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Ultrafast-Programmable 2D Homojunctions Based on van
der Waals Heterostructures on a Silicon Substrate
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Jiancui Chen, Qing Huan, Wu Zhou,* Sokrates T. Pantelides, and Hong-Jun Gao

The development of electrically ultrafast-programmable semiconductor

homojunctions can lead to transformative multifunctional electronic devices.

However, silicon-based homojunctions are not programmable so that
alternative materials need to be explored. Here 2D, multi-functional, lateral
homojunctions made of van der Waals heterostructures with a
semi-floating-gate configuration on a p*™* Si substrate feature atomically
sharp interfaces and can be electrostatically programmed in nanoseconds,
more than seven orders of magnitude faster than other 2D-based
homojunctions. By applying voltage pulses with different polarities, lateral
p—n, n™—n and other types of homojunctions can be formed, varied, and
reversed. The p—n homojunctions possess a high rectification ratio of up to
~10° and can be dynamically switched between four distinct conduction
states with the current spanning over nine orders of magnitude, enabling

Conventional p-n junctions are typically
created by doping two adjacent regions
of a semiconductor crystal with shallow
donor and acceptor impurities by ion
implantation, respectively. Such devices
are not programmable and carrier trans-
port is governed solely by the ampli-
tude and polarity of the applied voltage
bias across the junction. Moreover, for in-
creased integration density, their perfor-
mance degrades as their thickness enters
the nanometer scale because the appli-
cability and control of conventional dop-
ing and implantation techniques diminish.
The advent of atomically thick 2D crystals
enables the realization of p-n junctions at

them to function as logic rectifiers, memories, and multi-valued logic
inverters. Built on a p** Si substrate, which acts as the control gate, the

devices are compatible with Si technology.

1. Introduction

Semiconductor p-n junctions are the most fundamental de-
vice components in modern electronics and optoelectronics.
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the ultimate thickness limit either by van
der Waals stacking of 2D p- and n-type
semiconductors!! or by constructing ho-
mojunctions through electrostatic doping
of the adjacent regions of 2D semiconduc-
tors with locally split-gate modulation, >
ferroelectric polarization,>®! and semi-floating gate (SFG).l”®!
Such lateral or vertical van der Waals heterojunctions show
diverse functions with superior performance in logic,*1?]
memories,!31%] photodetectors,71T and photovoltaic cells.[2%!]
For example, benefitting from atomically sharp interfaces in
van der Waals heterostructures, ultrafast, nanosecond-scale op-
eration of nonvolatile, floating-gate memory devices has been
realized.'*1) However, there are still some inevitable issues
in these van der Waals heterojunctions, such as the residual
strain?>%] and interlayer modulation.l?*?*] In addition, band
alignments of the heterostructures?*28! could degrade charge
transfer efficiency between 2D layers.[?°) In contrast, homojunc-
tions formed on a single 2D semiconductor possess continuous
band bending, more uniform electrostatic-doping profile, eas-
ier electrically and optically programmable features, leading to
larger rectification ratio,l”3% better carrier mobility,*!! and more
efficient photoresponse.[***3] However, so far, 2D homojunctions
controlled by ferroelectric polarization>% or SFG!”#] show long
programming times on the order of milliseconds to seconds.
Ultrafast-programmable 2D homojunctions remain elusive.
Here, we demonstrate that, with atomically sharp interfaces,
semi-floating-gate-controlled 2D lateral homojunctions based
on van der Waals heterostructures can be successfully pro-
grammed in 20 ns, which is more than 107 times faster than
other homojunctions based on 2D materials.”® The ultrafast-
programmable 2D homojunctions exhibit a rectification ratio
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Figure 1. Ultrafast-programmable InSe homojunction with SFG configuration built upon van der Waals heterostructures. a) Schematic of an SFGconfig-
uration, in which only part of the InSe channel is aligned over the MLG to form an SFG architecture. b) Optical image of a typical SFG device based on
InSe/hBN/MLG heterostructure placed on a SiO,/Si substrate. The contact electrodes on the FG region and bare InSe region are labeled as (1, 2) and
(3, 4), respectively. c) A large-scale HAADF-STEM image of the heterostructure on SiO,. Atomically sharp interfaces between each functional layer can
be clearly observed. d) Higher-resolution HAADF-STEM (left) and ABF (right) images acquired from the same heterostructure on different length scales,
revealing clean interfaces without defects or contamination. Green and pink balls refer to selenium and indium atoms, respectively. €) EELS elemental
mapping showing the uniform distribution of indium (In), boron (B), nitrogen (N), and carbon (C), respectively.

of ~10° and four dynamically switchable non-volatile mem-
ory states. These lateral homojunctions are part of multilayer-
graphene/hexagonal-boron-nitride (MLG/hBN) heterostructures
with atomically sharp interfaces and chemical uniformity, as ver-
ified by atomic-resolution scanning transmission electron mi-
croscopy (STEM) imaging and electron-energy-loss spectroscopy
(EELS). Such device configurations are further extended for de-
signing reconfigurable logic applications and can be dynamically
transformed between binary and ternary logics, showing great
potential for electronic applications and multi-valued logics.

