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Nonvolatile resistive switching in two-dimensional monolayers opens a new avenue for high-density
memory/computing devices. However, questions remain as to why the current on/off ratio and
switching voltage vary significantly among different devices. Here, we simulate electronic transport of
large systems consisting of a h-BN monolayer sandwiched by gold electrodes, enabled by an
implementation of the nonequilibrium Green’s function method in the exascale density functional
theory (DFT) code: Real-space MultiGrid. Systematic calculations reveal that the wide range of on/off
ratios is due to variations in interface distances between the electrode and h-BN that significantly
modulate their wavefunction overlap. In addition, DFT calculations demonstrate that the energy barrier
of a gold atom dissociating from the electrode to h-BN increases dramatically with the interface
distance, thereby explaining the strong dependence of the switching voltage on distance. Our work
demonstrates the significance of interface distance in governing the current on/off ratio and switching

voltage.

Two-dimensional (2D) layered materials, such as graphene, transition metal
dichalcogenides, and hexagonal boron nitride (h-BN), have been intensively
studied owing to their fundamental properties and technological potential.
They have been explored for a variety of applications such as field-effect
transistors, optoelectronics, flexible electronics, etc'™. More recently, 2D
materials show great promise in memristors, where nonvolatile resistive
switching occurs between a high-resistance state (HRS) and a low-resistance
state (LRS)*". In particular, memristor devices based on monolayer
structures such as MoS, and h-BN in the vertical metal-insulator-metal
configuration have attracted ever-growing attention because of their
potential for developing high-density memory and computing devices at the
ultrathin scale'*'****’. These atomically thin memristors are also known as
atomristors'’. Furthermore, 2D memristors or atomristors can also be used
as artificial synapses for next-generation neuromorphic computing”' .
To fully realize the technological potential of single-layer 2D
material-based memristors, however, we must first understand the
resistive switching mechanism. Numerous experimental and theoretical
works by us and others''®***»*7¢ suggested that metal atoms are
dissociated from the electrodes under a bias voltage and then adsorbed

on the sites of defects (vacancies and/or grain boundaries) in 2D
monolayers, leading to the formation of metal conductive bridges and
filaments between the electrodes and the 2D active layer, and subse-
quently a HRS to LRS transition. Different resistance states arise from
different numbers of metal atoms in the interface for the conduction. The
desorption of metal atoms from the defective sites under a reversed
voltage and/or Joule heating returns the system to the original HRS.
Nevertheless, there are still some open questions: why are the current on/
off ratio and switching voltage, key metrics of memristors, strongly
device-dependent in the same experiments? Why do they also vary sig-
nificantly among different experiments? For example, for monolayer h-
BN-based memristors, Wu et al.'® found significant differences for the
on/off ratio and switching voltage in crossbar devices with the same
lateral area of 2 x 2 um”. Some devices attain the current on/off ratio
around 0.3 x 10° and the switching voltage about 2.0 V; in contrast,
others possess substantially higher on/off ratio (up to 107) but also sig-
nificantly higher switching voltage of ~3.4V'’. Similar trends were
reported for monolayer MoS,-based memristors using gold/graphene as
the top electrode and gold as the bottom electrode, where the on/off ratio

'Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, TN, USA. 2Department of Physics, North Carolina State University, Raleigh,

NC, USA. *Microelectronics Research Center, The University of Texas at Austin, Austin, TX, USA.

e-mail: liangl1@ornl.gov

npj 2D Materials and Applications| (2025)9:95


http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-025-00611-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-025-00611-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-025-00611-y&domain=pdf
mailto:liangl1@ornl.gov
www.nature.com/npj2dmaterials

https://doi.org/10.1038/s41699-025-00611-y

Article

Fig. 1| Schematic illustration of the hypothesis for
memristor devices based on monolayer h-BN,
where we proposed that large variations in the
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can be as low as 1.6 and as high as 107, and the switching voltage is
modulated between 3.0 and 4.0 V'>”. Such strong variations of the
switching ratio and voltage have not been thoroughly investigated yet,
casting doubt on the resistive switching mechanism proposed in the
literature and hindering reliable fabrication of 2D memristors at both
laboratory and industrial scales. Although defect density has been found
to affect the on/off ratio, the resulting variation of the ratio is less than
one order of magnitude”**. Therefore, we hypothesize that the interface
distance plays a more crucial role for the significant variations of the
switching ratio and voltage among devices'>'**"*>”", Our hypothesis is
schematically illustrated in Fig. 1: the devices in the left panel have
cleaner interfaces and shorter interface distances so they have lower
current on/off ratios and lower switching voltages; on the other hand, the
devices in the right panel have residues at the interface, thus larger
interface distances leading to higher current on/off ratios and higher
switching voltages.

