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ABSTRACT
Atomic picture and electronic transport property are taken into account to investigate the nonvolatile resistive switching mechanism of a
memristor at the thinnest limit, just based on one monolayer hexagonal boron nitride (h-BN). It is demonstrated that the intrinsic van der
Waals gaps between electrodes and monolayer h-BN ensure the high resistance state (HRS). However, the absorption/desorption of a
metallic-electrode atom on the one side of the h-BN can hardly switch the device to hold the experimentally observed ON/OFF current ratio.
It is proposed that the electrode atom should penetrate the h-BN sheet via boron vacancy (VB ) to form a full conductive atomic ﬁlament for
an effective low resistance state. The current signal of this VB pinning Au conductive ﬁlament can reach up to three orders of magnitude
higher than that of the HRS. The energy barrier for one Au atom to pass through VB is also reasonably as low as 0.832 eV. Molecular dynamics simulation further manifests the nonvolatility of this atomic conductive ﬁlament at the limit that could even maintain stability at 500 K.
This work offers a key working picture in memristors at their thinnest limit, which provides a valuable reference to the development of emerging
memory/computing devices at the ultrathin scale.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098120

With the rapid development of the data-intensive industry,
such as machine learning, Internet of Things, and piloted driving
in recent years, high-performance computing and memory hardware are consequently required.1–3 The in-memory computing
technology which can realize data processing and storage in the
same physical unit,4 has become a promising strategy to meet the
demands.5 For implementation of this technology, many kinds of
nonvolatile memory6–16 with excellent performance are developed
to realize the co-location of logic and memory.17 Among these
devices, resistive random-access memory (RRAM), also called a
memristor, has recently emerged as a promising candidate owing
to its high-density storage, speed-sensitive switch, low power consumption, and simple device architecture.18
Two-dimensional RRAM devices, which inherit the excellent
properties of 2D materials and have attracted widespread attention,
are expected to have smaller sizes and higher integration density.19,20
Moreover, the weak van der Waals (vdW) interaction of 2D heterojunctions can provide more degrees of freedom for lattice matching
between electrodes and layered materials. Although nonvolatile
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resistive switching (NVRS) behavior has been realized in a series of
multilayer 2D materials,21–30 the monolayer 2D materials were
expected to have no NVRS phenomenon in a vertical metal–insulator–metal (MIM) conﬁguration over a period of time owing to the difﬁculties in maintaining insulation.31 However, most recently,
Akinwande et al. demonstrated the NVRS effects in monolayer TMDs
and even monolayer h-BN sandwiched between two metal electrodes
in the vertical direction.31–35 Then, Nikam et al. also found the similar
NVRS behavior in monolayer h-BN.36 The memristor based on ultrathin monolayer materials extends the scaling limit and provides
opportunities for high-performance devices.
Unlike multilayer 2D-material-based RRAMs, which can form
conductive ﬁlaments through grain boundaries,27,29,37 the physical picture of a conductive channel in a single-layer 2D material based memristor is still under strong debate. It has been reported that the NVRS
mechanism in these atomically thin memristors is dominated by the
adsorption and desorption process of metal atoms in atomic sheets.35,38
However, the density of states suggests that a very high defect concentration (as much as 25%) is needed to realize the large enough ON/OFF
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ratio in the monolayer h-BN based memristor,31 which is hard to
adequately explain the NVRS phenomenon in these devices.
In this Letter, we investigate the conductive mechanism of the
thinnest memristor based on monolayer h-BN vertically sandwiched
between Au electrodes via density functional theory (DFT)39,40 simulations combined with Keldysh nonequilibrium Green’s function
(NEGF) transport method.41 It was found that the vdW gaps between
electrodes and monolayer h-BN lead to an insulation characteristic in
the vertical direction and, hence, ensure the high resistance state
(HRS). When Au atoms penetrate the atomic sheet via boron vacancy
(VB ), the full conductive ﬁlaments are formed, and thus, a low resistance state (LRS) is achieved. The current signal of this VB pinning Au
conductive ﬁlament can reach up to three orders of magnitude higher
than that of the HRS, which is consistent with the experimental 103
ON/OFF ratio.31,35 The energy barrier for Au atoms to pass through
VB is just 0.832 eV. The molecular dynamics simulation further demonstrates the nonvolatility of this atomically conductive ﬁlament could
even maintain stability at 500 K. Our results provide a key picture of
the resistive-switching mechanism in memristors at the thinnest limit,
which provides valuable references to develop advanced memristors at
the ultra-miniatured scale.
