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ABSTRACT

A recent demonstration of nonvolatile resistive switching in monolayer hexagonal boron nitride (h-BN) has paved the way for the develop-
ment of the thinnest memory devices feasible. Nevertheless, the exact mechanism of such remarkable resistive switching has remained
obscure, which may hinder the optimization of such attractive technology. Here, we present the first dynamic description of the resistive
switching process in a Ni/monolayer h-BN/Ni device at an atomistic level by employing reactive molecular dynamics simulations. We show
that with the application of a suitable bias, the h-BN layer moves vertically and peels off Ni ions from the electrode, which gets adsorbed in
the N vacancy center. From density-functional-theory based electron-localization-function calculations, we confirm that N vacancy gener-
ates highly delocalized electrons around the vacancy location resulting in the adsorption of Ni ions, though such a phenomenon is not
likely in case of B vacancy due to the absence of electronic states around the defect center. We demonstrate the restoration of Ni ions with
the application of reverse bias in case of bipolar switching, and by rising temperature in case of unipolar switching, which agrees with the
experimental observations. Finally, we conduct ab initio quantum transport calculation to find an increase in zero-bias conductivity of
about 7.4 times after the Ni ion adsorption. This atomistic insight enables precise defect-engineering in 2D materials for the realization of
h-BN based high-performance memristive crossbar array.
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I. INTRODUCTION

Resistive switching (RS) devices have aroused widespread
attention as the new paradigm in next-generation nonvolatile
storage and ultrahigh-speed computing.'™* After the theoretical dis-

neuromorphic computing,'™'” data encryption,”” RF switches,
and photoelectronic devices.”*

Owing to the wide bandgap and fascinating properties,”” ™’
hexagonal boron nitride (h-BN) is gaining interest in RS devices. In

covery of the existence of a memristor in 1971,” the first device
using Pt/TiO,/Pt-based metal/insulator/metal (MIM) structure was
produced in 2008.° Subsequently, remarkable progress has been
made in the mechanism and performance of the memristor.
Primarily, these devices are fabricated by stacking insulating
transition-metal oxides vertically between two metal electrodes.”™
The RS mechanisms of these devices are attributed to the migration
of metal ions'’™'* or oxygen vacancies.”'* However, oxide being a
3D bulk material, these devices operate at high voltage with a high
switching time. Replacing bulk oxide with atomically thin 2D mate-
rials can significantly upgrade the device’s performance in ultra-
thin, super-integrated, low-power, and high-speed electronic
circuits."”™"” A surge of experiments is carried out to develop mem-
ristors using 2D materials for their possible applications in

2017, Lanza and coworkers reported RS in multilayer h-BN stacked
vertically between different electrodes.”® These devices possess the
co-existence of bipolar nonvolatile and volatile switching with low
voltages around 0.4 V, high ON-OFF current ratio, and long reten-
tion time. Furthermore, using h-BN, high-performance electronic
synapses were fabricated with both short-term and long-term plas-
ticity.”” Zhuang et al. reported nonvolatile nonpolar RS in multi-
layer h-BN based devices having Ti/h-BN/Au structure.”
Multilayer h-BN is further used as RS material in high-density
memristive crossbar array to model an artificial neural network for
image recognition.”' ™ In addition to pure h-BN, h-BN/ graphene
heterostructures are also used as RS layers in memristive
devices.”’™*” The thinnest memristive device has been fabricated
using monolayer (ML) h-BN featuring unipolar and bipolar
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switching with formation of free characteristics, high on/off ratio
(up to 107), and fast switching speed (<15 ns).”® These atomically
thin devices are used to create analog switches for applications in
radio, 5G, and terahertz communication systems.22 The switches
exhibit high-frequency cutoff (>120 THz), low insertion loss, high
power handling, and nanosecond switching speed. Despite the
magnificent progress in the development of h-BN based memristive
devices, we have a limited understanding of the origin of RS in it.
Metal ion adsorption in B and N vacancy has been proposed as a
possible mechanism of switching.”® However, no dynamic observa-
tion of the ion adsorption is reported; therefore, several key issues
remain unclear. Microscopy and ground state quantum-mechanical
calculations deficit the spatial and temporal resolution required to
describe the switching phenomena. Real-time simulations with
external bias are essential to investigate the complete switching
cycle. In earlier works, the RS process in bulk oxide'? and ML
MoS,”” has been described using molecular dynamics (MD) simu-
lations. However, to our best knowledge, no real-time exploration
of the bipolar and unipolar switching mechanisms in h-BN has
been reported till date.

