction at Vg = |1
VI. It is noteworthy that the electron current exhibits a
counterclockwise hysteresis with a MW of ~7 V, while the hole
current displays a clockwise hysteresis with a MW of ~5 V.
This indicates that both P/N polarities are primarily governed
by ferroelectric switching rather than charge trapping, further
highlighting the essential role of the AIScN ferroelectric layer
in the operation of these FeFETs.

To realize a true p-FeFET (instead of the ambipolar FeFET
demonstrated in Figure 2f), other large work function metals,
Pt and Au, were deposited via electron-beam (e-beam)
evaporation on the contact area of the monolayer WSe, as
an alternative to Pd. However, for both metals, not only did
they fail to exhibit p-FeFET characteristics but also the I,
values and I,/ ¢ ratios were significantly smaller compared to
those of FeFETs with Pd contacts (Figure S2). In particular,
when Pt was deposited in the S/D region, most devices did not
show any current flow. This can be attributed to the high e-
beam power required for Pt evaporation,32’33 resulting in
severe damage to the WSe,. While previous reports suggest
that Pt can be a suitable p-type contact metal for 2D TMD
FETs if it is deposited with a low deposition rate in a high-
vacuum environment,’>***> further optimization of Pt
deposition conditions (e.g., metal-to-substrate distance)®* for
p-type FeFETs will be necessary in future work.

In light of these challenges, an alternative approach was
pursued by replacing the mechanically exfoliated multilayer
WSe, with a MOCVD-grown monolayer WSe,. MOCVD-
grown WSe, has been found to possess a more defective
surface, with Se vacancies and oxygen substitutions, compared
to exfoliated WSe,, leading to a strong gap-state pinning at the
MS]J interface where the Fermi level is closer to the Ey of
WSe,***>¥ By exploiting this p-type characteristic of
MOCVD-WSe,, the successful demonstration of a p-type
FeFET was achieved by depositing Pd as the contact metal, as
shown in Figure 2g. The I,,/I.4 ratio (~10°) and I, (~2.7
uA/um) of the p-type FeFET (Figure 2g) were found to be
~10—100 times lower than those of the n-type or ambipolar
FeFETs (Figures 2e and 2f). This discrepancy can be
attributed to the lower conductivity of MOCVD-grown
WSe, when compared to exfoliated WSe,.** Additionally, the
MW was confirmed to be ~3.5 V (~0.08 V/nm), which is ~2
times lower than those of the n-type or ambipolar FeFETs.
The smaller MW is speculated to be due to the more
substantial charge trapping effect caused by a larger amount of
Se vacancies and oxygen substitution in MOCVD WSe,
compared to exfoliated WSe,. It has been reported in prior
literature that a charge trap at the interface of WSe, and the
substrate results in a counterclockwise hysteresis loop (for a p-
type transistor), which is opposite to a ferroelectric switching-
induced clockwise hysteresis loop.”® Therefore, the charge
trapping effect offsets the FE switching effect, resulting in a
smaller MW on the p-side. Consequently, further optimization
of p-type contact engineering or the application of doping
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techniques should be considered to enhance the performance
of p-FeFETs in future research on these devices.

Analysis of Polarity Control in FeFETs. To validate the
experimental findings, Sentaurus TCAD simulations were
performed. The device structure and dimensions used in the
simulations match those in the experiments (Figure 2a). For
the AIScN ferroelectric, the following material parameters were
used: Ec of 4 MV/cm, P, of 50 uC/cm? P, of 121 uC/cm?,
and a dielectric constant of 18. As shown in Figure S4, the
WSe, FeFET operates with only partial FE switching, and thus
the P, of AlScN is set as SO #C/cm? in the simulation. As for
the channel material, since Sentaurus does not provide a
specific parametric model for WSe,, we adjusted the
parameters including affinity, bandgap, dielectric constant,
mobility, etc. of the built-in Si model, based on previously
reported values in relevant literatures. A detailed list of
simulation parameters and the relevant literature is provided in
the Methods and Note S1. We examine the effect of different
metal contacts on WSe, by varying the doping concentration
of WSe, selectively, only in the S/D region, while leaving the
rest of the device structure unchanged. Specifically, the WSe,
channel region not covered by the S/D metal was treated as
intrinsic (i.e., undoped). On the other hand, the WSe, area
under the S/D regions is presumed to undergo charge transfer
doping caused by the Fermi level difference between the metal
and WSe,, which varies depending on the choice of contact
metal. Consequently, WSe, covered by S/D was set to either n-
type (with an electron concentration of 10'® cm™), intrinsic
(undoped), or p-type (doped with a hole concentration of 10
cm™?