2. Results and Discussion

Figure 1a schematically shows the device configuration of a semi-
floating gate field-effect transistor (SFGFET) based on a vertically
stacked indium selenide (InSe)/hBN/MLG van der Waals het-
erostructure placed on a SiO,/p** Si substrate, in which InSe,
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hBN, MLG, SiO,, and p** Si are employed as the homojunc-
tion/channel material, tunneling layer, semi-floating gate, block-
ing layer and control gate, respectively. In a semi-floating-gate
(SFG) configuration, only part of the InSe channel is stacked
over the MLG floating gate. A metal electrode connected to the
MLG floating gate outside of the channel part is used to en-
hance the gate coupling ratio to guarantee the ultrafast oper-
ation of the device.'*!] The use of MLG as the floating gate
can effectively reduce the floating-gate interference and suppress
the ballistic transport of carriers across the floating gate along
the c-axis.[**3%1 Moreover, the high work function (~4.6 V) and
high density of states of MLG independent of the layers ensure
the stable storage of charges in the floating gate. An optical im-
age of the SFGFET device is shown in Figure 1b. We first me-
chanically exfoliated MLG flakes (marked by the white dotted
line) onto a SiO, /p** Si substrate. Afterward, mechanically exfo-
liated hBN (marked by the dark blue dotted line) and InSe flakes

© 2023 Wiley-VCH GmbH
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Figure 2. Ultrafast-programmable InSe homojunction with large rectification ratio. a,b) Schematic of charging the MLG semi-floating gate with electrons
(a) or holes (b) by applying positive (a) or negative (b) voltage pulse on the Si control gate to program the InSe homojunction into different conduction
states, respectively. c) Output (Ip—Vp) curves in logarithmic scale across the InSe homojunction without V¢ (red), after a 500 ns-wide voltage pulse of
+39.8V (blue) and —39.8 V (green) applied to Si control gate, respectively, showing the formation of n-n (red), p-n (blue), and n*-n (green) junctions. d)
Ip=Vp curves of the InSe homojunction formed between different contact electrodes (shown in Figure 1b) after a 160 ns-wide voltage pulse of +25.7 V
applied to the Si control gate, showing the formation of p-p (green) (between electrodes 1 and 2), p-n (blue) (between electrodes 2 and 3), and n-n
(red) (between electrodes 3 and 4) junctions, respectively. e) Linear plot of the I5—Vp curve across the InSe p-n homojunction formed by applying a
500 ns-wide voltage pulse of +39.8 V to the Si control gate. The fitting curve (red line) based on a modified Shockley equation is consistent with the
experimental result (blue balls), confirming the formation of the p-n junction. f) I5—V{y curves across the InSe homojunction in logarithmic scale after

1 (blue), 2 (red), and 3 (green) voltage pulses with amplitude of +29.1 V and width of 20 ns applied to the Si control gate, respectively, showing the

robustness of the formation of the p-n junction.

(marked by the black dotted lines) were sequentially stacked
onto MLG by a dry transfer method, respectively.}*3¢37] Con-
tact electrodes were defined by standard electron-beam lithogra-
phy followed by electron-beam evaporation. The detailed device-
fabrication processes are described in Experimental Section. Us-
ing the same device configuration by changing the channel mate-
rial to molybdenum disulfide (MoS,), van der Waals heterostruc-
tures of MoS,/hBN/MLG with similar performance can also be
fabricated, indicating that the device fabrication is reproducible.

We employed aberration-corrected STEM to characterize the
interface quality of the SFG devices. Figure 1c shows a typical
low-magnification cross-sectional, high-angle annular dark-field
(HAADF) STEM image, featuring atomic-number contrast (Z-
contrast) of the SFG device architecture. Figure 1d shows a set of
atomic-resolution HAADF (left) and annular bright-field (ABF)
(right) cross-sectional STEM images taken at the InSe/hBN and
hBN/MLG/SiO, interfaces, revealing the atomically sharp and
clean interfaces between each functional layer. An atomic model
of InSe is overlaid on the upper left panel of Figure 1d, where pink
and green balls represent indium and selenium atoms, respec-
tively. The EELS mapping of the InSe/hBN/MLG heterostructure
shown in Figure 1e clearly reveals the uniform distribution of in-
dium, boron, nitrogen, and carbon elements and the chemically
abrupt interfaces. These results unambiguously demonstrate the
formation of extremely uniform, clean, and atomically sharp in-
terfaces between different functional layers in our SFG devices
without any observable residue gaps, defects, or contamination,
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which sets up a solid foundation for the realization of multifunc-
tional electronic devices.

