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Multifunctional MoTe, Fe-FET Enabled by Ferroelectric

Polarization-Assisted Charge Trapping

Jing Gao, Xu Lian, Zhixian Chen, Shu Shi, Enlong Li, Yanan Wang, Tengyu Jin,
Huipeng Chen, Lei Liu, Jingsheng Chen, Yao Zhu, and Wei Chen*

The “Internet-of-Things”-based information society requires the devices to
possess high scaling capability as well as rich functionalities. Hybrid sys-
tems coupling 2D semiconductors and functional ferroelectrics are attracting
increasing attention as complementary devices to the existing silicon systems
due to their outstanding electronic and optoelectronic performances. In this
work, interfacial states are introduced on the ferroelectric Hfy sZry 5O, thin
film during the annealing process. Utilizing the synergetic effect of ferroelec-
tric polarization and charge trapping behavior, a multifunctional 2D Fe-FET

is demonstrated, exhibiting reliable memory properties, tunable synaptic

applications, shrinking the characteristic
size or increasing the functionalities of one
single device is greatly desired,'! particu-
larly for central process units, memory, and
image sensors as well as neuromorphic
devices. Recently, considerable interest has
been dedicated to hybrid electronic devices
coupling two-dimensional (2D) materials,
e.g., graphene, with different ferroelectric
materials, like poly(vinylidene fluoride-
trifluoroethylene) [P(VDF-TYFE)],*7 lead

functions, and reconfigurable photodetection behaviors in one single device.
Among them, multiple storage levels are achieved with a long retention time.
Flexible plasticity including short-term plasticity (STP)/long-term plasticity
(LTP) is emulated successfully, and the excellent emulated synaptic behaviors
also contribute to the pattern recognition accuracy of =81% in artificial neural
network simulations. Furthermore, the ferroelectric polarization-dependent
optoelectronic response is observed, making it promising for the optoelec-
tronic logic device application. The results pave the way for the fabrication of

high-density data process systems with various functions.

1. Introduction

With the rapid evolution of microelectronic technology and
the increasing demand for functional devices for data-centric

zirconium titanate (Pb(Zr,Ti)O;, PZT) and
other complex oxides with perovskite struc-
ture for memory and logic applications.®!
Atomically thin 2D semiconductors pos-
sessing diverse electronic, optoelectronic,
and mechanical properties can be suitable
beyond-silicon options for the semicon-
ductor industry.' In addition, the dif-
ficulty in achieving ferroelectric/silicon
interfaces with high structural quality when
integrating the ferroelectric field-effect
transistor (Fe-FET) devices into CMOS
technology can be potentially addressed
because of the strong covalent bonds within 2D materials,
making chemically stable interface possible. More importantly,
the large surface-to-volume ratio of 2D semiconductors makes
them highly sensitive to their surface and interface environment,
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which greatly enhances their response to external stimuli.'2"%3]

In the hybrid 2D materials/ferroelectrics systems, the interplay
between the intrinsic ferroelectric polarization switching in the
ferroelectric materials and charge dynamics behaviors at the
interface states may be leveraged to introduce novel electrical and
optoelectrical features.

Ferroelectric materials have become an important part of
advanced microelectronics since their successful integration with
the semiconductor industry.®! However, widespread appli-
cation of the thin film ferroelectric materials still faces serious
challenges because of the reduced long-range Coulomb coupling
and the strengthened depolarization electrostatic field when the
thickness of the film drops to several or tens of nanometer.'*-"]
Recently, the discovery of ferroelectricity in doped HfO, ushered
in a pathway for ferroelectric-based electronic devices in high
volume semiconductor manufacturing by providing a possible
solution to bridge the scaling gap between perovskite ferroelec-
tric materials and Si-based semiconductor technology.[' 18]

Therefore, hybrid systems based on 2D semiconductors
and HfO,-based ferroelectric thin film provide the possibili-
ties for the development of next-generation functional devices
with ultrathin dimensionality, enhanced performance, and rich
functionalities. Particularly in transistor-like device configura-
tion, carriers in the 2D materials channel can be modulated by
the ferroelectric polarization of the adjacent ferroelectrics,™
showing appealing characteristics for its application in non-
volatile memory and logic devices with low-power consumption.

