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Two-dimensional (2D) materials have become potential resistive switching (RS) layers to prepare emerging
non-volatile memristors. The atomically thin thickness and the highly controllable defect density contrib-
ute to the construction of ultimately scaled memory cells with stable switching behaviors. Although the
conductive bridge random-access memory based on 2D hexagonal boron nitride has been widely
studied, the realization of RS completely relying on vacancies in 2D materials has performance superiority.
Here, we synthesize carbon-doped h-BN (C-h-BN) with a certain number of defects by controlling the
weight percentage of carbon powder in the source. These defects can form a vacancy-based conductive
filament under an applied electric field. The memristor displays bipolar non-volatile memory with a low
SET voltage of 0.85 V and shows a long retention time of up to 10% s at 120 °C. The response times of the
SET and RESET process are less than 80 ns and 240 ns, respectively. The current mapping by conductive
atomic force microscopy demonstrates the electric-field-induced current tunneling from defective sites
of the C-h-BN flake, revealing the defect-based RS in the C-h-BN memristor. Moreover, C-h-BN with
excellent flexibility can be applied to wearable devices, maintaining stable RS performance in a variety of
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Introduction

2D materials with atomically thin thickness can ultimately
downscale the physical dimensions of electronic devices. The
distinct physical properties of 2D materials have been adapted
to enrich the device functionality. Resistive switching (RS)
devices can change the electrical resistance by applying exter-
nal voltages, exhibiting fast access time, low power storage,
non-volatility and high integration density."> RS devices com-
prising two-dimensional (2D) materials as the switching layer
display unique advantages, including tunable switching behav-
ior (threshold switching or resistive switching), controllable
neuromorphic properties (potentiation and relaxation), and
ultra-low power consumption.® Compared with the traditional
RS layer (metal oxide) in resistive random-access memory
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new strategy for developing ultra-scaled memory units with high controllability.

(RRAM), 2D hexagonal boron nitride (h-BN) displays a low
leakage current in nanometre thickness and it could help
reduce the current crosstalk between adjacent elements in
crossbar arrays.”® The excellent properties of RRAM devices
based on 2D materials contribute to their promising appli-
cations in information storage and neuromorphic
computing.®”

In recent studies, 2D material-based non-volatile memris-
tors have been extensively reported and the use of active metal
electrodes leads to the formation of a conductive metal fila-
ment in the 2D RS layers.>® The shortcomings of this mecha-
nism include the random injection of active metals and
uncontrolled damage to the RS layer, resulting in degradation
of the retention properties of the device.>'® Therefore, 2D
memristors based on intrinsic defects have attracted a new
round of attention. Akinwande et al. prepared the thinnest
memristor using a monolayer of chemical vapor deposition
(CvD) grown h-BN and successfully demonstrated 2D RRAM
using inert metals as both the top and bottom electrodes."*
Lanza et al. prepared CVD grown multilayer h-BN memristors
with both top and bottom Au electrodes to study the effects of
defects, wrinkles and polymer residues on the electrical pro-
perties.* Han et al. prepared vacancy-based h-BN memristors
using transferred Au electrodes to form van der Waals con-
tacts.” Although these studies have provided a fundamental
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theory of vacancy-based h-BN, the defect densities in h-BN
have not been accurately regulated. We believe that the precise
introduction of defects into 2D materials can achieve the
reliable formation and fracture of vacancy-based conductive
filaments in 2D RRAM."?

As a widely used 2D RS material, h-BN can be prepared via
CVD, liquid exfoliation (LE) and mechanical exfoliation (ME)
methods.”>™® A large number of vacancies can be created
during the CVD and LE preparation process accompanied by
grain boundaries, wrinkles and contaminations. In contrast,
the mechanically exfoliated flakes from high-quality crystals
have very few defects. A method to controllably create
vacancies should be well designed and then the vacancy-based
2D RRAM can be systematically explored.