This work presents the first dynamic description of the RS
process in ML h-BN at an atomistic level by employing reactive
MD simulations. Au and Ni electrodes were used in the experi-
ments to fabricate the thinnest memory device.”® Ni electrode is
chosen in this simulation due to the availability of applicable inter-
atomic potential between h-BN and Ni atoms. We found that N
vacancies are primarily responsible for RS in h-BN. The formation
of conducting nano filament involves peeling off Ni ions from the
electrode and adsorbing them in the vacancy centers at a critical
applied bias. Quantum transport calculations clearly identify two
distinct resistance states before and after Ni adsorption. A rise of
zero-bias conductivity of about 7.4 times is measured while switch-
ing from the high resistance state (HRS) to the low resistance state
(LRS).

Il. COMPUTATIONAL DETAILS

MD simulations are performed using the LAMMPS package.”®
KOKKOS™ package of LAMMPS is used to enable GPU accelera-
tion. For visualization, VESTA"’ and OVITO"' are used. Reactive
force field (ReaxFF) parameters for B-N and Ni-Ni pairs are
obtained from Refs. 42 and 43, respectively, while the B-Ni and
N-Ni pair potentials are taken from Ref. 44. The time integration of
Newton equations is performed using the velocity Verlet algorithm
with a time step of 0.5fs. Simulations are performed in an
isothermal-isobaric environment with a Nose/Hoover temperature
thermostat and a Nose/Hoover pressure barostat (NPT ensemble).
Periodic boundary conditions are applied in all three directions. A
sufficiently thick vacuum region (>30 A) is inserted in the out of
plane (z) direction to avoid any spurius interaction between peri-
odic replicas. To build the device, first, the Ni/h-BN interface is
formed by QuantumATK interface builder module.”” To build the
interface, unit cells of Ni (111) surface and h-BN are rotated 180°
with respect to each other and matched by applying mean strain
0.31% in the h-BN layer. Interlayer distance is evaluated from
geometry optimization using DFT calculations. After creating the
interface, the Ni atoms are mirrored on the other side of h-BN to
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create a Ni/h-BN/Ni structure. To update the charge distributions
in every step of the MD simulation, ReaxFF is coupled with a
charge equilibration (QEq) method.”® In QEq, the atomic charges
are updated by minimizing the electrostatic energy of the system
with the constraint of constant total charge. The total energy in a
molecule or periodic system is expressed as
E(Qu, Qo Qs --or Q) = 3000 (Ba +28Qu + 3104 Q4 + s
JapQaQg), where ;(g and ]2 4 are electronegativity and atomic hard-
ness, respectively. J4p is a function that describes pairwise interac-
tion between two atoms. These individual atomic parameters and
pairwise interaction functions are obtained from ReaxFF. The
partial derivative of the energy with respect to charge is defined as
X4 =X% +734Qa + > 5.4 JasQp. Minimum energy is obtained if
X1 =X, =...=Xn- Adding the condition on the total charge,
Quot = > 4, Qa gives a system of N equations solving which,
partial atomic charges can be obtained. Therefore, in every time
step of MD simulations, the atomic charges are calculated self-
consistently. To describe switching at voltage + V, the electronega-
tivity of Ni atoms in the lower electrode is changed to
2% — 2% F V, where y° is the electronegativity value of Ni atom
obtained from ReaxFF parameters.

DFT calculations are performed using Vienna Ab intio
Simulation Package (VASP)""*® with projected augmented wave
method (PAW) and GGA-PBE" exchange correlation functional.
All the calculations are spin-polarized. Grimme DFT-D3 van der
Waals correction’””’ and dipole correction in the z-direction are
employed. Gaussian smearing method with a smearing width of
0.05¢eV is used. The energy cutoff is set to 520 V. For geometry
optimization, 30/a x 30/b x 1 k-points grids are used, where a and b
are the lengths of the lattice parameters in the in-plane direction.
The energy error is set to 107°eV in the self-convergent cycle.
During geometry optimization, the maximum force on every atom
is set to 0.05eV/A. For Bader charge”™”” and ELF calculations,
60/a x 60/b x 1 k-points are used. DDEC bond analysis for the elec-
trode atoms is performed using Lobster tool.”*””