Here, we report a multifunctional 2D Fe-FET device
employing 2D MoTe, and ferroelectric Hf, sZry 50, (HZO) thin
film. The effects of interfacial charges on the electronic trans-
port and optoelectrical response in the MoTe,-HZO Fe-FET are
demonstrated. Clockwise hysteresis behavior attributed to the
charge trapping on annealing-introduced surface states in HZO
is observed in transfer characteristics, which can be evidenced
by the ultraviolet photoelectron spectroscopy (UPS) measure-
ment. The reliable non-volatile memory performance can be
achieved due to the synergetic effect of ferroelectric polariza-
tion and charge trapping behavior. Moreover, the device can also
function as an artificial synapse showing flexibly modulated
plasticity behaviors, such as short-term plasticity (STP) and long-
term plasticity (LTP) characteristics. A fully connected neural
network (FNN) model is also simulated to conduct recognition
of the handwritten digital pattern, showing an accuracy of 81%.
Furthermore, the device demonstrates unique optoelectronic
properties, which shows the ferroelectric polarization-dependent
optoelectrical response feature, making it promising for optoelec-
tronic logic device applications. Considering the complementary
metal-oxide-semiconductor (CMOS) technology compatibility of
HZO and the possibility for the large-scale growth and transfer
of 2D materials,?>2 our results shed light on the fabrication of
high-density data process systems with various functions.

2. Results and Discussion

2.1. Device Working Mechanism and Electrical Characterizations

The 2D Fe-FET device was constructed by utilizing a
20 nm HZO as the gate dielectric and dry transferring a
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two-dimensional MoTe, flake onto it. The used 20-nm-thick
HZO thin film was grown on the Si substrate by the atomic
layer deposition method followed by annealing in an N, atmos-
phere at 400 °C for 2 h. The schematic diagram and optical
image of the 2D Fe-FET device can be found in Figure la
and Figure Sla in the Supporting Information, respectively.
Atomic force microscopy (AFM) image of the device displayed
in Figure S1b in the Supporting Information determines the
channel thickness to be around 10.6 nm, corresponding to
=11 layers.

The ferroelectric and insulating characteristics of the HZO
film were verified first. Piezoresponse force microscopy (PFM)
measurement was conducted to characterize its ferroelectricity
properties. Figure S2a,b in the Supporting Information display
the out-of-plane (OOP) PFM amplitude and phase images under
the DC written bias (tip bias: £ 9 V). The obvious phase reversal
can be observed after applying the opposite voltage force, veri-
fying the existence of the switchable ferroelectric polarization
in HZO film. The local ferroelectric polarization switching of
HZO in the OOP direction is displayed in Figure 1b. The PFM
phase (black dots) loop with the 180° phase-contrast together
with the prominent amplitude (red dots) hysteresis loop further
confirm the switchable ferroelectric polarization in the HZO
film under an external electric field. Furthermore, the break-
down voltage of a 15 nm HZO was investigated based on the
metal-insulator-metal (MIM) structure (Figure S2c, Supporting
Information) to evaluate its feasibility as the dielectric for elec-
tronic devices. Figure S2d in the Supporting Information dis-
plays the measured I4—V,q curve, where the Iy first increases
exponentially with V.4 and then rises abruptly to reach the com-
pliance level (107 A) set by the source measurement unit at
Via = 5.9 V. This voltage value is corresponding to a breakdown
field of 4.0 MV cm™, which is comparable to the values in other
commonly used dielectrics, confirming its capability to work as
the dielectric.?

The electrical characterizations of the MoTe, Fe-FET were
conducted. Figure 1c and Figure S3a in the Supporting Infor-
mation display the transfer characteristics (I,q—Vj) of the device
by applying different V, sweeping ranges and V4 values,
respectively, where the MoTe, Fe-FET shows obvious electron-
dominated clockwise hysteresis behavior under forward and
backward gate voltage (V) sweeping. It is worth mentioning
that the results of conductance tuning in our 2D semicon-
ductor channel by ferroelectric polarization are different from
the behaviors in previous reports, which mostly show the anti-
clockwise hysteresis for the n-type channel.?3-?% Clockwise hys-
teresis observed in previous studies were almost attributed to
the adsorption of molecules,?*?/l oxide traps close to the 2D
channel,?#2% intrinsic traps,?% and etc. As a result, we propose
that the interface traps between the 2D MoTe, channel and
HZO substrate are the possible origin for the observed clock-
wise hysteresis.