The InSe homojunction can be programmed by regulating the
conductivity of the part of the InSe channel stacked over the MLG
floating gate by applying a positive/negative voltage pulse to the
p*™t Si control gate, as schematically shown in Figure 2a,b, re-
spectively. When applying a positive/negative voltage pulse to
the control gate, electrons/holes tunnel through the hBN layer to
the MLG floating gate via the Fowler—Nordheim (FN) tunneling
mechanism. After the voltage pulse is removed, electrons/holes
are trapped in the floating gate due to low back-tunneling
probability,l'*1°] resulting in the non-volatile hole/electron dop-
ing of the part of the InSe channel stacking over the floating-
gate region and formation of p-n and n*-n junctions, respec-
tively. Figure 2c shows the typical output curves across the InSe
homojunction at room temperature. When no voltage pulse is
applied to the control gate (without V¢, red curve), due to the
unintentional electron doping of the InSe channel,’”] the InSe
channel is free of electrostatic doping and behaves as an n-n ho-
mojunction with symmetric drain-source current (I,) at nega-
tive and positive drain-source voltage (V) bias, respectively, in-
dicating a good Ohmic contact is formed. In comparison, with
a 500 ns-wide voltage pulse of +39.8 V applied (V¢ = +39.8V,
blue curve), an InSe p-n homojunction is formed and an appar-
ent current rectification behavior with a high rectification ratio of
~10° (Vp = +1 V) is clearly presented. After applying a 500 ns-
wide voltage pulse of —39.8 V (V¢ = —39.8 V, green curve), an
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InSe n*-n homojunction is formed and a weak reverse current
rectification behavior with a rectification ratio of ~4.2 occurs. The
forward current of the InSe p-n homojunction increases mono-
tonically when the amplitude of the control-gate voltage pulse is
raised with the current-rectification behavior persisting (Figure
S1, Supporting Information), indicating the robustness of such
ultrafast programming nature of the InSe p-n homojunction.
The output behaviors of the InSe homojunction formed be-
tween different contact electrodes (Figure 2d) after applying a
160 ns-wide voltage pulse of +25.7 V reveal the formation of p-p
(between electrodes 1 and 2), n-n (between electrodes 3 and 4),
and p-n (between electrodes 2 and 3) junctions, respectively. The
drain current in both the p-p and n-n junctions is much larger
at small V;, than that in a p-n junction, indicating that the large
rectification ratio (~10°) comes from the formation of a p-n junc-
tion rather than a Schottky junction.!””! The linear plot of output
characteristics across the InSe p-n homojunction (blue balls) af-
ter applying a 500 ns-wide voltage pulse of +39.8 V is shown in
Figure 2e. It can be fitted by a modified Shockley equation includ-

ing a series resistance R :[738]
V. I,R V,+I,R

1D='7—TW[—° Sexp(—D 0 5)]—10 1)
R nVr nVr

where 5, Vi, I, refer to the ideality factor, k;T/e, and the reverse-
bias current, respectively. W is the Lambert W function, k;T/e is
the thermal voltage at temperature T, kj is the Boltzmann con-
stant, and e is the electron charge. The series resistance R, comes
from the electrode/InSe contact.”! We find that the fitting curve
is fully consistent with the experimental data, further confirming
the formation of the InSe p-n homojunction.