Quantum transport calculation is performed using DFT- non-
equilibrium Green’s function (NEGF)*® method implemented in
the QuantumATK®’ transport calculation module. Spin-polarized
DFT calculations are done using LCAO (linear combination of
atomic orbital) basis set with “medium” accuracy and SG15 norm-
conserving pseudopotentials.”®” Surface area of the device is
8.63 x 9.97 A%, An energy cutoff of 105 Ha and a Monkhorst-Pack
k-point grid of 3 x3x 155 are used. Grimme DFT-D3 van der
Waal correction is also employed. For solving Poisson equations,
periodic boundary conditions are used in the in-plane (x-y) direc-
tions, while Dirichlet boundary condition is applied in the trans-
port direction (z).

lll. RESULTS AND DISCUSSIONS
A. Movement of h-BN layer and peeling of Ni atoms

The schematic of the device structure is shown in Fig. 1. Four
layers of (111) cleaved surfaces of Ni are added on the top and
bottom of monolayer h-BN. During the MD simulations, the outer
two Ni layers on both sides are fixed to emulate the behavior of
bulk electrodes. The interatomic interactions have been described
using ReaxFF*’ that can accurately describe chemical reactions with
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FIG. 1. Details of switching mechanism. (a) Schematics of voltage application in the bottom electrode of Ni/ML h-BN/Ni structure with no vacancy in h-BN. It shows at a
certain bias V4 after time t3 due to large negative charge built-up h-BN shifts toward the bottom electrode. As the bias is withdrawn, the h-BN film returns to its original
location. (b) Schematics of voltage application in Ni/h-BN/Ni consisting of one N vacancy. As the bias is increased to V4 the h-BN film shifts toward the bottom electrode.
No movement of Ni atom is found. As the bias is further increased to V5, one Ni atom from the bottom electrode moves into the vacancy center. As the bias is withdrawn,
the h-BN film returns to its initial location; however, Ni atom remains inside the vacancy center. B, N, and Ni atoms are represented by pink, blue, and green balls, respec-
tively. The background yellow color of the h-BN layer represents a net negative charge in h-BN. The more intense the color is, the more is the net negative charge.
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a much lower computational cost compared to ab initio simula-
tions. ReaxFF has been successfully used to describe metallic fila-
ment formation'> and oxygen vacancy migration®' in bulk
oxide-based resistive switching devices. The atomic charges are
computed on-the-fly during the MD simulation using the QEq
method.”® The external potential difference between the two elec-
trodes can be accomplished by varying the electronegativity of the
electrode atoms according to the applied voltage.'>°**’ To evaluate
the switching mechanism, we consider that the top electrode is
grounded and a voltage V is applied at the bottom electrode as
described in Section Calculation Details. With the QEq method,
the atomic charges are adjusted in accordance with the atomic con-
figurations and the applied bias in every time step of MD
simulations.

In Fig. 1(a), the schematics of voltage application in pristine
h-BN based devices are depicted. We found that after a certain
voltage, the h-BN layer moves toward the lower Ni electrode. In
h-BN, due to the electronegativity difference between B and N
atoms, the electrons tend to localize around the N atoms. We have
found the same from the first-principle-based
electron-localization-function (ELF) calculation of pristine h-BN
[Fig. S1(a) in the supplementary material]. The polarity of the B-N
bond causes partial charges around the atomic centers. We have
evaluated the charge distribution in the h-BN layer at different
stages of MD simulations. In pristine h-BN without the Ni elec-
trode, B and N contribute an opposite and equal amount of charge,
resulting in zero net charge in the h-BN layer. The values obtained
from ReaxFF/QEq method are +0.54 and —0.54e for B and N,
respectively. Once Ni electrodes are added, minor charge transfer
takes place between Ni and h-BN layer, causing charge redistribu-
tion in h-BN. Due to localized electrons, N atoms tend to attract
more electrons. As a result, N becomes more negatively charged
compared to B atoms. At zero bias, the average charges in B and
N are +0.47 and —0.51 e, respectively. To verify the ReaxFF com-
puted charges, we have performed Bader charge analysis from
plane wave density-functional-theory (DFT) calculations. Bader
charges in B and N in the pristine h-BN layer are +2.16 and
—2.16 e, respectively, which results in zero net charge. However,
like the ReaxFF/QEq method, negative charges in N atoms
(—2.19¢) become higher than the positive charges in B atoms
(+2.17 ) after adding Ni layers. Furthermore, we have computed
ReaxFF charges for different vacancies in the h-BN film and com-
pared the same with Bader charges (Table S1 in the supplementary
material). Although the values of the individual atomic charges in
ReaxFF are underestimated compared to Bader charges, the nega-
tive charge accumulation around N atomic centers and charge
redistribution due to the formation of vacancies can accurately be
predicted from ReaxFF/QEq method.