Figure 2h presents the simulated transfer curve when n-type
doping is applied to the S/D contact region of WSe,. This
simulation replicates the n-FeFET transfer characteristics
observed in the experimental results with In-contacted
FeFETs. Also, it should be noted that even when the S/D
region of WSe, is n-doped, the hole current (Vgs of —10 to —2
V) is not fully suppressed (Figure 2h), consistent with the
experimental findings (Figure 2e). Figures 2i and 2j depict the
simulated ambipolar and p-FeFET transfer characteristics
when the S/D contact region of WSe, is undoped and p-
doped, respectively. These simulation results support our
analysis that the Fermi level of the metal is pinned near the E,
midbandgap (E/2), or near the Ey of WSe,, depending on the
contact metals and their work functions.

To analyze the modulation of the Fermi level at the MSJ
interface, the theoretical transfer curves were obtained in
Figures 3a and 3b. For both the n-FeFET and p-FeFET cases,
the doping concentration in the WSe, S/D region was varied
from 1 X 10 to 1 X 10" cm™ (Figures 3b and 3c). As
expected, the hole current (electron current) decreases as the
S/D n-doping (p-doping) concentration increases from 10'° to
10" cm™>. Even when the S/D doping concentration is set as
high as ~10" cm™ in this simulation, the minority carrier
conduction is not fully suppressed, which results in an
undesirable current. This is because even a P, value of 50
ucC/ cm? is too large for an atomically thin channel, and it can
accumulate in the channel with both minority and majority
carriers, resulting in high conduction. The accumulated carrier
concentration resulting from a P, of 50 uC/cm® in AIScN
reaches ~4.46 X 10*' cm™ (~P,/q, where ¢ = 1.6 X 107" C is
the elementary charge). Therefore, channel doping via
substitutional dopants would need to be considered in future
work to completely block the hole current in WSe,/AlScN n-
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Figure 3. Theoretical analysis of monolayer WSe,/AlScN FeFETs
using TCAD simulations. (a and b) Simulated transfer curves of
monolayer WSe,/AlScN (a) n-type FeFETs and (b) p-type FeFETs
depending on the doping concentration of the S/D region of WSe,.
The doping concentration is varied from 10'° to 10'° cm™>. For the
AIScN, the E, P,, and P; are defined to be 4 MV/cm, 50 £C/cm?,
and 121 uC/cm?, respectively. (c and d) Extracted ratio of electron
and hole current from the simulated transfer curves depending on
the (c) n-doping concentration at the S/D region of WSe, and (d)
p-doping concentration at the S/D region of WSe,. The X sign in
(c and d) indicates the experimentally obtained values.

FeFETs. To quantitatively compare the simulation results, the
Ljectron/Ihole  Values are extracted from each transfer curve
(Figures 3c and 3d). The experimental results obtained from
our FeFETs are correspondingly marked as cross-points (X) in
Figures 3¢ and 3d. We observe that the Fermi levels of the S/D
metals and the corresponding I . iron/Ihol Values are effectively
modulated depending on the contact metal; that is, n-doping
of 7 X 10" cm™ and p-doping of 10" cm™ for n-FeFET with
In and p-FeFET with Pd contacts, respectively.
Performances of FeFETs. In order to evaluate the figure
of merit of our device in comparison to previously reported
WSe, FeFETs or FETs, we measure the output characteristics
of our ambipolar WSe,/AlScN FeFETs for both electron and
hole currents while varying the Vi, from 0 to +11 V, as
depicted in Figure 4a. At a Vg of +£1 V and a Vi of £11V, the
electron and hole current densities approach ~20 and ~10
UA/pm, respectively. Although the electron current density
exhibited twice the magnitude of the hole current density, we
observed a fair degree of symmetry in the behavior, allowing
for compensation of the current level by controlling the
channel width of our device. Furthermore, by increasing the
V,, to 3 V (Figure SS), the electron current density reaches up
to ~60 pA/pum. As illustrated in Figure 4d, the electron current
densities in our device (solid red star) exhibit the highest
values among both n-FeFETs (solid blue square)/n-FETs
(solid gray circle), and the hole current of our FeFET (opened
red star) shows the highest current density among p-FeFETs
(opened blue square) and the second-highest level among all
reported p-FETs (opened gray circle) based on 2D WSe,
channels. The detailed values presented in Figure 4d are
available in Table S1. Furthermore, our FeFETs showed the
largest I,,/I¢ (~107) and normalized MW (~0.14 V/nm)
concurrently among all reported WSe, FeFETs (Figure 4e).
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Figure 4. Output characteristics, retention, and benchmarking. (a) Linear-scale output characteristics of a representative ambipolar FeFET at
various gate voltages (Vgs). (b and c) Retention measurement of the (b) electron conduction side (read at Vs of 5 V and Vg, of 10.1 VI) and
(¢) hole conduction side of the ambipolar FeFET (read at V,, of —5 V and Vy; of 10.1 Vl). (d) Endurance measurement of the electron
conduction side. Programming and erasing gate voltages are 110 VI, and the read gate voltage is 5 V, while V, is fixed at 10.01 VI. The average
pulse width is around 40 ms. (e) Comparison of the on-current (I,,) from the reported WSe, FET/FeFETs in the literature with various
dielectric/ferroelectric gates.”> >*****~*” (f) Comparison of the ON/OFF current ratio (I,,/I,;) and normalized MW from the reported