In our work, h-BN crystals have been grown at atmospheric
pressure and high temperature (APHT) using a metal alloy
solvent. The vacancy concentration in the h-BN crystals can be
effectively tuned by adding carbon powder to the sources.
Extensive material characterization methods, including high-
resolution transmission electron microscopy (HRTEM), X-ray
photoelectron spectroscopy (XPS), energy-dispersive X-ray spec-
troscopy (EDS), photoluminescence (PL), and conductive
atomic force microscopy (C-AFM), have been used to demon-
strate the presence of boron vacancies in carbon-doped h-BN
(C-h-BN). The vacancy-based RRAM devices consist of C-h-BN
as the RS layer and Au as both the top and bottom electrodes.
The electrical characterization results show non-volatile resis-
tive switching behavior, a high ON/OFF ratio, a fast response
time, excellent retention at 120 °C, and reliable endurance.
Several groups of the control experiment and the conductive
atomic force microscopy characterization demonstrate that the
switching is due to the migration of vacancies in the C-h-BN
layer. The devices on flexible substrates also exhibit high
optical transmittance, good bending and cycling stability. The
vacancy-based RRAM devices can avoid the massive damage to
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the RS layer from the metal ions.>'® Our work shows the
potential to accurately control the vacancy concentration in
h-BN and prepare vacancy-based RRAM devices with a long
retention time and high device stability.

Experimental methods
Material synthesis

The schematic diagram of the growth process of C-h-BN at
APHT is shown in Fig. 1a. Briefly speaking, h-BN powder was
mixed with the Ni-Cr alloy in a cylindrical crucible. The
carbon powder was added to tune the vacancy concentration.
The weight ratio of the alloy, h-BN powder and carbon powder
is 100:10: 0.6.

Device preparation

The memristor devices were prepared by the deposition of the
bottom Au electrode, followed by the transfer of the exfoliated
C-h-BN nanosheets, and finally the deposition of the top Au
electrode. Au electrodes display a crossbar array with a width
of 4 pm and a spacing of 4 pm. To preserve the high-quality
interface between the metal and C-h-BN, a dry transfer method
was used to place the few-layer C-h-BN flakes on the metal
electrodes.

Characterization and measurements

The HRTEM (Tecnai G> F20 S-TWIN) was used to observe the
crystal structure of the C-h-BN nanosheets. Scanning electron
microscopy (SEM) (Zeiss Sigma 300) equipped with an EDS
was used to characterize the surface morphology and chemical
compositions of the C-h-BN nanosheets. Atomic force
microscopy (AFM) (Bruker Dimension ICON) was employed to
determine the thickness of the exfoliated nanosheets. C-AFM
(Oxford MFP-3D Infinity) was used to perform the tunneling
current mapping. XPS (Thermo Scientific ESCALAB 250Xi) was
used to investigate the elemental composition of the h-BN
nanosheets. Raman spectroscopy and PL characterization were
performed at room temperature using a Renishaw inVia
spectrometer with a confocal microscope (532 nm laser
source). The crystal structure was characterized by X-ray diffrac-
tion analysis (XRD) (Haoyuan, DX-2700A). Keithley 2450 and
Keithley 4200A-SCS parameter analyzers were used to charac-
terize the electrical RS behaviors.

Results and discussion

The existence of vacancy in C-h-BN flakes is a prerequisite to
realize a vacancy-based RRAM device. The HRTEM image of
C-h-BN is shown in Fig. 1b. Several small domains with appar-
ent grain boundaries can be observed.”’ " In contrast, the
HRTEM image of the commercial high-quality h-BN flakes dis-
plays a perfect lattice structure as shown in Fig. S1.f After
careful statistical analysis, the single-crystalline domain in
C-h-BN is dominant, leading to a clear dot pattern in the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Characterization of the synthesized carbon-doped hexagonal boron nitride (C-h-BN) samples. (a) Schematic diagram of the growth pro-
cesses. (b) High-resolution transmission electron microscopy (HRTEM) image of the C-h-BN flake. (c) The selected-area electron diffraction pattern
of the C-h-BN flake. (d) Scanning electron microscopy image () of the C-h-BN flake. Elemental mapping image of B (ll) and N (lll) of the exfoliated
h-BN flake in energy-dispersive X-ray spectroscopy. (e) Atomic force microscopy (AFM) image of the exfoliated h-BN flake. The line profile shows
the thickness of the flake, which is 9 nm. X-ray photoelectron spectroscopy (XPS) of (f) B 1s and (g) N 1s. (h) Raman spectrum of the exfoliated C-h-