Schematic illustration of the hysteresis originated from
a) pure ferroelectric polarization (P,) switching and b) fer-
roelectric polarization assisted interfacial trapping effect
are shown in Figure 1d (ii) and (iii), respectively. The
corresponding transfer characteristics are displayed in
Figure 1d (i) and (iv). Although the ferroelectric polarization
in HZO is switched along the direction of the applied electric
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Figure 1. a) Schematic diagram of the 2D MoTe, Fe-FET device. b) Single point hysteresis loop obtained by SS-PFM method, the red line represents
amplitude change and the black line represents phase change. c) Transfer characteristics (Iq-Vy) of the device under different V, sweeping ranges
(1 to £3 V) at a fixed V4 =100 mV. The directions of the hysteresis loops are indicated by the arrows. d) Schematic image of the hysteresis originated
from different mechanisms, in which (i), (ii) illustrate the anti-clockwise hysteresis rising from the switch of the ferroelectric polarization, and (iii), (iv)
illustrate the clockwise hysteresis induced from ferroelectric polarization assisted interfacial trapping effect.

field, clockwise hysteresis appears because of the dominant
carrier trapping behavior at the interface traps, which deter-
mines the transfer characteristics of the MoTe, Fe-FET. As
shown in (iii) of Figure 1d, the initial positive bias in the back-
ward sweeping process can attract electrons into these trap
states from the MoTe, channel, thus leading to the electron
depletion behavior in MoTe,. Therefore, the MoTe, channel
exhibits the off state when V, sweeps to the 0 V. In contrast, for
the forward sweeping from a large negative bias, trapped elec-
trons are released from trap states and some holes are trapped
at interface traps. As a result, electrons are accumulated in the
MoTe, channel, turning the channel to on state at Vy=0V.
Due to such P, assisted interfacial trapping mechanism, clock-
wise hysteresis in the transfer characteristics can be observed.
The corresponding anti-clockwise hysteresis controlled purely
by the ferroelectric polarization switching in HZO (Figure 1d
(ii)) is displayed in Figure 1d(i). Ferroelectric polarization in
the HZO can be pointed to the downward direction (Pyoyn)
under the negative gate voltage, which depletes the electrons
in the MoTe, channel and induces the positive shift of the
threshold voltage (Vy,). On the contrary, the upward polariza-
tion induces electrons in the MoTe, channel electrostatically,
leading to the negative shift of the Vy,. Therefore, the pure
polarization switching results in anti-clockwise hysteresis.
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For our device, the transfer characteristics measured at
different V, sweeping rates and temperatures (measured at
other devices with the same configuration) also support the
P, assisted interfacial trapping mechanism. As shown in
Figure 2a, the hysteresis window gradually increases with
decreasing the sweeping rate, which is related to the carriers’
trapping kinetics. In addition, the hysteresis behavior becomes
more obvious with increasing the measurement temperature
(Figure 2b), because charge carriers become more active under
higher temperatures. The memory window defined as the dif-
ference of the threshold voltage (AVy,) can also be extracted
from Figure 2b, which increases linearly with the temperature
as displayed in Figure 2c. The clockwise hysteresis and the
increased memory window at higher temperatures indicate that
the appearance of the hysteresis is mainly due to interfacial trap
states, which are probably arising from surface defect states on
HZO induced by the annealing process. It is further confirmed
by the UPS spectra of the pristine HZO film and the HZO film
treated by 400 °C, as are shown in Figure 2d. In the valence
band spectra, it can be observed that the signals near the Fermi
level appear after annealing treatment, indicating the genera-
tion of the surface states. Moreover, as indicated in Figure S4 in
the Supporting Information, the density of surface states can be
changed by the annealing conditions such as temperature and
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Figure 2. a) I4—V; curves of the device under different V, sweeping rates. b) I,4—V, curves of the device measured at different temperatures. c) Extracted
memory window (difference in the threshold voltage) as a function of measurement temperature. d) UPS spectra for the valence band of the pristine
and after 400 °C annealed HZO film. e) XPS spectra for the core levels of Hf 4f and Zr 3d. f) Raman spectra of the channel material (2H-MoTe,) before

and after the test, in which the characteristic peaks remain the same.