Application of voltage leads to the redistribution of charge in
the h-BN layer. When a positive bias is applied at the bottom elec-
trode, the surface Ni atoms become positively charged, and elec-
trons are transferred to the h-BN layer. Due to higher
electronegativity, N atoms try to accumulate more electrons,
increasing the net negative charge in the h-BN layer. As the bias
increases, due to the significant rise in opposite charges, a strong
Coulombic attraction force acts between the h-BN and Ni layer
resulting in movement of the h-BN toward the electrode [Fig. 1(a)].

ARTICLE scitation.org/journalljap

The ground state interlayer distance between Ni and h-BN is about
3.2 A. After shifting, the distance is reduced to around 2.2 A. In a
pristine h-BN based device with a surface area of 4.4 x 4.7 nm?, the
shifting is observed at a positive bias of 4 V after a 59 ps MD run.
We have calculated the charges at different time frames: at 25 ps,
before the movement, the net charge in h-BN is about —39.9 ¢, and
the surface Ni layer is about +42.5e. At 59 ps, during the time of
movement, the net charge in h-BN and Ni increases to —56.0 and
+69.1 e, respectively. As soon as the bias is withdrawn, h-BN
restores its original charge state and moves to its initial location
(video 1 in the supplementary material). Therefore, the movement
of the h-BN layer is a voltage-induced metastable phenomenon
entirely due to charge build-up and consequent Coulombic interac-
tion. Also, from DFT calculations, we found that the ELF of h-BN
is not spherical but ellipsoidal [Fig. Sl(a) in the supplementary
material ], with the major axis along the vertical z-direction imply-
ing a finite dipole moment toward the vertical axis. Due to the
dipole moment, on application of the external bias, the h-BN
atoms are expected to get attracted toward the oppositely charged
metal atoms.

We next add vacancies in h-BN and evaluate the effect of
applied bias on it. Single boron or nitrogen vacancies commonly
exist in the h-BN film. %% Figure 1(b) shows the schematics of a
single nitrogen vacancy-embedded h-BN layer stacked between two
Ni electrodes. Similar to pristine h-BN, after a certain positive bias,
the h-BN layer shifts toward the bottom electrode. As the bias is
further increased, at a critical value, the Ni ion from the bottom
electrode moves into the vacancy location. The occupation of the
Ni atom into the vacancy leads to the formation of conductive
nano filament in the device, suggesting switching from HRS to
LRS. As the positive bias is withdrawn, the h-BN film returns to its
initial location, but the Ni atom remains inside the vacancy center,
implying a nonvolatile operation.