To test our hypothesis, simulating the electronic transport and directly
computing I-V curves of the memristors using ab initio approaches is
necessary. Although several prior works have carried out such
simulations*>****”, neither of them considered different interface condi-
tions and distances, induced by fabrication processes, to understand the
large variations of the switching ratio and voltage. Additionally, the device
sizes were usually limited due to the high computational cost of quantum
transport simulations. In some cases, some layers of the gold electrodes had
to be reduced to Au diploids to reduce the cost™”. Such simplification
probably made the calculated on/off ratios less accurate. In this work, by
implementing the nonequilibrium Green’s function (NEGF) method in a
highly scalable first-principles density functional theory (DFT) code, the
Real-space MultiGrid (RMG)”™, we can directly simulate electronic
transport of a h-BN monolayer sandwiched by top and bottom gold elec-
trodes consisting of ~1000 atoms (close to 8000 orbitals). Note that our
transport simulations can be applied to larger supercell structures and
multilayer 2D systems with several thousands of atoms™*. In fact, the
largest system we simulated in this work contains more than 3600 atoms.
For each system with the size of ~1000 atoms, the transport simulations
need less than 3 h using 16 GPU nodes in the exascale supercomputer
"Frontier" at Oak Ridge National Laboratory. Such speed and efficiency
allow us to carry out systematic transport simulations at a variety of resis-
tance states and interface distances. We found that the interface distance is a
key factor affecting the current on/off ratio, which provides the first quan-
titative evidence on why the ratio can vary from 10° to 10’ among different
memristor devices. The calculated on/off ratio exhibits exponential
dependence on the electrode-electrode distance, increasing by a factor of
~7.2 per angstrom. In addition, DFT calculations demonstrate that the
energy barrier of a gold atom dissociating from the Au electrode to bind with
h-BN increases dramatically with the interface distance, thereby shedding
light on the strong dependence of the switching voltage on the distance. Our
results underscore the significance of the interface distance in governing the
current on/off ratio and switching voltage and help to reconcile
the inconsistencies between different samples and experimental groups. The

results presented here improve the understanding of the resistive switching
mechanism in atomically thin memristors, also called atomristors, and
provide valuable guidelines for engineering and optimizing memristor
devices.

Results

To understand why and how the current on/off ratios of the atomically thin
memristors show significant variations among different experimental
works'*'*” and even among different devices in the same works"'®, we
simulated the electronic transport in a realistic Au/h-BN/Au device geo-
metry using the self-consistent NEGF method implemented in RMG (more
details in Methods) at a variety of resistance states and interface distances.
According to prior experimental and theoretical works'*******, single boron
vacancy on h-BN is the most plausible defect type to interact with metal
atoms dissociated from the electrodes for enabling memristive switching.
Therefore, we introduced a boron vacancy in h-BN and considered Auatom
adsorption on the vacancy site, as shown in Fig. 2. Note that the equilibrium
distance between h-BN and the Au (111) surface under an ideal condition
(ie., clean interface) is about 3.20 A; however, for realistic devices, the
fabrication process commonly involves polymers and solvents such as
polydimethylsiloxane (PDMS), polymethyl methacrylate (PMMA), and de-
ionized water'>'*, which can introduce contaminants into the interface
between the electrodes and h-BN, thereby leading to electrode-BN distances
larger than 3.20 A. Due to the surface roughness of the electrodes and the
non-uniform presence of contaminants inside the interface, it is difficult to
pinpoint the electrode-BN distance; in fact, the distance probably varies
from location to location across the interface. The wavefunction overlap
between the electrodes and h-BN is distance-dependent, affecting the
transport. Therefore, we considered a wide range of electrode-BN distances
from 3.20 to 7.50 A. The lower bound of 3.2 A corresponds to the equili-
brium separation between monolayer h-BN and the Au(111) surface when
no chemical residues exist between them. When fabrication-induced resi-
dues become trapped at the interface, the electrode-BN distance can be
expressed as d = d(residues-BN) + d(residues-electrode) + #(residues),
where d(residues-BN) is the equilibrium separation distance between the
residues and h-BN, and d(residues-electrode) is the distance between
the residues and the electrode surface. They are usually around 2.9-3.3 A,
the typical distance for physical (vdW type) interactions. t(residues) is the
thickness of the residues, which can vary from almost zero to several ang-
stroms depending on the orientation relative to h-BN. Therefore, the
electrode-BN distance can reach 6 A and higher. We chose 7.5 A as the
upper-bound testing example to illustrate the effect of the electrode-BN
distance. It can be higher in real devices, as will be discussed below based on
experimental atomic force microscopy measurements of the step height of
the h-BN monolayer after transfer on the substrate.

The impact of the electrode-BN distance on the electronic
transport

Figure 2a illustrates the atomic structure of the Au/h-BN/Au device at the
equilibrium electrode-BN distance of 3.20 A. According to our calculations,
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Fig. 2 | Electronic transport simulations at short electrode-BN distances.

a Atomic structure of the Au/h-BN/Au device at the equilibrium electrode-BN
distance of 3.20 A. Due to a boron vacancy in h-BN, an Au atom spontaneously
moves towards the B vacancy to act as a conductive bridge, so the system is set to a
low-resistance state (LRS). b Calculated I-V curve of the device at the LRS at the
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3.20 A distance. At a distance of 3.53 or 4.77 A, the device assumes either a high-
resistance state (HRS) shown in (c) or LRS in (d), depending on the atomic con-
figurations. Calculated I-V curves under different states at a distance of € 3.53 A and
£4.77 A. Here, the switching behavior at the SET/RESET voltage is not simulated.
The device area in one unit cell is 2.62 nm’.