DFT calculations were completed with the Vienna ab initio simulation package (VASP).42 A nudged elastic band (NEB) method43 was
performed to study the energy barriers for Au atoms passing through
the h-BN atomic sheet. The Perdew, Burke, and Ernzerhof (PBE)
exchange–correlation functional within the generalized gradient
approximation (GGA) was adopted here.44 The 8  8 supercell of the
monolayer h-BN sheet with a 15 Å vacuum layer is constructed to
study the defect-and-adsorption-related structures and properties. The
cutoff energy for plane wave expansion was 545 eV, and the
Monkhorst–Pack k-point mesh grids of 1  1  1, 3  3  1, and
5  5  1 were used for molecular dynamic (MD) simulation, structure
relaxation, and density of states calculations, respectively. The convergence criterion for electronic self-consistent calculation was 106 eV.
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The residual forces for structure relaxation and NEB calculations are
less than 0.01 and 0.05 eV Å1, respectively. The MD simulations are
run with a canonical ensemble (NVT) and a time step of 2.0 fs.
A supercell of 8  8 monolayer h-BN [sandwiched between two
7  7 Au (111) layers] is built. The MIM structures of Au-h-BN-Au
are relaxed by VASP code. DFT-D3 correction is adopted to describe
the vdW interactions. To reduce the tremendous computational cost,
Au atom chains instead of Au (111) layers are used as electrodes (see
Fig. S1 in the supplementary material for simpliﬁed models) to calculate I–V curves. Keldysh nonequilibrium Green’s function and density
functional theory (NEGF-DFT) quantum transport package
Nanodcal45 is employed to compute the I–V curves. Double-zeta
polarized atomic orbital basis is used.46 Atomic cores are deﬁned by
standard norm-conserving pseudopotentials with the local density
approximation (LDA) exchange-correlation functional,47 and 100
 100  1 k-points are chosen. The electronic temperature was set to
100 K. The cutoff of the real-space mesh was 80 Hartree.
Figure 1(a) shows a schematic of the memristor based on monolayer h-BN sandwiched between Au electrodes, which has been demonstrated as the thinnest nonvolatile memory.31,35 The previous study
regarded that Au atoms can be dissociated from electrodes and then
adsorbed on just one side of monolayer h-BN under an electric ﬁeld.35
The adsorption of Au atoms may change the electronic density of
states (DOS) of monolayer h-BN and, hence, is the key point to investigate the resistive switching mechanism.31 To systematically estimate
the inﬂuence of adsorptions, we investigate the structures and adsorption energies of Au atoms in different sites/defects of monolayer h-BN.
The adsorption energy (Ea ) is calculated using the following formula:
Ea ¼ EAuþhBN  EAu  EhBN ;
where EAuþhBN is the total energy of Au adsorbed pristine or defective
h-BN, EhBN is the energy of pristine or defective h-BN, and EAu is the
energy of an isolated Au atom. Figures 1(b)–1(e) exhibit different
adsorbed positions on pristine monolayer h-BN. It is clear that the Au

FIG. 1. (a) Schematic of a memristor based on one monolayer h-BN sandwiched between Au electrodes. (b)–(e) Adsorption of Au atoms on different sites of pristine monolayer h-BN, including: on the top of (b) boron atom, (c) nitrogen atom, (d) honeycomb, and (e) bridge site. (f)-(h) Adsorbed states of Au atoms on h-BN with (f) VB , (g) VN ,
and (h) VBN .
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atom is just physisorbed on pristine h-BN, because the adsorption
energy is as low as 0.066  0.139 eV. This indicates the perfect
h-BN hardly provides active sites to form stable conductive ﬁlaments.
In contrast, the adsorptions of the Au atom on VB , nitrogen vacancy
(VN ), and divacancy (VBN ) are more stable with the energy of 3.324
 5.981 eV, see Figs. 1(f)–1(h). Side views of these structures are presented in Fig. S2. It reﬂects the Au atom is chemisorbed on defective
h-BN stably, which is consistent with the previous report.48 In view of
fact that multi-vacancy defects may result in Au-atom accumulation
and easily lead to a short-circuit effect in devices (see the discussion
later), we mainly focus on monovacancy defects.
To comprehend the conductive switching mechanism in the
thinnest memristor, the NEGF-DFT method was used to simulate its
I–V characteristics. Figure 2(a) shows the schematic of the MIM structure in the calculations. The I–V results in Fig. 2(b) manifest the
monolayer h-BN with VB could maintain a very good insulation as the
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pristine h-BN does. However, the monolayer h-BN with VN shows a
signiﬁcantly large leakage current, indicating a failure of offering a
HRS for the memristor. The reason for this phenomenon will be
discussed later. Considering the as-fabricated device is initially at
the HRS,31 we focus on VB defects in the following studies. In fact,
according to previous experimental reports,49,50 VB is indeed observed
in h-BN.