‘WSe, FeFETs in the literature with various ferroelectric materials.
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Finally, we perform retention and endurance measurements
on our FeFET devices. Figure 4b demonstrates the retention
behavior of the ON and OFF states on the electron current
side, and Figure 4c presents the retention results for the ON
and OFF states on the hole current side in the ambipolar
FeFETs. Notably, both sides of the current exhibit excellent
stability for a duration of up to 10* seconds. This observation
suggests the potential for nonvolatile memory devices with
programming and reading schemes using both positive and
negative voltages in the same FET device. This distinctive
property indicates that the ambipolar FeFET's are suitable not
only for embedded NVM applications but also for unique
CAM architectures. Figure 4d shows the endurance cycle of
the electron conduction side of the ambipolar FeFET. The
maximum number of endurance cycles was confirmed to be
>5000. In the initial stages of the switching cycle, a
pronounced wake-up effect is observed, characterized by an
increasing ON/OFF ratio. Then, as the cycle progresses, this
ON/OFF ratio ultimately diminishes to zero, indicative of
device failure. Throughout the endurance cycle testing, a few
instances are observed where blue points emerge among the
red, suggesting that the states fail to switch during those cycles,
thereby contributing to the error rate of FE switching. To
enhance cycling endurance, minimize the wake-up effect, and
minimize error rates, a comprehensive investigation into
endurance cycling behavior is imperative in future works.

CONCLUSION

In summary, we demonstrate the fabrication and operation of
all three types of FeFETs (n-type, p-type, and ambipolar)
based on the integration of multilayers and monolayers of
WSe, integrated with AIScN. Through contact engineering, we
achieved reliable and reproducible transfer characteristics. To
support our experimental findings, we performed an in-depth
analysis of WSe,/AIScN FeFET operation using TCAD
simulations. Our analysis supports that the FeFETs operate
under minor ferroelectric loop switching of the AIScN.
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Notably, our FeFETs exhibit high electron and hole current
densities, reaching up to ~18.9 and ~9.8 yA/um at a Vy of 11
VI and up to ~60 and ~11 pA/pum at a Vg of 13 VI,
respectively. These values are among the highest reported for
WSe, FET devices to date. Additionally, our devices exhibit
MW and normalized MW values exceeding ~6 and ~0.14 V/
nm, respectively, among the highest reported for WSe,
FeFETs. Our work advances the development of high-
performance ferroelectric memory devices using Il-nitride
terroelectrics and 2D semiconductors renewing possibilities for
integrating them into future nanoelectronic systems.