during the structural relaxation, an Au atom spontaneously moves towards
the B vacancy site. It sits between the Au surface and h-BN, forming bonds
with both the Au surface and h-BN, and acting as a conductive bridge
between them. Consequently, the system is stuck in an LRS with or without
an electric bias. For such a state, we computed its I-V curve at various
source-drain biases by calculating the current from the transmission spec-
trum using the Landauer formula**, as shown in Fig. 2b. Because the
system remains in the LRS, there is no hysteresis during the I-V sweep.
However, when the electrode-BN distance is increased to 3.53 A, the
interaction between the Au surface and h-BN is weakened so that no gold
atom is spontaneously displaced from the electrode. Therefore, without the
application of an electric voltage, the system stays in an HRS, as shown in
Fig. 2c. The application of a critical voltage enables a gold atom to dissociate
from the electrode and subsequently be adsorbed on the vacancy site. In

such an electrode-BN distance, the gold atom bonds both with the Au
surface and h-BN, leading to a conductive bridge illustrated in Fig. 2d. As
demonstrated previously’, an Au atom can pass through h-BN via the
boron vacancy, so a full conductive filament from the top to the bottom
electrode is eventually formed, leading to a transition to the LRS in Fig. 2d.
Figure 2e shows the simulated I-V curves at both resistance states for the
electrode-BN distance of 3.53 A. The LRS exhibits a larger current than the
HRS at any voltage, indicating higher conductance (lower resistance) due to
the conductive filament across the interface. However, because the
electrode-BN distance of 3.53 A still allows considerable wavefunction
overlap between the Au surface and h-BN, tunneling of electrons through
the interface in the HRS is relatively easy, and thus, the resistance of the HRS
is not notably higher than that of the LRS. As a result, the current on/off ratio
near zero voltage (0.1 V) is only 2.29, and the hysteresis during the I-V
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Fig. 3 | Electronic transport simulations at relatively large electrode-BN dis-
tances. Atomic structures of the Au/h-BN/Au device under different resistance
states: a high-resistance state (HRS), b medium resistance state (MRS), and ¢ low-
resistance state (LRS). Calculated I-V curves under different states at varying
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electrode-BN distances: d 5.91 A,e6.91 A,and £7.50 A. Here, the switching behavior

at the SET/RESET voltage is not simulated. The device area in one unit cell is
2.62nm’.

sweep in Fig. 2e is not significant. In short, if the distance is larger than the
equilibrium one but not large enough to eliminate the wavefunction overlap
between the electrode and the 2D monolayer, resistive switching can occur,
albeit with relatively small current on/off ratios. This could be the reason
why the switching ratios in monolayer MoS, memristors studied by
Papadopoulos et al.” were not higher than 1.70. To enhance the current on/
off ratio, we need to increase the electrode-BN distance to minimize the
interactions between the electrode and h-BN (i.e., reduce the current leak-
age). Our simulations suggest that the HRS has much higher resistance than
the LRS when the electrode-BN distance is increased to 4.77 A, leading to a
current on/off ratio of 31.93 and appreciable hysteresis during the I-V
sweep, as shown in Fig. 2f. Nevertheless, this ratio is still drastically lower
than those (10* to 10”) reported by Wu et al.'® for monolayer h-BN devices.

The increase in the on/off ratio with electrode-BN distance suggests that at
even larger distances, the experimentally observed on/off ratios might be
observed. Note that the OFF current at the HRS shown by the black curves in
Figs. 2 and 3 corresponds to the quantum tunneling current.

Multiple resistance states occur when the electrode-BN distance is
increased further to 5.91 A in Fig. 3a. As illustrated in Fig. 3b, the adsorption
of a single gold atom on the vacancy site no longer ensures a conductive
bridge across the interface since the shortest separation distance between the
bound Au atom and any gold atom from the electrode is more than 4.3 A.
Thus, the electronic transport falls back into the quantum tunneling
regime”. However, compared to the HRS in Fig. 3a, its electrical resistance is
still lower and thus is denoted as a medium resistance state (MRS). Clearly,
an additional gold atom is needed to form a complete conductive filament
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and generate the LRS, as demonstrated in Fig. 3c. The calculated I-V curves
of all three states are shown in Fig. 3d, where the I-V curve of the MRS is
between those of the HRS and LRS. For the distance of 5.91 A, the current
on/off ratio of MRS/HRS is around 0.60 x 10°, while the ratio of LRS/HRS is
computed to be 0.68 x 10* (Table 1), indicating that the LRS resistance is
about one order of magnitude lower than that of the MRS. As we continue to
increase the electrode-BN distance, the tunneling barrier from the electrode
to h-BN is getting higher for the HRS in Fig. 3a, so is the tunneling barrier
from the electrode to the gold atom bound on h-BN in Fig. 3b. Since the
current tends to decay exponentially with the vacuum distance, the HRS and
MRS currents are continuously and substantially reduced when the
electrode-BN distance grows from 5.91 A to 6.91 A to 7.50 A, as shown in
Fig. 3e, f. In contrast, for the LRS, the presence of a conductive filament
across the interface guarantees current flow, so the current does not decrease
considerably with distance. As a result, the current on/off ratio of LRS/HRS
quickly climbs to 0.22 x 10° for 6.91 A and 0.26 x 107 for 7.50 A (Table 1).
On the other hand, as the distance increases, quantum tunneling dominates
the electronic transport in the MRS as well, and hence, the difference
between the MRS and HRS gets smaller. This is reflected in the on/off ratio
of MRS/HRS, as it does not increase from 5.91 A to 7.50 A (Table 1). In
short, our simulations clearly show that the current on/off ratio between the
LRS and HRS is strongly dependent on the electrode-BN distance and can
vary between 10° and 107, just like the experimental results reported by Wu
et al.'°. Note that at an electrode-BN distance of 7.50 A, the current on/off
ratio is 0.26 x 10”. Because the on/off ratio increases dramatically with the
distance, it can exceed 10’ when the distance is larger than 7.50 A. According