BN flake.

selected-area electron diffraction (SAED) image (Fig. 1c).>%*"

These results prove that the as-grown C-h-BN flake preserves
the hexagonal crystal structure and contains more vacancies
compared to high-quality commercial h-BN. The carbon
doping introduces atomic defects in the crystal structures and
induces the defect level in the band structure of h-BN. The
carrier recombination from defect levels generates the photon
emission. A single photon emission peak in the PL spectra of
C-h-BN is located at 582 nm, as shown in Fig. S2,t indicating
the existence of defect levels.”* With an increase in carbon
doping density, the color of the h-BN crystals becomes deeper
yellow (Fig. S2%), further confirming the introduction of
carbon during the growth process. Fig. 1d shows the SEM
image of the exfoliated C-h-BN nanosheets with smooth mor-
phology. The elemental mapping by EDS indicates the
uniform elemental distribution of B and N (Fig. 1d).>* The
atomic ratio of B and N in C-h-BN (Fig. S37) is 0.91: 1, while
the ratio is 0.94: 1 in high-quality h-BN. The semi-quantitative
analysis of the EDS element ratio shows that the density of the
B vacancy increases in C-h-BN. In the vacancy-based RRAM
devices, the thickness of the C-h-BN flake is a crucial para-
meter. In our work, the thickness is about 9 nm from the AFM
height image (Fig. 1e), which is an estimated layer number of
27.2%%% As shown in Fig. 1f-h, XPS and Raman spectroscopy
were also used to characterize the chemical composition and
the phonon vibration properties of C-h-BN flake crystals. The
two distinctive peaks located at 190.45 eV and 398.4 eV corres-
pond to B 1s and N 1s, respectively.>***” We assume that the
B/N ratio in high-quality h-BN is 1: 1, and the B/N ratio in C-h-
BN is calculated to be 0.96:1. This indicates that the C-h-BN

This journal is © The Royal Society of Chemistry 2023

sample has a higher density of B vacancies than high-quality
h-BN. We cannot observe C-N or C-B bonding in the XPS
spectra, which is consistent with a previous report.”® The
Raman peak at 1366 cm™" belongs to the E,, phonon vibration
mode.>**?° Fig. S41 shows the XRD pattern of the C-h-BN crys-
tals. The main peak reflection is positioned at 26 of ~26.6°,
which is the (002) plane of the h-BN structure.?® The high-crys-
talline lattice with a certain number of boron vacancies in C-h-
BN is very useful to build vacancy-based RRAM devices.

The schematic diagram in Fig. 2a illustrates the device
structure of the vacancy-based RRAM. The C-h-BN nanosheet
is sandwiched between the Au top electrode and the Au
bottom electrode. The crossbar array of RRAM consists of 5 x 3
devices and the corresponding optical image of our prepared
devices is shown in Fig. 2b. The area of the h-BN flake is about
220 pm’. In order to prevent Joule heating damage to the
memristor, the compliance current (I..) in the electroforming
process was set to 107* A.*"?? A forming voltage of 4.2 V was
required to activate the device (Fig. S5t). In the following
switching cycles, non-volatile bipolar RS behaviors can be
observed. Fig. 2c shows a typical current-voltage (I-V) curve
with the current on a logarithmic scale. The Au/C-h-BN/Au
memristor is initially in the high resistance state (HRS). When
a voltage of ~1.1 V is applied, the current increases rapidly and
the device is switched from a HRS to a low resistance state
(LRS), which is defined as the SET process. The LRS can be
maintained during the subsequent positive voltage scanning.
When the voltage is decreased to —0.5 V, the device is switched
back to the HRS, suggesting the RESET process. The non-vola-
tile RS behavior displays an ON/OFF current ratio of ~10°.