METHODS

Device Fabrications. The depositions of 45 nm AIScN were
performed on 4 in. Pt(111)/Ti/SiO,/Si wafers via 150 kHz pulsed dc
cosputtering with 20 s.c.cm. N, flow under 8.3 X 10™* mbar in an
Evatec CLUSTERLINE 200 II pulsed d.c. sputtering system. The
chamber temperature was maintained at 350 °C, a BEOL-compatible
thermal budget. Notably, to minimize the oxidation of AIScN,
deposition of a S0 nm Al capping layer on the AIScN layer was
performed at 150 °C without breaking the vacuum. The Al capping
layer prevented the oxidation of AIScN even after the sample was
taken out of the sputtering chamber. Next, an exfoliated or MOCVD-
grown monolayer WSe, thin film was transferred onto the as-grown
AIScN using a KOH-based wet transfer method. Notably, the WSe,
was transferred after etching the Al using 1% HF solution, and the
AlScN sample was kept inside a nitrogen glovebox during the period
preceding the WSe, transfer to prevent any significant oxidation. A
polymeric supporting layer of poly(methyl methacrylate) (PMMA)
was coated on the WSe,/sapphire substrate, and then the stack was
floated onto a 0.1 M KOH solution to detach the WSe, from the
sapphire substrate. The detached PMMA/WSe, freestanding layer
was rinsed multiple times with distilled ionized water to avoid any
damage to the AIScN from residual KOH-based substances. After the
PMMA/WSe, layer was transferred onto the AlScN, the PMMA was
removed by immersing it in acetone for 10 min. Source and drain
contacts of In/Au (10/40 nm) were defined using e-beam lithography
(Elionix ELS-7500EX) followed by thermal evaporation (Kurt J.
Lesker Nano-36). The use of a PMMA-based e-beam resist
necessitated a thermal treatment at 180 °C for 10 min. To minimize
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any high-energy processes during the metal deposition, the deposition
rate was kept below 0.03 A/s. The channel was defined using a
reactive ion etcher (RIE) with oxygen gas (Jupiter II RIE Plasma
Etcher). The Pt layer underneath the AIScN was used as the global
gate contact, and the gate contact area was formed by wet etching
AIScN from a corner of the sample through immersion in a KOH
solution. No additional heat treatment was performed after the device
fabrication.

Large-Area (Centimeter- to Millimeter-Scale) WSe, Exfolia-
tion. WSe, monolayers were exfoliated and transferred using §old
tape, following the procedures in the previous study.*® A
polyvinylpyrrolidone (PVP) film is spin-coated on a 150 nm thick
gold film on a SiO,/Si substrate, and then the PVP/gold film was
released using a thermal release tape. A gold tape was attached to a
freshly cleaved WSe, bulk crystal (HQ graphene) to produce a
monolayer with various sizes up to the lateral size of the bulk crystal.
Exfoliated monolayers were transferred to AIScN substrates.

MOCVD Growth of Monolayer WSe, Methodology. The
growth of monolayer WSe, on a 2” diameter c-plane sapphire was
carried out in a metal—organic chemical vapor deposition (MOCVD)
system equipped with a cold-wall horizontal reactor with an
inductively heated graphite susceptor with gas-foil wafer rotation.*’
Tungsten hexacarbonyl (W(CO)4) was used as the metal precursor
while hydrogen selenide (H,Se) was the chalcogen source with H, as
the carrier gas. The W(CO)4 powder was maintained at 30 °C and
400 Torr in a stainless-steel bubbler. The synthesis of the WSe,
monolayer is based on a multistep process consisting of nucleation,
ripening, and lateral growth steps, which was described previously. In
general, the WSe, sample was nucleated for 30 s at 850 °C, then
ripened for S min at 850 °C and S min at 1000 °C, and then grown
for 20 min at 1000 °C, which gives rise to a coalesced monolayer
across the entire 2” wafer.

Characterizations and Simulations of the FEFETs. The SEM
images were obtained using a TESCAN S8000X instrument,
employing a backscattered detector at an energy of S keV.
Transmission electron microscopy was performed on samples
prepared using the focused ion beam liftout method (using a
TESCAN S$8000X). TEM was performed with a JEOL F200
instrument. The electrical measurements were performed in ambient
air at room temperature by using a Lakeshore probe station and a
Keithley 4200A semiconductor analyzer. In the TCAD simulations in
Figure 2, the only difference between the n-type, p-type, and
ambipolar FeFETs is the extrinsic carrier concentration () in the S/
D area of WSe,; for example, 10'® cm™ is applied for WSe,
underlying S/D, while the channel area of WSe, is undoped
(intrinsic) for all three cases. For AlScN, the E. and P, are defined
to be 4 MV/cm and 60 ,uC/cmZ, respectively.
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