Table 1 | Calculated current on/off ratios of the Au/h-BN/Au
device between medium resistance state (MRS) and high-
resistance state (HRS), and between low-resistance state
(LRS) and HRS at different distances

Electrode-BN On/off ratio On/off ratio
distance (A) (MRS/HRS) (LRS/HRS)
3.53 2.29 2.29

4.77 31.93 31.93

5.91 0.60 x 10° 0.68 x 10*
6.91 0.65 x 10° 0.22 x 10°
7.50 0.29x 10° 0.26 x 10’

For the distances of 3.53 and 4.77 A, the MRS is the same as the LRS.

to the fitting formula discussed below, it will exceed 10" when the distance is
around 7.71 A.

To gain a deeper understanding of the effects of the electrode-BN
distance on memristor switching, we computed the zero-voltage electrical
resistance at different resistance states as a function of the electrode-BN
distance (Fig. 4a). For the HRS, where quantum tunneling is the dominant
transport mechanism, the resistance clearly grows exponentially with the
electrode-BN distance (the resistance R shown by black squares is plotted in
the log scale, and log(R) is almost linearly dependent on the distance d).
Since the current is proportional to the inverse of the resistance, the OFF
current at the HRS decreases exponentially with the distance, as shown by
black squares in Fig. 4b (log scale). For the MRS, as we discussed above, it
corresponds to the adsorption of a single gold atom at the vacancy site of
h-BN. When the electrode-BN distance d < 5 A (Fig. 2), this gold atom can
form bonds with both the Au surface and h-BN, and thus act as a conductive
bridge between them for electrons flowing across the interface. However,
when d>5 A (Fig. 3b), a single Au atom no longer ensures a conductive
bridge across the interface, since the separation between the bound Au atom
and the electrode is more than 4.3 A. Thus, the electronic transport falls back
into the quantum tunneling regime, and the tunneling begins to dominate as
d continues to increase. As a result, for the MRS (shown by red triangles in
Fig. 4a), the resistance R vs d follows two distinct patterns. Whend > 5 A, R
grows more rapidly with d due to quantum tunneling, similar to the tun-
neling in the HRS, and therefore the difference between MRS and HRS gets
smaller (hence the current on/off ratio of MRS/HRS decreases as shown in
Table 1). We note that when d < 5 A (Fig, 2), a single gold atom can form a
conductive chain across the interface, and thus the MRS is the same as the
LRS. For the LRS at d > 5 A, on the other hand, an additional gold atom is
needed to form the complete conductive chain (Fig. 3¢) to ensure electrons
flow through the interface. For the LRS (blue stars in Fig. 4a), regardless of
the electrode-BN distance, the resistance only mildly increases with d
because electrons can directly flow from the top to the bottom electrodes.
Consequently, the ON current at the LRS does not change much with the
distance, as shown by blue stars in Fig. 4b. With the OFF current at the HRS
decreasing exponentially with the distance (black squares in Fig. 4b), the
current on/off ratio of LRS/HRS therefore increases exponentially with the
distance following a fitting formula of y = A x ¢, where the coefficients A
and B are 5.94e-07 (no unit) and 3.95 (in the unit of A™), respectively, as
shown in Fig. 4c (the on/off ratio is also on the log scale). According to the
fitting formula, the on/off ratio grows by a factor of ~7.2 when the electrode-
electrode distance is increased by one angstrom (i.e., the electrode-BN
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Fig. 4 | Device parameters as a function of the electrode-BN distance. a Calculated
resistances of different states as a function of the electrode-BN distance for the Au/h-
BN/Au device. Note that at shorter distances (<5 A) the MRS is the same as the LRS
(thus their data points are overlapped), while at larger distances (>5 A) the MRS is no
longer equivalent to the LRS. b Calculated ON and OFF currents near zero voltage
(0.1 V) as a function of the electrode-BN distance. The OFF current corresponds to
the HRS, while the ON current corresponds to the LRS. The device area in one unit
cellis 2.62 nm’. Calculated OFF (i.e., quantum tunneling) current density is shown in
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Fig. S1 in Supplementary Information. ¢ The corresponding current on/off ratio as a
function of the electrode-BN distance. Gray line is a fitting curve based on the
formula of y = A x . The on/off ratio is basically defined between the LRS and
HRS at any given distance. The Y axis is in the log scale in (a—c). Note that the
interface (electrode-to-electrode) distance is twice the electrode-BN distance.