The peeling process involves chemical interactions between Ni
and vacancy neighboring B atoms. The movement of the h-BN
layer is responsible for such chemical reactions. At equilibrium, the
Ni electrode and the h-BN layer are separated by about 3.2 A, close
to the van der Waals distance. At this distance, there is no chemical
interaction between Ni and vacancy surrounding B atoms. As soon
as the distance between Ni and h-BN reduces due to the movement
of the h-BN layer, the Ni atom situated just below the vacancy
starts interacting with the three B atoms surrounding the vacancy.
The dynamical evolution of partial atomic charges during the
peeling process is depicted in Fig. 2. At 0V, the metal atoms are
almost charge neutral, N atoms possess a negative charge of about
—0.48 e, B atoms about +0.45e, and the charge of the B atoms
around vacancy centers is about +0.34e. As a positive bias is
applied, the surface Ni atoms become positively charged. After the
movement of the h-BN layer, the vacancy nearest Ni atom starts
transferring electrons to the vacancy surrounding B atoms. As the
bias is sequentially increased, the Ni atom becomes more electro-
positive by losing electrons while the B atoms become more elec-
tronegative by gaining electrons (Fig. 2). Due to the chemical
interactions, the Ni atom gradually detaches from the electrode and
moves toward the h-BN layer. At a critical bias, the Ni ion finally
moves into the vacancy center and creates bonds with the neigh-
boring B atoms. After adsorption into the vacancy center, the Ni
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FIG. 2. Charge redistributions in h-BN and Ni during the peeling process. (a) Applied voltages and simulation time frames at which atomistic snapshots are taken. (b)
Snapshots showing partial atomic charges. The top and bottom panels show the zoomed-in top-view and side-view images of Nih-BN/Ni near N vacancy. The top and
bottom electrodes contain four Ni layers each. All electrode layers are not depicted for the clarity of the snapshots. The atoms are colored according to their charge calcu-
lated during MD simulations. The color bar shows the values of charge corresponding to different colors. The vacancy location is marked by the white circle (snapshot 1)
and Ni atom below the vacancy is pointed by the white arrow. Neighboring B atoms are indicated by their atomic symbols.

ion restores its initial charge-neutral state. The movement of the
h-BN layer is primarily responsible for the chemical reactions
between Ni and B atoms that further lead to the peeling off of the
Ni atom from the electrode and adsorbing in the vacancy center.

In real experiments, the movement of the entire h-BN layer
stacked between two Ni electrodes may seem unphysical. Therefore,
to make the h-BN layer unsuspended, we have further performed
MD simulations on a sample in which the z coordinates of the
boundary B and N atoms are fixed (Fig. S2 in the supplementary
material) so that the entire h-BN film cannot move. We found that
by applying a suitable bias, the central region of the h-BN layer
bends toward the electrode, and Ni ions get absorbed into the N
vacancies located in this region. The bending of the h-BN layer
does not break chemical bonds between the B and N atoms, and it
is completely reversible; as soon as the bias is withdrawn, h-BN
retains its initial shape. In experiments, wrinkles can form in the
h-BN layer during the deposition process due to the thermal
expansion difference between the metal and the 2D layer.”® Such
wrinkles can significantly improve the bending flexibility of the 2D
layer.>"” Therefore, in real devices, it is highly possible that the
entire h-BN layer does not move, but some regions are bent toward
the Ni electrode due to external voltage. However, the switching
mechanism remains the same. The N vacancies in the h-BN region
that come close to the metal surface are only responsible for Ni ion
absorption. To replicate the experimental device structure and
apply boundary restrictions, we must take a sufficiently large
sample that is computationally more expensive. As the switching
phenomenon remains the same, we conducted further simulations

with smaller samples without incorporating any fixed boundary
conditions.

B. Bipolar switching process

To provide a detailed atomistic narrative of the RS mechanism,
we performed MD simulations on a device of surface area
44nm x4.7nm (Fig. S3 in the supplementary material), varying the
voltage sequentially. The h-BN flake possesses ten scattered N monova-
cancies with a vacancy concentration of 4.8 x 10'*/cm?. After the initial
heating for 20 ps, we varied the applied voltage in sequence. At each
voltage, the simulation is run for 0.25ns. As the positive voltage is
increased to 4V, the h-BN layer shifts toward the bottom electrode due
to a negative charge build-up. But no movement of Ni atoms is found.
As the bias is further increased, Ni ions nearest to the vacancy centers
start moving into the h-BN plane. At 7V, four vacancy centers out of
the ten are occupied by Ni ions from the bottom electrode. As the
voltage is further increased to 8 V, all ten vacancies are filled with Ni.
The positive bias is then reduced to 0V, taking an intermediate bias of
4 V. All the adsorbed Ni atoms remain in the same locations.