duration. Utilizing the electrical transfer curves of the devices
(Figure S5, Supporting Information), the density of trap states
is estimated to be around 1.30 x 10'2-1.37 x 102 eV~ cm™.Bl
The Hf/Zr ratio can be determined from the X-ray photo-
electron spectroscopy (XPS) spectrum (Figure 2e) with the
value of about 1.02, indicating the Hfy5Zry;0, composition
of the sample. It is worth mentioning that the phase transi-
tion of the 2H-MoTe, is excluded. Before the test, the Raman
spectra of the MoTe, flake (black curve, Figure 2f) shows three
characteristic peaks at 171.2 cm™ (Ayg), 233.9 cm™ (E,,), and
289.6 cm™ (B,,), indicating its 2H crystal phase.’” After per-
forming all the electrical and optoelectrical measurements,
the Raman spectra does not show obvious variations (red line,
Figure 2f). Therefore, the clockwise hysteresis of our results is
attributed to the ferroelectric polarization-assisted interfacial
trapping effect of HZO.

The control devices have been investigated to confirm the
proposed working mechanism (Figure S6 and Figure S7, Sup-
porting Information). Figure S6a in the Supporting Informa-
tion shows the optical image of the h-BN-supported MoTe, FET
on the HZO film. The corresponding transfer characteristics
under different V; sweeping ranges (+3 to 16 V) at Vg =1V
are displayed in Figure S6b in the Supporting Information. It
can be seen that the h-BN-supported device possesses a much
smaller hysteresis owing to the atomically flat surface and low
density of charge trapping sites on h-BN. Figure S7a in the Sup-
porting Information shows the optical microscope image of the
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another control device. The control device is fabricated by the
same process as that in MoTe, Fe-FET except for the substrate
used here, which is based on the Si wafer with the 300 nm SiO,.
The output characteristics measured at various gate voltages in
logarithmic and linear scales are displayed in Figure S7b and c
in the Supporting Information, respectively, where the ohmic
contact can be expected between Ti/Au electrodes and MoTe,
channel due to the linear relationship between Iy and V.
Figure S7d in the Supporting Information demonstrates the
transfer curves under different V4 conditions, which show a
similar electron-dominated ambipolar transport behavior like
that in the MoTe, Fe-FET. However, negligible hysteresis was
observed for all measurements, demonstrating the role of fer-
roelectric polarizations for the non-volatile behavior.

2.2. Memory Application

Despite many previous works have employed the charge trap-
ping mechanism for non-volatile memory applications,33-34
however, non-ideal device performance was sometimes
observed, like Vy, instability and degradation of the relia-
bility,?>-3% due to the limited trapping strength of the trapping
states. In our work, with the help of ferroelectric polarization
in the HZO film, the interfacial charge trapping effect can
be strengthened, leading to stable switching behaviors. For
example, the transfer characteristics of the device remain
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Figure 3. a) Output characteristics of the device obtained when the HZO film at Fresh, Pyq,, and Py, states, respectively (V; =0 V). b) Evolution of
the channel current by applying V, pulses with different amplitudes at the fixed Vo4 = 0.5 V. c) Endurance characteristics of the device. Cyclic (=3 V, 2 s)
and (3 V, 2 s) V, pulses were used for writing and erasing operations and the reading operation was operated at Vg4, = 0.1 V.

stable after 100 sweeping cycles (Figure S3b, Supporting
Information), making it potential for applications in reliable
memory devices.