d Calculated energy barrier of an Au atom dissociated from the Au electrode to
adsorbing on the B vacancy site of the h-BN surface as a function of the electrode-BN
distance.
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Table 2 | Summary of measured current on/off ratio and switching voltage in experimental 2D monolayer memristors based on

different transfer techniques and metal electrodes

Active layer Polymer transfer Electrodes (device area) On/off ratio Switching voltage (V) Reference
h-BN PMMA Au/Au (0.5 x 0.5 um?) ~0.5x 10° ~1.4 21
h-BN PMMA Au/Au (1 x 1 um?) ~10° ~2.2 22
h-BN PMMA Au/Au (1 x 1 um?) median: ~0.25 x 107 median: ~3.3 16
h-BN PMMA AU/AU (2 x 2 um?) ~0.3 x 10°-107 (median: ~0.2 x 10%) ~2.0-3.4 (median: ~2.8) 16
h-BN PMMA Au/Au (10 x 10 um?) median: ~100 median: ~1.0 16
MoS, dry transfer Au/graphene/Au (2.4 x 2.4 um?) ~1.6 ~3.0 37
MoS; PDMS Au/graphene/Au (1 x 1 pm?) ~107 ~4.0 15
MoS, PDMS Au/Au (1 x 1 um?) median: ~10” median: ~3.4 15
MoS, PDMS Au/Au (2 x 2 um?) median: ~0.3 x 10° median: ~1.0 15
MoS, PDMS Au/Au (100 x 100 pm?) median: ~10 median: ~0.5 15

For some devices, only median values are reported in the experimental works, as shown in the table.

distance d is increased by a half angstrom). To summarize, our simulations
demonstrate that the resistance of the HRS and the resulting OFF current
and on/off ratio exhibit exponential dependence on the electrode-BN dis-
tance, thereby leading to substantial variations in the on/off ratio between
10° and 10”. Note that the absolute values of calculated OFF current in Fig,
4b and OFF current density in Fig. S1 (i.e., quantum tunneling current and
current density) cannot be directly compared to the values in experimental
devices for multiple reasons. First, a flat gold surface is considered in the
calculations, but the gold electrodes in experiments have surface roughness,
leading to variations in the distance between the electrode surface and h-BN.
Second, due to chemical residues inside the interface, the electrode-BN
distance in experimental devices could be notably larger than the equili-
brium one (~3.20 A). Since the tunneling current decays exponentially with
the electrode-BN distance, different distances between the calculations and
experiments can lead to different currents by orders of magnitude. For
example, when the electrode-BN distance is increased from 3.53 Atoa.77 A,
the OFF current is reduced by more than two orders of magnitude. Finally,
because the electronic band gap of h-BN is underestimated by the calcula-
tions, the transport simulations usually overestimate the tunneling current
compared to experiments. In short, caution needs to be taken when com-
paring the tunneling current and current density (similarly, resistance)
between the calculations and experiments. In this work, the physical trends
of the calculated resistance, current, and on/off ratio versus the electrode-BN
distance are more reliable than the absolute values.

The impact of the electrode-BN distance on the switching
voltage

It is interesting to note that the distance between the h-BN active layer and
the Au electrode significantly affects the energy barrier of the dissociation of
an Au atom from the electrode to be adsorbed on the vacancy site in h-BN.
Using the climbing image nudged elastic band (NEB) method”, we calcu-
lated the energy barrier when the electrode-BN distance varies from 7.5 to
6.4 to 4.8 A and found out that it is dramatically lowered from 3.40 to 1.45 to
0.07 eV, as shown in Fig. 4d. When the Au atom dissociates from the
electrode, its orbitals become unsaturated, and it becomes energetically less
stable unless it forms new bonds with other atoms to lower its energy. The
shorter the distance between the electrode and h-BN, the quicker new bonds
are formed between the Au atom and h-BN, thereby lowering the energy
barrier. Detailed discussions about the NEB calculations, gold migration
pathways, and the NEB energy profiles can be found in the Supplementary
Information. These energy barriers are extracted from the full NEB reaction
coordinates plotted in Fig. S2. The NEB pathway involves a single gold atom
transitioning from its initial state (adsorbed within the bulk-like electrode
surface) to the final state (bound at the boron vacancy site in the h-BN).
Representative atomic structures and the energies of the initial, transition,
and final states for each electrode-BN distance are shown in Fig. S3. Because

the electrode-BN distance varies from device to device during the fabrication
process, the energy barrier and subsequently the switching voltage (i.e., SET

voltage) vary strongly in h-BN devices even with the same lateral area'’.