Figure 3(a) shows the variations of applied bias and the
number of adsorbed Ni atoms in the h-BN layer with simulation
time. As mentioned earlier, the external voltage is accomplished by
changing the electronegativities of Ni atoms in the bottom elec-
trode. After the SET process, the adsorbed Ni atoms are assigned
the standard electronegativity value. However, the switching voltage
in the simulation is much higher than the experimental value
(near 1V).”° As mentioned earlier, ReaxFF underpredicts the
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FIG. 3. Bipolar and unipolar switching operation of ML h-BN comprising 10 N vacancies. (a) Plot of applied voltage and number of adsorbed Ni atoms vs simulation time
in bipolar switching. (b) Hysteresis plot showing the change in adsorbed Ni atom count with the applied voltage. The order of application of the field is
0—8—0— —7-0.(c) Atomistic snapshots zooming-in at the vacancy locations at different time frames of MD simulation displaying initial vacancy locations (0.25 ns),
Ni atom adsorption after SET (1.5 ns). B, N, and Ni atoms are denoted by pink, blue, and green balls, respectively. The vacancies are marked as white dashed circles. (d)
Plot of applied voltage and number of adsorbed Ni atoms at different temperatures vs simulation time in unipolar switching.

individual atomic charges about one-fourth time compared to the ~ Therefore, we must raise the bias to visualize switching at a shorter

Bader charge. Hence, the force exerted on each atom during MD timescale.
must be much lower than the actual value. Also, the experiment’s During the RESET cycle, the polarity of applied bias is
switching time (~15ns) is inaccessible in the MD simulations. reversed. The return of Ni atoms starts at —4 V. As the bias is
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sequentially increased to —7V, 90% of the adsorbed Ni atoms
return to their primary locations. We found that a lower voltage is
required to RESET the device compared to SET. The asymmetry in
the SET and RESET voltages are also evident in the experimental
work.” It can be explained from the bond-order analysis of the Ni
atoms before and after the SET process. While in the electrode’s
surface layer, one Ni atom is surrounded by nine neighboring Ni
atoms and has a total bond order of about 4.792. After adsorbing
in the vacancy location, the Ni atom is bonded with three neigh-
boring B atoms, and the bond order reduces to 3.383. It turns out
that a Ni atom in the bulk electrode is more strongly attached to
the neighboring atoms than in the vacancy location. As a result,
lower bias is required in RESET compared to SET. The hysteresis
plot of bipolar switching is shown in Fig. 3(b). In Fig. 3(c), the
atomic snapshots near one vacancy location before and after SET
are depicted. The videos of SET and RESET cycles are added in
videos 2 and 3 in supplementary material.

C. Unipolar switching

In unipolar switching, the RESET voltage should have the
same polarity as the SET voltage. Temperature change may play a
significant role in this switching. When current flows through nano
filament, due to Joule heating, its temperature rises. Recently, mea-
surement of the temperature of the conductive filaments in bulk
metal-oxide-based RS devices has been reported.”® They found that
filament temperature can rise to 1300 °C during switching opera-
tion. In bulk oxide-based memristors, when the temperature
reaches a critical value, the conductive filaments rupture, and the
device restores its HRS.””’” The rise in temperature in h-BN
monolayer-based switches has also been reported.””

To understand the unipolar operation, after the SET cycle, we
applied a positive RESET voltage of 4V and raised the device’s
temperature. At room temperature, there is no movement of Ni
atoms. As the device temperature increases, more adsorbed Ni
atoms return to their initial locations. In Fig. 3(d), the decrease in
the number of Ni atoms in the h-BN film at different temperatures
is shown. When the device temperature is raised to 900 K, 80% of
the adsorbed Ni atoms return to their primary location. Such a
high temperature is assigned to trigger the RESET process within
0.25 ns. RESET can be done at lower temperatures, but the process
will be too slow to access in the simulation time frame. We have
performed a long run at 600 K and found that 90% of the adsorbed
Ni atoms return after 4 ns (Fig. S4 in the supplementary material).
In the experiment, the ON current in the unipolar RESET cycle is
significantly higher than in the SET cycle. Even the ON current in
the bipolar RESET cycle is much lower than in the unipolar
RESET. A higher current leads to the rise of filament temperature
at a much lower voltage. Therefore, the unipolar switching seems
to be dominated by the rise in filament temperature due to Joule
heating.