The transport mechanism across the p-n junction can be re-
vealed by the value of the ideality factor (n). For ideal p-n junc-
tions, when # = 1, the transport is governed by the diffusion pro-
cess while when 5 = 2, the transport is dominated by recombi-
nation processes. The typical # for our InSe p-n homojunction
is extracted as x2.05 (Figure 2e). All the ideality factors extracted
from other devices are larger than 1 (Figure S2, Supporting In-
formation), indicating that the transport is governed by recombi-
nation processes.[*) For InSe n*-n homojunction programmed
by negative Vg puer holes are accumulated in the floating-gate,
which induces electron doping of the InSe channel above the
floating-gate region and lateral n*-n junction is formed. In this
case, no holes are presented in the whole InSe channel, and no
recombination current will be generated (Figure S3a, Support-
ing Information). The channel current mainly comes from elec-
tron drifting under a fixed voltage bias. For InSe p-n homojunc-
tion programmed by positive Vg pue electrons accumulated in
floating-gate, which induces hole doping of the InSe channel
above the floating-gate region and lateral p-n junction is formed.
When the InSe p-n junction is biased, electrons and holes in
different regions of the channel recombine together and the re-
combination current is generated in the depletion region (Figure
S3b, Supporting Information). The ideality factor of ~2.05 indi-
cates that a large density of trap states is presented in the InSe
channel and they act as recombination centers during electron
transport,[”**! which generates recombination current by elimi-
nation of electron-hole pairs. We have also employed an ultrafast
voltage pulse of 20 ns with an amplitude of +29.1 V (the wave-
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forms are shown in Figure S4, Supporting Information) to pro-
gram the InSe homojunction. As shown in Figure 2f, after 1 pulse
(blue), 2 pulses (red), and 3 pulses (green) are applied, the current
rectification ratio remains as high as ~#10° in the InSe p-n homo-
junction, verifying the ultrafast-programmable capability of the
InSe homojunction.

We have also performed computational simulations on the
electron tunneling transport in the floating gate region domi-
nated by the F-N tunneling process based on the quantum tun-
neling transport model (Note S1, Supporting Information). The
calculated tunneling carrier density (n), electric field in the hBN
layer (|Egy|), tunneling current density (J), and the Fermi level
shift (AEp) as functions of the amplitudes and widths of the
programming (V.; > 0)/erasing (V.; < 0) voltage pulses of
our ultrafast-programmable InSe homojunctions are shown in
Figure S5 (Supporting Information). For the pulse voltage of
+29.1 V with 20 ns width for programming operation, n can
reach a value larger than 10'2 cm~2 (Figure S5a, Supporting
Information), indicating the successful programming operation
for the InSe homojunction.* Epy is #15.5 MV cm™! when a
+30 or —30 V voltage pulse with 160 ns pulse width is applied,
which is much larger than the threshold electric field of hBN of
7.94 MV cm™,*!l confirming the domination of the F-N tun-
neling process when electrons/holes tunnel through the hBN
layer.[1+15]

We have also calculated the Fermi level shift of the InSe chan-
nel (A E;) over the floating-gate region when a positive V is ap-
plied to the control gate (Note S2, Supporting Information). As
shown in Figure S5d (Supporting Information), the midpoint of
the InSe bandgap increases with the amplitude of V.. Notably,
when AE;; exceeds 80 meV (marked by red dotted lines), an InSe
p-n homojunction is formed. To reach this shift, for V. with a
pulse width of 20 ns (black), 160 ns (red), and 500 ns (blue), the
corresponding amplitudes are 24.0, 21.8, and 20.8 V, respectively,
which are easily satisfied in our experiments. The good agree-
ment between our experiments and theoretical calculations con-
firms the robustness of our ultrafast programming of InSe p-n
homojunction. This robustness is further confirmed by the suc-
cessful ultrafast programming of MoS, p-n homojunctions with a
current rectification ratio of ~10° when we replace the InSe chan-
nel material with MoS, (Figures S6,S7, Supporting Information).
The theoretical calculations for MoS, devices also agree well with
experiments due to the similar band structures between MoS,
and InSe, as shown in Figure S8 (Supporting Information).

The ultrafast-programmable characteristics achievable in our
van der Waals devices immediately establish a unique plat-
form for novel device design and applications. For example, our
ultrafast-programmable InSe p-n homojunction with a large rec-
tification ratio of ~10° allows us to rectify an input alternative tri-
angular wave signal (V}y). As shown in Figure 3a, the InSe homo-
junction programmed by a 500 ns-wide voltage pulse of +39.8 V
behaves as a typical p-n diode (V ), in which only the positive
input voltage is allowed to pass through. When V/ is negative,
Vour = 0V, indicating the successful rectification behavior for
the input alternating signal. An equivalent circuit diagram with a
loading resistor of 1 GQ connected to the InSe p-n homojunction
is shown in the inset. No observable changes in the current recti-
fication behavior are present after changing the loading resistor
to 5 GQ, confirming the robustness of the current rectification
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Figure 3. Ultrafast-programmable InSe homojunction for rectifiers and two-bit non-volatile memories. a) Output rectifying characteristics (Vgt) of the
InSe p-n homojunction programmed by a 500 ns-wide voltage pulse of +-39.8 V with the input alternative triangular wave with an amplitude of 2V (V).
The inset in the lower panel shows a schematic diagram of the rectifier circuit with a loading resistor of 1 GQ connected to the InSe homojunction. b)
Retention characteristics of the two-bit non-volatile memory by recording the time-evolution of four current states (Ip) across the InSe homojunction
after applying one 160 ns-wide voltage pulse of Vg = +30.79 or —30.66 V and reading I at Vp = +1.5 V with Vg = 0 V at room temperature (25 °C),
respectively. c) Endurance performance of the two-bit non-volatile memory by cyclic switching the four current states across the InSe homojunction by
applying a 160 ns-wide voltage pulse of Vg = +30.79 or —30.66 V and reading I at Vp = 1.5 V with Vg = 0 V in one single cycle, respectively. d)
Schematic of the working principle of the two-bit non-volatile memory, in which the device elements of the channel, drain (D) and source (S) contact
electrodes (yellow boxes), floating gate (FG, orange bar), and control gate (CG, grey bar) are shown. Stored and induced positive (red) and negative
(blue) charges in the channel and FG are indicated. ) Memory states (OUT) and logic states (Logic) in response to the input states (IN), showing the