Comparison between calculations and experiments

Now, we are ready to connect our simulation results (Table 1 and Fig. 4) to
experimental findings in the literature that are summarized in Table 2. For
typical crossbar h-BN devices, the fabrication processes involve polymers
and solvents such as PMMA, ammonia persulfate solution, de-ionized
water, and acetone, which inevitably introduce polymer residues and con-
taminants into the interface'*"””. In combination with the surface rough-
ness of the electrodes, the electrode-BN distance is therefore considerably
larger than the equilibrium distance of 3.20 A, leading to current on/off
ratios higher than 10* as shown in Table 2. Furthermore, the distance varies
from device to device since the amount of chemical residues inside the
interface fluctuates during the fabrication process of each device, resulting in
strong variations of the on/off ratio between 10* and 10 (Table 2) in the
same experimental work'® and among different works'**"*. Following the
same logic, the switching voltage is also strongly modulated between 1.4 and
3.4 V' Regarding the distance’s variation due to fabrication residues
and electrodes’ surface roughness, cross-sectional transmission electron
microscopy (TEM) is a great tool to image the interface. However, to the best
of our knowledge, no cross-sectional TEM data have been provided to show
unequivocally the interface spacing and its variation across the entire device.
This matter is the subject of a future experimental work. What is known is
that residues and electrodes’ surface roughness inevitably increase the
interface gap, and this can be seen indirectly in various atomic force
microscopy (AFM) measurements of the step height of the h-BN monolayer
after transfer but before top electrode deposition. After the transfer of the
h-BN monolayer on a substrate, the measured step height relative to the
substrate has been reported in a wide range from 4.9 A (average value)'® to
58+ 0.6 A"106.9 A” to8 + 1 A (the root-mean-square (RMS) roughness is
5.8 A)*. The step height’s variation among different experimental works
and the large RMS roughness relative to the film thickness found in ref. 49
have been commonly attributed to entrapped water and polymer residues
introduced during the transfer. Gorbachev et al.” reported that the h-BN
films are often lifted above the substrate by up to extra 10 A due to residues.
Therefore, the electrode-BN distances ranging from 3.20 to 7.50 A con-
sidered in our calculations should be realistic. In addition to the electrode-
BN distance, it is important to note that the device area, the junction
(or overlap) area between the top and bottom electrodes, can also strongly
affect the on/off ratio and switching voltage™. Both decrease as the device
area increases, as shown in Table 2'*'°. For h-BN devices, when the device
area is increased from 1 x 1 pm’ to 2 x 2 pm?, the median value of the on/off
ratio is reduced by one order of magnitude, from ~0.25 x 107 to ~0.2 x 105,
but it is dramatically decreased to ~100 when the area reaches

npj 2D Materials and Applications| (2025)9:95


www.nature.com/npj2dmaterials

https://doi.org/10.1038/s41699-025-00611-y

Article

10 x 10 um”® '°. For MoS, devices, when the device area is increased from
1x 1 pm’ to 2 x 2 um’, the current on/off ratio is reduced by a factor of 33,
from ~107 to ~0.3 x 10° *, but it is dramatically lowered to 10 when the area
reaches 100 x 100 um”. Therefore, the study of device variability requires the
device areas to be as close as possible. The device variation is not significant
with area changes from 1 x 1 um”*to 2 x 2 pm’. Consequently, in Table 2 we
compared the h-BN devices from three experimental works'**"** with device
areasof 0.5x0.5,1 x 1,and 2 x 2 pmz, which are not too different, to ensure
that the device variations are mainly due to the interface condition and
distance, not the device area. In fact, smaller device areas in refs. 21. and*
suggest that their on/off ratios and switching voltages should be further
smaller if the devices were scaled up to 2 x 2 um’ used in ref. 16. In other
words, the lower limit of the on/off ratio and switching voltage should be
probably close to 10* and 1.0 V, respectively, indicating an even wider
variation range for h-BN memristors due to the interface distance. Similar
analysis can be applied to MoS, devices. Reference *’ reported a current on/
off ratio of ~1.6 and a SET voltage of ~3.0 V for monolayer MoS, mem-
ristors using mechanically exfoliated monolayer samples and a dry transfer
technique that results in clean interfaces with shorter distances. According
to our simulations, when the electrode-BN distance is close to the equili-
brium one, the on/off ratio can be rather small and close to 1. In contrast,
ref. 15 found a much higher on/off ratio of ~10” and a larger SET voltage of
~4.0V for monolayer MoS, devices with the same electrodes, but using
chemical vapor deposition grown samples and the PDMS-assisted transfer,
which tends to leave chemical residues in the interface and leads to much
larger electrode-BN distances. This can subsequently give rise to the sub-
stantially higher on/off ratio and switching voltage as demonstrated by the
calculations shown in Table 1 and Fig. 4. Note that the device areas in refs. 37
and ° do not differ much. As discussed above, when the device area is
increased from 1 x 1 um’ to 2 x 2 um’, the on/off ratio is slightly reduced
from ~10’ to ~0.3 x 10° according to ref. 15. It is still ~10 when the device
area is substantially increased to 100 x 100 um”. Therefore, we expect that
the on/off ratio for the device area of 2.4 x 2.4 um” in ref. 15 (not studied in
this work) should be ~10°, and at least much higher than 10. The dramatic
reduction of the on/off ratio to only ~1.6 for the device area of 2.4 x 2.4 um’
in ref. 37 is thus not due to the device area. The effect of the device area can be
ruled out as the leading cause of the observed variation in the ratio and the
voltage.