D. Boron vacancy-embedded structure

To determine the role of boron vacancy in RS, we created
ten single B vacancies in monolayer h-BN. The device dimension
is the same as the N vacancy-embedded device. After initial
heating, positive bias pulses of width 0.25ns are applied in
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sequence. At 4V, the shifting of the h-BN layer toward the
bottom electrode is observed. However, with increasing bias, no
adsorption of Ni atoms inside the vacancy centers is found. To
further verify, we manually peeled Ni atoms from the bottom
electrode and placed them inside the vacancy centers. MD simu-
lations are then performed at 300 K and zero bias. At the begin-
ning of MD, the peeled Ni atom bonds with the three nearest N
atoms and has a total bond order of around 3.80. However, only
after a few MD steps, the Ni atoms come out of the h-BN plane
and locate between the h-BN and top electrode layer. The snap-
shots are depicted in Fig. S5 in the supplementary material. Bond
analysis shows that the peeled Ni atom creates a bond only with
the neighboring 1 N atom near the vacancy and three Ni atoms
from the top electrode. The bond order of the Ni atom reduces to
around 2.50. However, we repeated the same simulations on N
vacancy-embedded structures and found that Ni atoms stay
inside the vacancy centers.

Such a difference can be explained by the ELF calculations.
The iso-surface plot of ELF for N and B vacancy-embedded h-BN
are shown in Figs. S1(b) and S1(c) in the supplementary material,
respectively. In pristine h-BN, electrons are more localized around
N atoms. When an N vacancy is created, those electrons completely
delocalize around the vacancies and spread along the z-direction.
Due to this highly delocalized region, any atom near the vacancy is
prone to form chemical bonds with the neighboring B atoms.
However, in the case of B vacancy, the electrons are entirely local-
ized around the adjacent N atoms. The electron density at the
B vacancy center is absolutely zero. Therefore, Ni ions are not
likely to be adsorbed inside the B vacancies and create bonds with
the neighboring N atoms.

We further investigate the case when N and B vacancies
exist together in an h-BN film. MD simulations are carried out
on a device consisting of two N mono vacancies, two B mono
vacancies, and two BN vacancies. The snapshots are depicted in
Fig. S6 in the supplementary material. We found that Ni ions are
adsorbed into the N mono vacancies and N vacancy centers in
the BN vacancies. There is no adsorption of Ni ions into the B
vacancy centers. Earlier work suggests metal atoms can occupy
both B and N vacancies during RS.”® From MD simulations and
DFT study, we may conclude N vacancies are primarily responsi-
ble for nano-filament formation in monolayer h-BN based
devices.

E. Transport properties

To get insight into the resistivity change before and after the
SET process, we evaluate the transport properties of the device
based on spin-polarized DFT-NEGF formalism. For transport cal-
culation, h-BN is vertically interfaced with 8 Ni layers on both
sides. The outer three layers on each side are considered electrode
regions, while the inner five layers along with the h-BN layer are
set as the central scattering region. The number of Ni layers is
increased to make the central scattering region sufficiently large
compared to the electrode region. If the central region is short, spu-
rious scattering may occur at the electrode interfaces resulting in
poor convergence and inaccurate results. With the same electrode
configuration, we have done the MD simulation and found that the
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change in the number of Ni layers does not affect any movement of
atoms. The SET and RESET voltages remain the same.

The device configurations in transport calculations are shown
in Fig. 4(a). The surface area of the device is around 8.86 x 9.97 Az
One N vacancy is created in the h-BN layer, referred to as OFF
state configuration. For ON state configuration, a Ni atom from the
bottom electrode is manually placed inside the vacancy location.
Figure 4(b) illustrates the local device density of states (LDDOS) at
the Fermi level for OFF and ON state configurations around the
YZ plane. Spin up and spin down densities are summed up. It is
clearly visible that the vacancy region becomes more conductive
after adsorbing Ni, leading to the formation of conductive nano fil-
ament and an increase of overall electron density in the central
scattering region. As a result, more current flows through the
device.

The zero-bias transmission spectra in the energy range —0.1 to
+0.1V are shown in Fig. 4(c). It is found that the ON state trans-
mission is sufficiently high compared to the OFF state. For the
OFF state, the up-spin and down-spin transmission at the Fermi
level are 0.20 and 0.25, respectively. However, the transmission
values increase to 1.31 and 1.81, respectively, in the ON state. The
electrical conductance at room temperature has been evaluated
using the following expression:

G(E) = 27‘12 rw (E) (— HE Er, T) (E’a?’ T)) dE,

—00

where 7(E) is the sum of spin up and spin down transmission
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coefficients and f(E, Ep, T) is the Fermi-Dirac distribution func-
tion with Ep being the Fermi-energy.