Next, we try to understand possible factors that govern the conductance of this atomically thin memristor. According to previous
reports,51–53 the vdW gaps between electrodes and h-BN monolayer
will set a barrier for vertical electronic emission. This should be the
reason for maintaining insulation for the monolayer h-BN based
memristor. In fact, the tunneling barrier induced by the vdW gap
should be closely related to the vacuum level (E0 ) and the Fermi level
(EF ). To illuminate the current characteristics in the switching process,
electronic DOS of a monolayer h-BN with different defects was

FIG. 2. (a) Schematic of pristine monolayer h-BN/monolayer h-BN with VB /VN used for calculating I–V curves, and the yellow blocks schematically represent the electrodes.
(b) I–V curves of pristine monolayer h-BN and defective h-BN. (c) and (d) Schematics of memristors with a (c) semi-ﬁlament and (d) full-ﬁlament. (e) Calculated I–V curves of
resistive switching behavior in the memristor based on monolayer h-BN with VB .
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analyzed, and then we accordingly draw the schematics of energy
barriers for electrons tunneling in the memristor based on a monolayer h-BN. As shown in Figs. 3(a)–3(c), the difference of DOS for
three h-BN conﬁgurations (VN , VB , pristine) is mainly the EF . The EF
of monolayer h-BN with VN is signiﬁcantly higher than those of other
two cases due to the VN defect state. This leads to a large reduction in
the tunneling barrier A2 and, thus, an enhancement of electrons
tunneling in the VN conﬁguration, as seen in Figs. 3(d)–3(f). In
contrast, the case of the VB conﬁguration is similar to that of the pristine sample and, thus, can maintain a good insulating OFF state, as
shown in Fig. 2(b). Meanwhile, A1 should be determined by the work
function of metal.
Now, we try to ﬁgure out the possible conductive ON state. The
absorption energy discussed above demonstrates Au atoms tend to
bind with defects. Figure S3 shows that the Au atom inside the vdW
gap is absorbed on VB via chemical bonding with surrounding three
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N atoms. Once this happens, it may expect that the tunneling barrier
A1 or A2 will be largely canceled and may offer a practical way to
form a conductive ﬁlament. Figure 2(c) exhibits the MIM structure
with Au atoms adsorbed on the one side of VB for the I–V calculation,
see the simpliﬁed model in Fig. S1 for more details. Figure 2(e) shows
the calculated I–V curve of this structure highlighted by purple-triangle
data. As expected, the current signal has one order of magnitude raising
compared to that without Au atom absorption at the same voltage, for
example, 9.1  108 vs 4.9  109 A at j0.3j V. However, it still cannot
satisfy the experimentally observed 103 ON/OFF ratio.31 One may naturally speculate that an extra Au atom can be adsorbed on the opposite
site of VB , and a full conductive atomic ﬁlament is formed, as shown in
Fig. 2(d). Its I–V curve is also calculated as indicated by the red circles
in Fig. 2(e). It can be clearly seen that when there is no ﬁlament, the
device is initially at HRS, while a full conductive ﬁlament is formed, the
device is set to an LRS. The current signal of this VB pinning Au full

FIG. 3. (a)–(c) DOS for the monolayer h-BN with VN , VB , and without defects, respectively. (d)–(f) Schematics of energy barriers for electrons tunneling in memristors based
on monolayer h-BN with VN , VB ; and without defects, respectively. EF represents the Fermi level. Ec indicates the conduction band minimum, and Ev indicates the valence
band maximum. The orange and blue blocks schematically represent the energy bands occupied by electrons. A1 and A2 are the barrier heights for electrons tunneling
between h-BN and Au electrodes.
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conductive ﬁlament can reach up to three orders of magnitude higher
than that without Au adsorption. In other words, they can act as the
SET state and RESET state of this thinnest memristor. The relation
between the current and defect density is also discussed in the supplementary material (Table S1). Note that, when the Au atom is partially
absorbed on just one side of the monolayer h-BN, as seen in Fig. 2(c), it
is an intermediate resistance state (IRS) with currents smaller than that
of the LRS but higher than that of the HRS at the same voltage. The
existence of partial adsorption may possibly explain the relatively large
range of the resistances at HRS that was observed in previous
reports.31,35
Though the proposal of the full atomic ﬁlament has provided a
sufﬁcient signal contrast for this thinnest memristor, how to form that
is still not clear. Generally, metal atoms tend to migrate from one electrode to the opposite electrode along the direction of the applied electric ﬁeld. Therefore, the possibility that Au atoms pass through the
monolayer h-BN from one side to the other side should be taken into
account. To ﬁgure out the possible migration processes, energy
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barriers (Eb ) for Au atoms passing through the h-BN monolayer in
various situations were calculated. As seen in Fig. 4(a), the Eb for Au
atoms penetrating the pristine sheet is 10.63 eV, which is too high to
pass through. This result is a proof that the conductive channel cannot
form in a pristine monolayer h-BN. With regard to the defective
h-BN, the Eb for Au atoms to penetrate h-BN via VB is only 0.832 eV
[Fig. 4(b)], while the Eb for the case of VN is 4.34 eV [Fig. 4(c)]. Here,
the conductive ﬁlament is also not easy to form through VN on
account of the relatively high energy barrier. In contrast, the Eb for Au
atoms penetrating the h-BN with VBN is as low as 0.094 eV [Fig. 4(d)],
which manifests that Au atoms could pass through the atomic sheet
almost freely. The causation of such a low energy barrier is related to
the large “room size” of the divacancy. The “room size” of different
defects in monolayer h-BN is listed in Fig. S4 of the supplementary
material, the approximate sizes of areas for VBN are twice larger than
that of VB , and triply larger than that of VN . Furthermore, the current
of VBN is two orders of magnitude higher than those of pristine h-BN
and h-BN with VB , see Table S2 in the supplementary material.