Firstly, the memory properties of the MoTe, Fe-FET
device were characterized. Output characteristics of the
device obtained under HZO in the Fresh, Py, and Py, states
are demonstrated in Figure 3a. Here, Pyoyy and P, mean that
the ferroelectric polarization is in the downward and upward
directions, respectively. The low resistance state (LRS) and high
resistance state (HRS) obtained in this device under different
HZO polarizations exhibit a high on/off ratio up to 10°. For
the control device in Figure S7 in the Supporting Information,
“Pyp” (“Paown”) state can also be conceptually defined as the
state after applying the positive (negative) V, to the device. The
I¢—Viq curves (Figure S7e, Supporting Information) almost
coincide with each other without memory function, which also
emphasizes the role of ferroelectric polarization and interface
traps in the MoTe, Fe-FET hybrid system. In addition, a broad
range of intermediate resistance states can also be obtained by
changing the V, amplitudes with the stable and long-retention
performance (over 2500 s), illustrating the excellent long-term
storage capability (Figure 3b). Furthermore, the dynamic con-
ductance modulation was also conducted under cyclic writing
and erasing ac operations by applying voltage pulses (£3 V, 2 s)
to the gate terminal and reading the channel current at V, =
0 V and Vg4 = 0.1 V. Reversible and reliable HRS-LRS switching
behaviors with an on/off ratio =9 x 10° can be observed over
100 cycles, implying good endurance of the Fe-FET (Figure 3c).
The memristive functionalities with multilevel and excellent
retention characteristics enabled by P, assisted charge trapping
shed light on such Fe-FET device for its application in neuro-
morphic computing.

2.3. Synaptic Application

Emulating the basic functions of biological synapses is sig-
nificant for artificial synaptic devices to construct the artificial
neural network.’”-*1 The biological synapses are the funda-
mental connecting blocks in biological neural systems, which
can transmit signals among neurons. The connection strength
between two neurons is known as the synaptic weight that can
change over time depending on the previous history, which
can give rise to many complex signal transformations in both
amplitude and time domains.*! Depending on the direction
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of the synaptic current (inward or outward), the membrane
potential can be increased or decreased, corresponding to the
evoked excitatory or inhibitory postsynaptic current (EPSC and
IPSC), respectively. These behaviors can be emulated by our
analog Fe-FET device via the increase or decrease of conduct-
ance induced by write and erase operations.

In our device, voltage pulses applied at the back-gate ter-
minal (V) and the drain terminal (Vyq) are analogized as the
pre- and postsynaptic spikes to trigger the postsynaptic cur-
rent (PSC), where the corresponding conductance of the MoTe,
channel resembles the synaptic weight (W). As demonstrated in
Figure 4a,b, the abrupt rise and then decline of the PSC can be
observed under one negative or positive presynaptic V, pulse,
corresponding to EPSC or IPSC behavior. Two kinds of plas-
ticity, denoted as short-term plasticity (STP) and long-term plas-
ticity (LTP), are well known in the biological system.[I2] The
STP, regarded as the physiological basis for critical computa-
tion, shows fast decay of the synaptic response on the time scale
of a few seconds, while the LTP response usually lasts from
minutes to hours featuring the learning and memory capability.
For our device, the STP behaviors can be emulated under weak
electrical stimulations, e.g., presynaptic V, pulses with smaller
amplitude or width. Then STP-to-LTP transition for the pro-
cess of memory consolidation can be realized by increasing the
duration time (Figure 4a and b) or the amplitude of V, pulse
(Figure 4c), where a longer retention time and stronger syn-
aptic weight modulation (AW = APSC/PSC) can be observed.
Moreover, the STP-to-LTP transition can also be emulated by
either changing the presynaptic V, pulse number or pulse fre-
quency, as shown in Figure 4d,e, respectively. When sequential
presynaptic V; pulses are executed to stimulate the device, the
device can exhibit the cumulative potentiation behavior if the
next stimulus always arrives before the full potentiation relaxa-
tion caused by the previous one, inducing the transition to LTP.
In addition, pulse trains with higher frequency can also lead to
a stronger synaptic response effect (Figure 4e), which success-
fully mimics another basic learning protocols termed as spike-
rate dependent synaptic plasticity (SRDP) in neuron systems.