realization of ternary logic in the ultrafast-programmable InSe homojunction.

capability of our ultrafast-programmed InSe p-n homojunction
(Figure S9, Supporting Information). Beyond the current recti-
fier, the successful ultrafast programming of InSe homojunc-
tion to four distinct conduction states enables them to work as
two-bit non-volatile memories. The retention characteristics of
the two-bit non-volatile memory are measured by recording the
time-evolution behavior of the four conduction states after apply-
ing one 160 ns-wide voltage pulse of V.; = +30.79 or —30.66 V
and then reading I, at V, = +1.5 V with V., = 0 V at room
temperature in sequence, respectively. As shown in Figure 3b,
the achieved four discernable conduction states (labeled as (1, 0),
(0,1), (1, 1), and (0, 0)) can still keep stable even after 3200 s. Such
stability of the four conduction states presists even at tempera-
tures as high as ~85 °C, indicating the stable retention perfor-
mance of our device when working as two-bit non-volatile mem-
ories. (Figure S10, Supporting Information). The endurance per-
formance of the two-bit non-volatile memory is measured by
cyclic switching of the four conduction states. In each cycle, the
current is recorded after applying one 160 ns-wide voltage pulse
of Ve =+30.79 or —30.66 V and then reading I, at V, =+1.5V
with V¢ = 0V in sequence, respectively. As shown in Figure 3c,
even after 820 cycles the four conduction states still persist, in-
dicating the robust endurance performance of the two-bit non-
volatile memory.

It should be noted that our two-bit non-volatile memory works
based on the combination of ultrafast-programming/erasing the
SFG with the alternative polarity of the reading-out voltages,
which is completely different from that of traditional multi-bit
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floating-gate memories using various V..[*! or different num-
bers of voltage pulses!™l to change the number of charges stored
in the floating gate. The apparent advantages of our two-bit
non-volatile memory lie in that the multi-level current states
are achieved through complete programing/erasing the stored
charges in the floating gate by applying individual control-gate
voltage pulse, ensuring the stability of the memory states. While
in other ways, the stored charges in the floating gate are par-
tially programmed /erased, leading to the possible instability in
the multi-level current states. A schematic of the operating prin-
ciples of the two-bit non-volatile memory is shown in Figure 3d.
For V¢ puise < 0V, the InSe homojunction has been programmed
to an n*-n junction. High current states are achieved when read-
ing I, at both V, = +1 V and V, = —1 V (Figure 3b), respec-
tively. While for Vi e > 0V, the InSe homojunction has
been programmed to a p-n junction, high and low current states
are achieved when reading I, at V; = +1 Vand V, = -1V
(Figure 3b), respectively. If we categorize the four current states
by the polarity of the reading-out voltage, two independent bi-
nary current states with extinction ratios of ~10* and ~10° are
obtained at a reading-out voltage of V;, = +1and —1 V (Figure 3b),
respectively, revealing the versatile operations of our two-bit non-
volatile memory.