FIG. 4. The energy barrier for Au atoms passing through (a) pristine monolayer h-BN and monolayer h-BN with (b) VB , (c) VN , and (d) VBN . The data marked by red circles indicate the initial, barrier, and ﬁnal states. The corresponding structures are also exhibited in the insets.
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FIG. 5. Stability of the full conductive ﬁlament during 10-ps molecular dynamics (MD) simulations: the 10-ps moment snapshot at (a) 300 and (b) 500 K. (c) Evolution of the
average Au-N bond length around VB during the MDs. During the simulation, the Au (111) layers were ﬁxed. In fact, even the Au (111) layers are removed, VB itself can still
hold the atomic ﬁlament without breaking at 500 K in 10-ps MD simulation.

To maintain a ﬁne insulation without the short circuit in the
atomically thin memristor, such large-size vacancies should be
avoided. Considering that the formation energy of VBN in monolayer h-BN is generally higher than that of monovacancy (see
Table S3 in the supplementary material), VBN is less likely to be
produced. Therefore, the formation of full conductive ﬁlaments
under an electric ﬁeld in monolayer h-BN is most probably relying
on VB . The migration or penetration of Au atoms via VB makes it
possible to form the full conductive channel in this atomically
thin memristor.
In order to verify whether the full conductive ﬁlament could exist
stably in the thinnest memristor, 10-ps molecular dynamics (MD)
simulations are further performed. The results manifest that the ﬁlament hold steadily at 300 K and even at 500 K, see the snapshots in
Figs. 5(a) and 5(b). The evolution of the Au–N bond length also conﬁrms that the Au atoms are stable in the VB adsorption position, as
seen in Fig. 5(c). Hence, the nonvolatility indeed could be maintained
even at the thinnest limit of memristors.
Finally, considering both the bipolar and unipolar resistive
switching behaviors have been experimentally observed in this thinnest memristor,31,36 we deduce Joule-heating-effect induced atomic ﬁlament breaking is a possible reason for the conductive ﬁlament
returning to a low conductive state.
In summary, the switching mechanism of the memristor
based on a monolayer h-BN has been investigated by taking into
account the atomic pictures and transport properties. It was found
that the vdW gaps between Au electrodes and monolayer h-BN
ensure the HRS of this thinnest memristor. The vacancy defects in
monolayer h-BN provide active sites for Au-atom absorption, and
thus, the conductive ﬁlament could be formed. Although the
absorption of Au atoms on the one side of monolayer h-BN could
introduce an increase in conductance, it can hardly provide sufﬁcient signal contrast. When Au atoms penetrate the h-BN atomic
sheet, a full conductive ﬁlament can be formed and ﬁlls up the
vdW gaps. The calculated I–V characteristics of the memristor
demonstrate that formation of full ﬁlaments can signiﬁcantly
enhance the conductance in the out-of-plane direction and, thus,
provide sufﬁcient ON/OFF ratios (103) to the insulation state. The
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conductive ﬁlament is only formed through VB because the energy
barrier for Au atoms to penetrate the atomic sheet with VB is just
0.832 eV. Because defects in monolayer h-BN are possible to be
controlled by defect engineering,50,54 to maintain the insulation of
the RRAM device at its 2D limit, VN should be avoided. VB also
gives rise to the RESET state and IRS, which can appropriately
explain the experimental phenomenon in previous works.31,35 The
thermal stability of the full conductive ﬁlament is also demonstrated at 500 K. This work proposes the key atomic picture of the
resistive switching process in memristors at the 2D limit, which
may help us develop the atomically thin devices for future highdensity data storage and computation applications.
See the supplementary material for atomic structures, charge
density difference, formation energies of the boron=nitrogen related
defects, and the I-V characteristics of different h-BN supercells.
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