The computed conductance values for the OFF state and ON
state are 1.62x 10~ and 11.99 x 107> S, respectively. Hence, about
a 7.4 times increase of zero-bias conductance after Ni adsorption is
observed. In experiments, the conductivities are usually measured
in finite bias. Therefore, comparing the quantitative change in con-
ductivity with the experiments is difficult. The finite bias calcula-
tions are not included in this work as they are more expensive, and
SCF convergence is extremely difficult. However, the zero-bias cal-
culation identifies two distinct resistance states before and after Ni
adsorption.

F. Endurance study

One of the major concerns of these atomically thin devices is
that their endurance is usually limited to <100 dc cycles, much
lower than amorphous oxide-based devices.”' In h-BN based thin-
nest memristive device, an endurance of 50 DC cycles was reported.
One of the possible causes behind the irreversibility of the cyclic
operation is a rise in device temperature. After several operational
cycles, due to Joule heating, the device temperature may increase
significantly.”” To determine the heating effect, we repeated the
MD simulation for the bipolar switching cycle at a higher tempera-
ture of about 800 K (Fig. S7 in the supplementary material). As the
SET voltage is applied, due to the high temperature, several Ni ions
from the bottom electrode migrate through a single N vacancy
toward the other side of the h-BN film. These ions cannot be
retrieved back to their initial locations by applying RESET voltage,
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FIG. 4. Quantum transport calculation before and after Ni adsorption. (a) Schematic of Ni/h-BN/Ni device used for transmission calculations. The left image shows h-BN
film with one N vacancy, designated as OFF STATE configuration, and the right side image shows Ni atom from the bottom electrode placed in the vacancy center, desig-
nated as ON STATE configuration. (b) Plot of local device density of states (LDDOS) along the YZ plane for OFF and ON states. (c) Plot of transmission with respect to

energy near the Fermi level for both OFF STATE and ON STATE.
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resulting in a breakdown of the reversible switching cycle. Filament
formation and rupture are much simpler in amorphous materials
due to substantial interstitial spaces throughout the amorphous
layer. However, in crystalline 2D materials, the possible space for
metal ion migration is through vacancies and grain boundaries. So,
if the metal ions migrate uncontrollably through these atomic scale
regions and reach the other side of h-BN, returning them to their
initial locations is not easy. Only the ions absorbed in the vacancy
centers can be adequately restored. So, uncontrollable movements
of metal ions may lead to irreversible switching. In a recent work, a
polymer layer was inserted between h-BN and top electrodes to
prevent the overgrowth of filaments.”” That device showed a better
endurance of 100 DC cycles compared to a pure h-BN based
device. From MD simulations, it is evident that temperature rise
can trigger such uncontrolled penetration of metal ions through
defects that cannot be restored during the reverse cycle.

IV. CONCLUSIONS

For the first time, we present a detailed picture of “nano-
filament” formation in ML h-BN during the nonvolatile RS oper-
ation. Metal ion adsorption and desorption in the N vacancy
centers are primarily responsible for resistive switching. This
simulation can accurately describe forming free bipolar and uni-
polar switching phenomena. It provides a detailed understanding
of the role of individual vacancies in the switching process. We
have also looked into the cause of the lower endurance of such
devices. At room temperature, the process of metal atom adsorp-
tion is highly reversible. However, with temperature rise, unre-
stricted migration of metal ions may lead to the breakdown of
the switching cycle. So, a good heat sink is needed to increase the
endurance of such devices. Although we have only investigated
explicit Ni electrodes (DDEC bond order 2.49), the proposed
mechanism can also be applicable to other active electrodes like
Au (DDEC bond order 2.88). The dynamic evaluation of switch-
ing is performed using the reactive force field, whose parameters
are absolutely not application-specific and entirely trained from
fundamental physical and chemical data. Hence, this simulation
may be useful to design reliable and high-performance memris-
tive devices by exploring new materials and designs.

SUPPLEMENTARY MATERIAL

See the supplementary  material for  details of
electron-localization-function, MD run with fixed boundary atoms,
device configuration in atomic scale, long time scale unipolar
RESET, MD simulations of Ni atoms inside B vacancy, Ni adsorp-
tion on BN vacancy, high temperature MD simulations, and calcu-
lated atomic charges.
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