Figure 3e shows the memory states (OUT) and logic states
(Logic) of the ultrafast-programmable InSe homojunction in re-
sponse to the input states (IN), in which the memory states of (1,
0) and (1, 1) can be assigned as logic “1” state (high current state)
and (0, 0) state (low current state) as logic “0” state, respectively,
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Figure 4. Multi-valued logic inverters based upon an InSe homojunction. a) Dual-sweeping transfer curves of the InSe homojunction at Vp = =1V,
where three stable current states for V = +1V (blue curve, state 1, state 0, and state “0.5") and two current states for Vp = —1V (red curve, state
1 and state 0) can be clearly observed when sweeping Vg from 20 to 0 V. b) Schematic diagram of the multi-valued logic inverter based on an InSe
homojunction, in which the source electrode is grounded, drain and control gate electrodes are connected to the output and input terminals, respectively,
Vpp is connected with a 1 GQ resistor to drive the device. An equivalent circuit diagram is shown in the lower panel. ¢) Output curves of the logic inverter
at various positive Vpp (Vpp = 0.3 V for black curve and then increases from 0.5 to 3 V in a step of 0.5 V), showing three different logic states, indicated
by the yellow (logic 0), blue (logic 1), and red (logic 0.5) regions, respectively. The inset shows the first voltage gain (logic 0.5 / logic 1) and second
voltage gain (logic 1/ logic 0) under different V5p. d) Output curves of the logic inverter at various negative Vpp (Vpp = —0.3 V for black curve and
then changes from —0.5 to —3 V in a step of —0.5 V), showing the binary logic states, represented by the yellow (logic 0) and blue (logic 1) regions,
respectively. The inset shows a typical voltage gain at Vpp = —0.5 V. e) Summary of the output voltages and corresponding ternary logic states (logic
0, logic 0.5, and logic 1) in response to different positive Vpp and logic input of the InSe homojunction, the black, blue, and red colored text represent

logic state 0, 1and 0.5, respectively.

while the middle current state of (0, 1) can be assigned as a mid-
dle logic state of logic “0.5”, indicating the realization of ternary
logic, as will be discussed in the following part.

Digital inverters are one of the important elemental devices in
integrated logic circuits. They comprise n-channel and p-channel
FETs in series in complementary metal-oxide-semiconductor
technology. Alternatively, in NMOS logic, replacing the PMOS
FET either by a resistor or an n-channel FET working in deple-
tion mode can also achieve the function of an inverter.*”] The
realization of ternary logic in our ultrafast-programmable InSe
homojunction (Figure 3e) enables the device to work as a multi-
valued logic inverter. This inference is first justified by the trans-
fer characteristic curves of the SFGFET device when dual sweep-
ing V¢ from —20 to 20 V at both forward and reverse direction
with V, = 1V, respectively. As shown in Figure 4a, beyond the
formation of large memory windows due to charge trapping in
the MLG floating gate, three stable current states for V, = +1V
(blue curve, state 1, state 0, and state “0.5”), and two current states
for V, = =1V (red curve, state 1 and state 0) can be clearly ob-
served when sweeping V. from 20 to 0 V, suggesting the oper-
ation of stable logic states in this region (pink). While sweeping
Vg from 0 to —20 V, no disguisible current levels are presented,
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indicating that this control-gate voltage range is not applicable for
logic operations (green).