Paired-pulse facilitation (PPF) is a typical phenomenon
in STP, which possesses the capability to transmit informa-
tion contained in the temporal pattern of two consecutive
actions.'*# In PPF, the PSC triggered by the second spike is
higher than that evoked by the first one when the second spike
follows the previous one subsequently. The magnitude of the
PPF enhancement, represented by the PPF index (A, — A;)/A,,

© 2022 Wiley-VCH GmbH

88UBD1T SUOLUIWIOD BAIERID 8|qedl|dde ay) Aq pausenoh ae el YO ‘88N JO SN 104 A%iqT 8U1UQ /8|1 UO (SUOIPUOD-pUR-SWBI W00 A3 | IM° Afe1q 1 BU [UO//ST1L) SUOIPUOD pue SLB 18U 88S *[€202/20/90] o Aiq1auliuo A8 |Im ‘SosAud puy solteyas  aud ‘'sondo JO ainiisu| unyoBueyd-sed Aq STHOTTZ0Z WiPe/Z00T OT/I0p/wod A3 1M Aelq i ul|uo//sdny wouy papeojumod ‘LT ‘2202 ‘820€9T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a b .
60 ——0.01s E -:; +
- L'—
240_ — 10k A4)(1()2_
£ | R E}
2 o F —00ls | Q i
& 20 I —8.05 s| &
= L —02 = —
—04 : 2x10% ; x
L WL ——06 __
. 10 3 —oss 3v
1 | 1 | 1 L | 1 | 1 1 | |_| IAOls i 1 1 1 |
0 10 20 30 0 5 10 15 20 25 30 0 4 8
Time (s) Time (s) Time (s)
d e f
400 F 13F
—— 10 pulses ’
60 ——20 pulses 150
30 pulses Q. M
——40 pulses Fo >
- —— 50 pulses _ § “ ~FLIF
< 40 <300 < 100f-
~ = (] \ 1.0 7 el TR
&) 0 2 L 0o 2 4 6 8
E - E E b Time (s)
m — A @  Experimental data
=3} 50 N P
20 &\ A %o _ — — -Fitting curve
200 - T -0 0y
1 I 1 I 1 I 1 I 1 1 I 1 1 I 1 0 I 1 I 1 I 1
0 50 100 150 200 0 50 100 150 200 100 200 300 400
Time (s) Time (s) At (ms)

Figure 4. a) EPSC and b) IPSC of the artificial synapse triggered by one presynaptic pulse with different pulse widths. c) IPSC of the artificial synapse
triggered by one presynaptic pulse with different pulse amplitudes. d) EPSC of the artificial synapse in response to multiple presynaptic pulse numbers.
e) IPSC of the artificial synapse in response to 20 presynaptic pulses with different trigger frequencies. f) The plot of PPF index ((A;-A;)/A;) with dif-
ferent interval times (At) from 50 to 350 ms. Inset: triggered EPSC by a pair of presynaptic pulses.

can be controlled by the time interval (At) between two spikes.
Here, A, and A, are the peak values of PSC after the first and
second spikes, respectively. The inset of Figure 4f demonstrates
the EPSC triggered by a pair of presynaptic V, pulses, and
the obtained PPF index ratio is plotted as a function of At in
Figure 4f. The experimental data for the PPF index decay can be
fitted by a double exponential function (dotted line):

(AZ—Al)/A1=C1*eXp(—%)+CZ *exp(—ﬁ) 1

1 t2

where C; and C, are the two fitting parameters, and #; and t,
represent the characteristic relaxation constants. From the fit-
ting results, the relaxation constants are extracted with the
value of about 17 and 331 ms, respectively, matching well with
the values in the biological synapse.

The analog-type resistive switching devices have shown the
prospect to implement deep neural networks (DNNs) for neu-
romorphic computing.) According to the previous studies,
analog synaptic devices should have moderate synaptic behav-
iors such as the G,,,,/Gmin ratio above 10, linear conductance
modulation, near-zero asymmetric ratio (AR), and a sufficient
number of states for practical neuromorphic systems.*~l

The nonlinearity of the long-term potentiation-depres-
sion (P-D) can be represented by a parameter N to investi-
gate the nonideal contribution from the conductance weight
update, which describes the deviation from a perfectly linear
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conductance response. The value of N can be extracted
based on the experimental data fitting through the following
formulas:[ o+

G(n+1)=G(n)+AGy = G(n)+ Ape Nr(C-Cmn)/(Gus=Gun) AG >0 (2)

G(n+1)=G(n)+AGp = G (n) - Ape "0 =CN/CunGun) AG <0 (3)

where G(n) represents the channel conductance of the n'" state,
Np (Np) is the nonlinearity of the long-term P(D) process, and
Guax (Gmin) Tepresents the maximum (minimum) conductance,
respectively.