Note that the systems are periodically repeated in our simulations, and
in each unit cell, the in-plane cell size is 1.51 nm x 1.74 nm, so that the device
area in one unit cell is 2.62 nm? which is relatively small. Due to the periodic
boundary condition, one cannot simply conclude that the device area in
simulations is 2.62 nm” and the simulation results are limited to small-area
devices. In experimental devices, the on/off ratio can change from 10 to 10
when the area is changed from 1 x 1 um’ to 100 x 100 um’. Our simulations
can produce such a ratio change when the electrode-BN distance varies from
~7.5t0 ~3.5 A, while using the same unit cell size. We hypothesize that the
effects of chemical residues in the interface are stronger in small devices.
Chemical residues are broken into pieces randomly scattered on top and
bottom of the 2D flake. For devices with a small lateral area, such as
1 x 1 pm?, some large chemical residue molecules may fill the entire inter-
face and thus push the vertical separation to higher values beyond 7 A,
thereby leading to much higher on/off ratios and switching voltages
according to our simulations. However, for devices with larger areas, such as
100 x 100 pmz, the lateral area could be larger than any residue molecules,
and thus the gap between two molecules constitutes a clean interface region
with a shorter separation distance. As the device area becomes larger, the
area with a shorter interface distance gets larger and begins to dominate the
transport. Due to a shorter distance, the switching will occur at these
locations first since the switching voltage is lower there. In short, a larger
surface area of the electrode would reduce the effect of chemical residues and
increase the likelihood of a shorter interface distance at some contact points,
contributing to the decrease of the on/off ratio and the switching voltage
according to our simulations. Therefore, our simulation results could work
for both large and small device areas. The results are not limited by the lateral

area of the unit cell because we focus on the effect of the interface distance
(in the vertical direction rather than the lateral direction). To verify our
hypothesis, further experimental works need to be carried out. A direct
experimental means is to make a variety of devices with different device
areas using different processing methods and perform cross-sectional
transmission TEM measurements to unequivocally measure the interface
spacing and correlate this to experimental transport measurements. This
will be future work for experimental research. An indirect and partial
approach is to use conductive AFM™ to scan the 2D monolayer surface after
transfer on a substrate but before top electrode deposition, as mentioned
above. By correlating the height with the tunneling current across the 2D
surface, we could at least reveal the variation range of the distance between
the AFM tip and the substrate and demonstrate how the OFF current
depends on the distance.

Finally, we examined the effect of defect density on the current on/off
ratio. In this work, without mentioning otherwise, the defect density in
monolayer h-BN is 0.38 nm . According to an experimental work on
monolayer h-BN grown by chemical vapor deposition™, the defect con-
centration is in the range of 0.03-0.30 nm* (i.e., 0.03-0.30 x 10**cm?). To
make the simulated defect concentration more comparable with experi-
mental values, we have considered larger unit cell sizes and thus lower defect
densities at an electrode-BN distance of ~6 A, and summarized the calcu-
lated current on/off ratio versus the defect density in Table S1 in Supple-
mentary Information. The largest Au/h-BN/Au unit cell contains more than
3600 atoms with a defect concentration of ~0.09 nm ™. Unfortunately, it is
computationally prohibitive to simulate the experimental lower limit of the
defect density (0.03nm?), which requires more than 10,000 atoms.
According to our simulations (Table S1), the current on/off ratio changes
between 0.30 x 10* and 0.96 x 10* when the defect concentration grows
from ~0.09 to 0.19 to 0.38 nm > Both our calculations and two prior
experimental works”* found that the on/off ratio variation by defect
engineering is within one order of magnitude, and thus defects can also be
ruled out as the primary cause for the substantial variations in the on/off
ratio between 10° and 10’. Although the defect density used in our calcu-
lations for the effect of the interface distance is larger than the experimental
values, the physical trends (i.e., strong dependence of the current on/off ratio
and the switching voltage on the distance) still hold.

Discussion

In summary, we have carried out electronic transport simulations in a
realistic Au/h-BN/Au device geometry consisting of ~1000 atoms using the
DFT package RMG. The massive parallelization of the real-space DFT-
NEGF method on exascale supercomputers allows us to systematically study
memristor switching at a variety of interface distances for such large sys-
tems. We found that the current on/off ratio increases exponentially with the
distance, largely due to the exponential increase in the HRS resistance and
the exponential decrease in the OFF current with the vacuum thickness.
According to our fitting formula, it grows by a factor of ~7.2 when the
electrode-electrode distance is increased by one angstrom. It can grow from
10° to 107 as the interface distance increases, which is a key contributing
factor to the fact that the experimental on/off ratios vary significantly, in this
same range, among different devices and experimental works. Furthermore,
first-principles NEB calculations also revealed that the energy barrier for Au
atom dissociation from the electrode increases dramatically with the
interface distance, which explains why the switching voltage fluctuates
strongly depending on the interface conditions and distances of the devices.
Our work helps to reconcile the inconsistent results between the current on/
off ratios among different works. It also provides a deeper understanding of
the switching mechanism in atomically thin memristors and uncovers the
crucial role of the interface distance in governing the current on/off ratio and
switching voltage. Our simulations demonstrate that control of the interface
distance is of great significance to ensure performance uniformity in prac-
tical memristive devices. Note that our device geometry is symmetric for the
top and bottom electrodes, while it is probably asymmetric in terms of the
distance and formation of filaments due to the random distribution of
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chemical residues in the interface. This will be a subject of future study. In
addition, besides the interface distance, the impact of different defects in the
monolayer structures, such as grain boundaries’’, will also need to be stu-
died, which will be a subject of future work too. However, the exponential
dependence of the current on/off ratio on the distance and the conclusions
made in this work should not be affected by the device asymmetry and grain
boundaries.