When sweeping V¢ from —20 to —10 V, holes are accumu-
lated in the floating gate gradually and the whole InSe chan-
nel is mainly regulated by V., inducing p-type doping in InSe
with a low-current state and reaching the charge neutral point at
Ve = —10 V. When continuously sweeping V. from —10to 0V,
the InSe channel over the floating-gate region (Channel region-I)
is mainly regulated by the floating gate, while the other part of the
InSe channel (Channel region-II) is regulated by V. The num-
ber of electrons in Channel region-I is more than that of channel
region-II, leading to the formation of the n*-n junction. Two high
current states at both V = +1 V (uA current level) are observed
when V., = 0 V. Further sweeping V. from 0 to 20 V, the de-
creased holes in the floating gate induce the slight decrease of
electrons in Channel region-I, while the other part of the chan-
nel is electron-doped increasingly by V., resulting in increases
of the channel current until I, is saturated at V. = 20 V (Figure
S1la, Supporting Information). When sweeping V. back from
20 to 9V, the increase in the number of electrons in the float-
ing gate induces holes injection to Channel region-1, while the
number of electrons in Channel region-II is decreased, leading
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to the sharp decrease of the channel current (Figure S11b, Sup-
porting Information). The Channel region-I reaches the charge
neutral point again for 6 V < V; < 9 V and achieves the low-
est current state. (Figure S11c, Supporting Information). Further
sweeping V¢ from 6 to 0V, Channel region-I is doped with holes
and Channel region-II is still n-type doped, leading to the for-
mation of the p-n homojunction. At Vo =0V, for V, =1V
and V, = -1V, the p-n homojunction shows forward conduct-
ing and reverse cut-off behaviors, respectively, leading to two sta-
ble states, labeled as state 0.5 and state 0, respectively. When V.
is swept from 0 to —11 V, the concentration of electrons in the
floating gate gradually decreases, which induces the reduction
of the depletion area of the p-n junction. The Channel region-II
reaches the charge neutral point again at V. = —11 V (Figure
S1le, Supporting Information). Further sweeping V. from —11
to —20 V increases hole doping in the whole InSe channel, lead-
ing to the increment of the current level (Figure S11f, Supporting
Information). The dual-sweeping transfer curves under different
sweeping directions and sweeping steps of control-gate voltage
keep almost the same, suggesting the stability of the logic states,
as shown in Figure S12 Supporting Information). Based on the
three states for Vi, = +1 V (State 1, State 0, and State “0.5”) and
two states for V, = —1 V (State 1 and State 0) formed during back
sweeping V¢ from 20 to 0V, we can construct ternary and binary
logic inverters only by tuning the polarity of the driving voltage.
The device configuration and electrical connections of
the multi-valued digital inverter based upon the ultrafast-
programmable InSe homojunction are schematically shown in
Figure 4b, in which the bare InSe region (source electrode) is
grounded, the InSe channel over the FG region (drain electrode)
is connected to a 1 GQ resistor and performs as the output ter-
minal (Vgyr), while the control gate acts as input voltage ter-
minal (Vy). Vpp applied to the 1 GQ resistor is used to drive
the device. An equivalent circuit diagram is shown in the lower
panel of Figure 4b. Ternary logic or binary logic in our InSe ho-
mojunction can be electrically programmed by simply switching
the polarity of the driving voltage Vpp, as shown in the output
curves of the logic inverter in Figure 4c,d, respectively. Notably,
for Vpp =0.3 and 0.5V, the device works as a binary logic inverter
(Figure 4c). Although when sweeping V/, from 6 to 0 V, the InSe
homojunction is programmed to a p-n junction, the low forward
bias (Vpp = 0.3 and 0.5 V) induces a small current comparable
to that of the depletion state when sweeping V; from 9 to 6 V
(Figure S11c,d, Supporting Information), showing logic 1 state.
For comparison, the large forward bias (Vpp > 1.5 V) drives the
programmed InSe p-n homojunction to be turned on with a cur-
rent level that is larger than the depletion state (6 V < V;y <9V,
logic 1), but smaller than that of the n*-n InSe homojunction
(11V < V) <20V, logic 0) (Figure S11a,b, Supporting Informa-
tion), showing intermediate logic 0.5 state. The inset shows the
first and second voltage gain as a function of logic input (Vyy)
under different driving voltages (Vp,). Apparently, the gain in-
creases with Vp,, and the switching gains of the first and sec-
ond logic states can reach up to 0.6 and 2.9 at Vpp = 3V, re-
spectively. Figure 4e summarizes the output voltage as functions
of logic input and positive Vj;, indicating that the intermedi-
ate logic 0.5 state can be programmed by varying the amplitudes
of driving voltage. For negative V|, when sweeping V;y from
20 to 11 V and from 11 to 0 V, the InSe homojunction is pro-
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grammed to n*-n and reversely biased p-n junction (Figure 4a),
respectively. The high and low current states in InSe n*-n and
p-n junctions are assigned as logic 0 and logic 1 states, respec-
tively, as shown in Figure 4d. The inset shows a typical voltage
gain as a function of logic input (V) at Vpp = —0.5 V. The out-
put voltage of this binary inverter under different negative Vp
and logic input (V}y) is summarized in Table S1 (Supporting In-
formation). Voltage gains of logic 0.5 to logic 1 (first gain) and
logic 1 to logic 0 (second gain) as a function of Vp, are extracted
and plotted in Figure S13 (Supporting Information). Both gains
increase with increasing V. Due to the NMOS nature of the
multi-valued logic, the voltage gain is low compared to that of van
der Waals heterostructures made by vertically stacking p- and n-
type 2D semiconductors.[>1% However, by simply tuning the po-
larity and amplitude of the driving voltage in our programmable
InSe homojunction, ternary and binary logic can be realized. Fur-
ther exploration of multi-valued logic could involve using thinner
or high-k dielectric blocking layers to reduce the input voltage,
thereby increasing the voltage gain and providing alternative de-
sign principles for subsequent logic circuits. The output charac-
teristics of both ternary and binary logic inverters for input volt-
ages with different program speed is shown in Figure S14 (Sup-
porting Information). All the logic states keep stable under differ-
ent input voltage steps, indicating that the intermediate results of
the output voltage will not disrupt the other logic states. Due to
the robust logic states in a single inverter with different program
speeds of input voltage, when cascading two such inverter gates,
it is expected that the logic states in each inverter gate will keep
stable.