Figure 5a shows the repeatable long-term P/D processes
under 20 (black), 50 (red), and 80 (blue) voltage pulses with the
incremental amplitude scheme. Cycle-to-cycle weight update
variation (20 cycles) for the potentiation and depression can
be observed in Figure 5b. Among these cycles, one representa-
tive long-term P-D process is displayed in Figure 5c, where the
parameter N can be extracted with the value of Np = —1.24 and
Np = 2.4 by fitting the data through Equations (1) and (2).

Moreover, the AR is also evaluated by the equation:

_ max|Gp (1) - Gp (50— n)|
AR G (50)-Go (50)

,n=1t050 4

where Gp(n) and Gp(n) represent the device conductance values
after the n™ excitatory or inhibitory pulses, respectively.*”) The
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Figure 5. a) Long-term P-D properties under 20 (black), 50 (red), and 80 (blue) voltage pulses with the incremental voltage amplitude scheme. (1.5 V
to 4.5V for LTP and -1.5 V to —4.5 V for LTD). b) Cycle-to-cycle variation (20 cycles) of the potentiation and depression curves. c¢) Normalized long-term
P-D characteristics of the device under 50 potentiation and depression pulses, with the solid lines showing the fitting curve to obtain N. d) Schematic
diagram of an artificial neural network. e) The mapping images of the output number “5” during the training process. f) Simulated pattern recognition

accuracy as a function of training epoch (0-100).

extracted AR value is about 0.16 (Figure S8a, Supporting Infor-
mation), closing to the ideal case (AR = 0), further indicating
the potential of the device to achieve high learning accuracy in
artificial neural network simulations.

A fully connected neural network (FNN) model was con-
structed to perform the supervised learning of the Modified
National Institute of Standards and Technology (MNIST) hand-
written data set on the basis of our MoTe, Fe-FET. Figure 5d
shows the schematic of the three-layer FNN consisting of the
input layer (400 neurons), hidden layer (100 neurons), and
output layer (10 neurons). As indicated by the dotted arrows, the
handwritten image “5” consisted of 20 x 20 pixels to represent
the 400 input values to the input neurons, and the 10 output
neurons correspond to the recognition of digits (0-9). Each
neuron node in one layer is connected with every neuron node
in the adjacent layers and the connection strength (weight: W)
between two neurons can be updated from the multiple con-
duction states of our synaptic devices. During each learning
epoch in the simulation, 8000 patterns from the stochastically
selected 60000 images in the MNIST database were used as
input data. Then, a separate set of 10000 images were utilized
to evaluate the recognition accuracy. As a result, the four repre-
sentative mapping images of the output number “5” are shown
in Figure S5e with the gradually increased recognition accu-
racy (20%, 40%, 60%, and 80%), where a much clearer shape
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contrast can be observed under higher recognition accuracy.
Figure 5f further demonstrates the evolution of the recognition
accuracy during 100 training epochs. The recognition accuracy
first increases dramatically in the initial few epochs and then
saturates at the high value of about 81%, which is sufficient for
pattern recognition.

2.4. Reconfigurable Optoelectrical Response

Apart from the electrical characteristics, the optoelectrical
properties of 2D materials are also sensitive to the interfacial
states, which have also been demonstrated by extensive pre-
vious reports.*#] The fundamental optoelectrical properties
of our MoTe, Fe-FET were investigated, showing polarization-
dependent optoelectrical response, which expands the function-
alities of the 2D Fe-FET device.