Methods

Structural relaxation and energy barrier calculations of a single
Au/h-BN interface

First-principles DFT calculations were performed through the plane-wave
Vienna Ab initio Simulation Package (VASP) software™. Electron-ion
interactions were described by the projector-augmented-wave pseudo-
potentials, and exchange-correlation interactions were described by the
generalized gradient approximation using the Perdew-Burke-Ernzerhof
functional™. For the interface between the Au electrode and monolayer h-
BN, we constructed a commensurate hexagonal unit cell of h-BN with an
Au (111) surface on the top, where there are 4 boron atoms, 4 nitrogen
atoms, and 3 Au atoms per metal layer”*. The most stable configuration
corresponds to one Au atom on top of a boron atom, one Au atom on top
of a nitrogen atom, and one Au atom on top of the center of a hexagon”.
The Au (111) surface was simulated by four metal layers. The DFT-D3
method was adopted to capture the van der Waals interactions”. The
system was modeled by a periodic slab geometry with a vacuum separation
of 21 A in the out-of-plane direction. Atoms were relaxed until the resi-
dual forces were below 0.01 eV/A, and in-plane lattice constants were also
optimized using the option of ISIF = 4 with the cutoff energy set at 520 eV.
A k-point sampling of 12x12x 1 was used. Based on the optimized
hexagonal unit cell of Au (111)/h-BN, a 3 x 3 x 1 supercell was built, in
which a boron vacancy was introduced to study the interactions between
the Au electrode and the B vacancy. For the supercell structure, the outer
two gold layers were fixed to mimic the bulk gold, while other atoms were
relaxed until the residual forces were below 0.01 eV/A. A single T point
was used for the k-point sampling, and the cutoff energy was 400 eV. Such
relaxation gives us the equilibrium separation distance between h-BN and
the Au surface, which is around 3.2 A. To model larger electrode-BN
distances varying from 4.8 to 7.5 A, we manually increased the separation
distance to a given distance and fixed the z coordinates of atoms in the
h-BN layer that are far away from the B vacancy, while still allowing atoms
near the vacancy site in h-BN and the atoms in the inner two gold layers to
move freely. The constrained structural optimization captured the atomic
relaxation near the vacancy site while maintaining the electrode-BN dis-
tance at the given value. Finally, the climbing image NEB method was
adopted to calculate the energy barrier for an Au atom dissociated from
the electrode and migrated to the vacancy site on h-BN". Four inter-
mediate images along the reaction path were created for the NEB opti-
mization to find the transition state and the energy barrier (the force
criterion was set at 0.05 eV/A).

Structural relaxation and transport simulations of the Au/h-BN/
Au device

To simulate the electronic transport of a realistic Au/h-BN/Au device, we
built a large heterostructure where top and bottom Au electrodes sand-
wich the h-BN monolayer. This device configuration was constructed
based on the commensurate hexagonal unit cell of h-BN with the Au (111)
surface discussed above. However, here we introduced the Au (111)
surface on both the top and bottom of the h-BN monolayer as the top and
bottom Au electrodes, respectively. For the top electrode, there are 11 gold
layers in total with an ABCABCABCAB order counting from the inner to
outer layers (inner layers closer to h-BN); for the bottom electrode, there
are 12 gold layers in total with an ABCABCABCABC order counting from
the inner to outer layers (inner layers closer to h-BN). In this way, a
periodic boundary condition can be naturally imposed in the out-of-plane
direction. Thelattice constants and atomic positions were optimized using

VASP until the residual forces were below 0.01 eV/A. For the transport
simulations, we converted the optimized hexagonal lattice to the orthor-
hombic lattice where the in-plane lattice constants are a = 5.017 A and
b=8.689 A, and then expanded the orthorhombic unit cell to a
3 x 2 x 1 supercell for which we introduced a boron vacancy in h-BN and
considered Au atom adsorption on the vacancy site. In the supercell, only
the innermost three gold layers are allowed to relax for both electrodes,
while other layers are fixed to mimic the bulk gold. After structural
relaxation via VASP (coordinate files of the full systems at different
electrode-BN distances in the format of POSCAR are attached as Sup-
plemental Information), the transport simulations were carried out based
on the first-principles DFT code RMG” that has been massively paral-
lelized in real space®, using its implementation***** of the self-consistent
nonequilibrium Green’s function method*®'. Four optimally localized
orbitals per atom were used for boron and nitrogen atoms, while nine
orbitals per atom were employed for gold atoms. For all the atoms, the
localized orbital radius was set to 8.5 Bohr. The localized orbitals for each
subsystem (the Auleads and the center conductor part) were variationally
optimized to have an optimal and accurate basis set*>**”, The I-V curves
were obtained at various source-drain biases by calculating the current
from the transmission spectrum using the Landauer formula*>*’.
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