In our ultrafast-programable 2D InSe homojunction in semi-
floating gate device architecture, multi-layered graphene is em-
ployed as a floating gate to address the interference issues be-
tween the floating gates of adjacent cells. However, as current
device fabrication is based on the exfoliation method to form
heterostructures, when scaling down, the device current could
be possibly affected by the junction area, which can be a chal-
lenging issue. The successful scaling down of these ultrafast-
programmable 2D homojunction devices is expected by combin-
ing the standard Si-based technology with the recently developed
3D Van der Waals integration methods or by introducing 3D de-
vice configuration as adopted in 3D-NAND flash technology.

3. Conclusion

In summary, we have fabricated ultrafast-programmable and
multifunctional InSe homojunctions based on van der Waals het-
erostructures using a semi-floating-gate device architecture. The
atomically sharp interfaces between the 2D functional layers in
the van der Waals heterostructure play a key role in achieving
ultrafast program operations. Lateral p-n, n*-n, and other types
of homojunctions can be formed and altered by simply tuning
and reversing the polarities of the gate voltages. The formation of
p-n homojunctions is confirmed by the theoretical calculations
of the electron tunneling transport in the floating-gate region
dominated by F-N tunneling processes based on the quantum
transport model. Our ultrafast-programmable p-n homojunction
with a rectification ratio of ~10° and dynamically switchable
four conduction states can function as logic rectifiers, memories,
and multi-valued logic inverters. The robustness of the device
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architecture is demonstrated when replacing the InSe channel
material with MoS,. Our ultrafast-programmable and multifunc-
tional homojunctions based on van der Waals heterostructures
provide new design protocols for the development of future elec-
tronic devices and could serve as indispensable building blocks
of electronic memories, logic rectifiers, and integrated electronic
devices in the next generation.

4. Experimental Section

Device Fabrication and Electrical Characterization: InSe, MoS,, hBN,
and graphite bulk crystals were purchased from 2D Semiconduc-
tors, SPI Supplies, HQ Graphene, and NGS Naturgraphit, respectively.
InSe/hBN/MLG and MoS,/hBN/MLG heterostructures were prepared on
a silicon wafer with 300 nm SiO, using mechanical exfoliation and a dry-
transfer approach. InSe was exfoliated and transferred in the glovebox with
O, and H,0 concentrations below 0.1 ppm and MoS, was in the atmo-
sphere. Then Cr/Au drain and source electrodes were defined by stan-
dard electron-beam lithography, electron-beam evaporation, and lift-off.
The floating-gate memory devices were protected by a layer of spin-coated
poly(methylmethacrylate) at once after lift-off. Electrical measurements
were performed with a Keithley 4200 semiconductor characterization sys-
tem (4200-SCS) and a homemade electric circuit in a vacuum probe sta-
tion at room temperature. Electrical characterization of the voltage pulses
with FWHM of 160 ns was performed in the 4200-SCS system equipped
with 4225-PMU and 4225-RPM units. The ultrashort-voltage-pulse signals
with full-width FWHM of ~20 ns were generated from the home-built elec-
trical circuits. The ultrahigh-speed characterization of semi-floating-gate
memory devices was executed with the control-gate terminal connected to
a home-made nanosecond voltage-pulse signal, while the drain terminals
at the MLG side were connected to the 4200-SCS source measure units.
The thicknesses of InSe, MoS,, hBN, and MLG flakes were determined by
a Bruker Dimension Edge atomic force microscope after all tests.

STEM Sample Preparation and Characterization: Before the focused
ion beam and transmission electron microscope sample fabrication, the
InSe/hBN/MLG SFGFET device placed on a SiO,/Si substrate was pro-
tected by multilayered graphite flakes by the dry-transfer approach in the
glove box. The process was to protect the InSe on the upper surface from
being damaged by the ion beam with high energy during sample prepara-
tion. STEM samples for cross-sectional investigation were prepared using
an FEI Helios NanolLab G3 CX focused-ion-beam system by the standard
lift-out procedure. To minimize the sidewall damage and sufficiently thin
the specimen for electron transparency, final milling was carried out at a
voltage of 2 kV. Aberration-corrected STEM imaging was performed us-
ing a Nion HERMES-100 operated at 60 kV acceleration voltage and a
probe forming a semi-angle of 32 mrad. HAADF and ABF imaging were
acquired using annular detectors with a collection semi-angle of 75-210
and 30-15 mrad, respectively. EELS measurements were performed us-
ing a collection semi-angle of 75 mrad, an energy dispersion of 0.3 eV per
channel, and a probe current of 20 pA. The B-K (188 eV), C-K (284 eV),
N-K (401 eV), and In-M (443 eV) absorption edges were integrated for el-
emental mapping after background subtraction. The parent spectrum im-
age was processed with the principal component analysis tool to reduce
random noise.

Supporting Information

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