Figure 6a,b exhibit the output curves of the device under
both dark (black curve) and illumination (4 = 638 nm, red
curve) conditions measured at V; = 0 V. A lower channel cur-
rent can be observed under light illumination when the fer-
roelectric polarization is in the downward direction (Pgoyn),
corresponding to the negative photodetection, while the
channel current shows the enhanced effect when the ferro-
electric polarization is in the upward direction (P,). Moreover,
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Figure 6. a) Output curves of the MoTe;, Fe-FET in dark (black) and under 638 nm laser illuminations (red) when HZO is at (a) Pyown State and b) Py,
state, respectively. c) The dynamic logical read operation of the MoTe, Fe-FET under light illumination when HZO is at P, state (red curve) and Pyoun

state (black curve), Vog=0.5V.

the photocurrent (Iy) is calculated based on the equation:
Ih = Tight — Idark, Where Lgpe and Ig,q are the source-drain
currents under light illumination and dark condition, respec-
tively. The normalized I, at Vi = 0.5 V in the read operation
is extracted, as displayed in Figure 6¢, which shows a negative
photocurrent under Py, state, but a positive photocurrent
under the Py, state. A physical origin for the observed nega-
tive photocurrent is proposed as follows: when the ferroelec-
tric polarization is pointing downwards, holes can be trapped
in the surface trapping state to increase the channel current by
electrostatic doping; as shown in Figure S9a in the Supporting
Information, under light illumination, the photo-generated
electrons will recombine with these trapped holes to lower
the photocurrent in this MoTe, channel. This polarization-
dependent optoelectrical response makes our MoTe, Fe-FET
device promising for future non-volatile optoelectronic memory
applications. Figure S9b in the Supporting Information demon-
strates the schematic of a 4-cell optoelectronic memory with the
integrated MoTe, Fe-FET arrays. The logical information can be
electrically written into each device based on the different fer-
roelectric polarizations, and then optically read by monitoring
the polarity of the photocurrent. For example, if a negative V,
pulse is applied to the device in the upper right corner to make
HZO to the Py, state, the negative photocurrent under red
light illumination (4 = 638 nm) can provide the logic state “0”.
The optoelectrical response of the control device has also been
tested by the 638 nm laser (Figure S7f, Supporting Informa-
tion), which can only exhibit the positive photocurrent.

3. Conclusion

In summary, abnormal clockwise hysteresis was observed in
our 2D MoTe, FE-FET, which was attributed to the synergetic
effect of ferroelectric polarization and charge trapping effect
as corroborated through the combination of the UPS charac-
terizations and diverse transfer characteristic measurements.
Based on this mechanism, a multifunctional device was real-
ized, including a reliable memory performance with multiple
storage characteristics, and artificial synaptic functions with the
STP/LTP characteristics at the single-device level, and the pat-
tern recognition simulation at the system level. Furthermore,
the ferroelectric polarization-dependent photocurrent response
also makes such Fe-FET promising for future non-volatile
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optoelectronic memory applications. These findings demon-
strate a promising strategy of using 2D materials and thin-film
ferroelectric-based hybrid systems for the development of high-
performance and functional devices.

4. Experimental Section

Sample Preparation and Device Fabrication: The starting Si substrate
with low resistivity (10-20 mohm.cm) was first dipped into dilute HF
solution to remove any native oxide present on the surface. The HZO
film was then deposited on the substrate using atomic layer deposition
(ALD) at 300 °C with the Picosun P300S tool through sequential
deposition of HfO, and ZrO, atomic layers following a 1:1 thickness
ratio. The sample was then annealed in N, atmosphere at 400 °C for 2h.

The 2D MoTe, flake was first mechanically exfoliated onto a
polydimethylsiloxane (PDMS) film and then dry-transferred onto the
HZO substrate (20 nm). Standard e-beam lithography (EBL) was
utilized to define the electrodes and 5 nm/75 nm Ti/Au was then
deposited through thermal evaporation. After lift-off in acetone, the
as-fabricated devices were wire-bonded onto a leaded chip carrier and
loaded in the customer-built high vacuum system (=107 mbar) for
electrical and optoelectrical measurements. As for the control device,
the fabrication process is all the same except that the exfoliated flake
was transferred onto the SiO, substrate (300 nm).

Material and Device Characterizations: UPS and XPS measurements
of HZO film were carried out in a customer-built ultrahigh vacuum
system (base pressure = 107 mbar). He | (21.2 eV) and Mg Ko
(1253.6 eV) were utilized as the excitation sources for UPS and XPS,
respectively. PFM image and local spectroscopic measurement were
carried out on a commercial scanning probe microscope (Asylum
Research MFP-3D) instrument in the resonant enhanced mode.
An Agilent 2912A source measure unit was utilized to perform the
electrical measurements.

Supporting Information

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