Nanoscale, 2023,15, 4309-4316 | 4311
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Fig. 2 Resistive switching performance of the Au/C-h-BN/Au memristor. (a) Schematic diagram of the device structure (Au/C-h-BN/Au) based on
the multilayer C-h-BN flakes. The crossbar array consists of 5 X 3 memory cells. (b) Optical image of Au/C-h-BN/Au memristors in the 5 X 3 crossbar
array. (c) Typical non-volatile bipolar /-V curves of the devices. (d) -V curves with different compliance current (/). () 200 cycles of /I-V scans on
the same device. The red line denotes the representative /-V curve. (f) Cumulative probability of the SET and RESET voltages in the 200 repeated

scans.

To further understand the RS behaviors of the memristor,
the current under positive voltage is re-plotted using double-
logarithmic coordinates, as shown in Fig. S6.f During the SET
process, the curve can be divided into three regions according
to I ~ V*: an ohmic region (a ~ 1), a Child’s law region (a ~ 2)
and a region where a > 2. This RS behavior follows the space
charge limited current (SCLC) injection.?*** It means that con-
ductive filaments (CFs) are formed between the top and
bottom Au electrodes. When the I.. is adjusted between 1 mA
and 1 pA, the device can retain the non-volatile RS behavior
(Fig. 2d) and the SET voltage remains constant independent of
the I... This demonstrates that the CFs in the RRAM device are
robust and stable. The conductive path can be destroyed and
rebuilt in the same region in different switching cycles.

To characterize the cycle-to-cycle variation of our RRAM
devices, up to 200 RS scans were performed and the I-V curves
were plotted as shown in Fig. 2e. The device can maintain the
bipolar non-volatile RS behavior for all the switching cycles.
The cumulative probabilities of the SET and RESET voltages
are shown in Fig. 2f. Despite the SET and RESET voltages
showing slight fluctuations, the memristor still demonstrates
typical bipolar RS behaviors with the SET voltages ranging
from 0.85 V to 1.95 V and the RESET voltages ranging from
—0.3 V to —1.5 V. It is worth noting that the SET voltage can be
as low as 0.85 V. In comparison with multilayer h-BN memris-
tors in the reported works, this relatively low SET voltage is
helpful to reduce the power consumption of RRAM
devices.****73% As shown in Fig. S7,f 50 crossbar arrays were
prepared in our work and the I-V curves of approximately 300
devices were characterized. Almost all the devices show similar
non-volatile resistive switching behaviors. The statistical distri-
bution of the SET/RESET voltage of 300 devices displays slight

4312 | Nanoscale, 2023,15, 4309-4316

fluctuations and the variation of the SET/RESET voltage is
within 1 V. These results demonstrate that our devices have
good reproducibility and uniformity. The temperature-depen-
dent retention properties have been characterized at 25 °C,
70 °C and 120 °C. Fig. 3a shows that the memristor can cor-
rectly store the information for over 10* s at all temperatures.
With an increase in temperature, the high resistance state dis-
plays obvious fluctuations, but the device still preserves a resis-
tive ratio of more than 10°. We further characterize the resis-
tance of the memristor in the LRS and HRS with the tempera-
ture ranging from 250 K to 350 K in the cryogenic probe
station. Fig. 3b shows that the resistance in the HRS decreases
with an increase in temperature, while the temperature depen-
dency of the LRS is very weak. The LRS resistance slightly
decreases with the increasing temperature, which is different
from the Ohmic conduction mechanism. Therefore, we believe
that the mechanism of our h-BN RRAM is vacancy
conduction.*

Beyond DC characterization, the SET/RESET process can be
achieved by pulse voltages in C-h-BN memristors. In our C-h-
BN RRAM device (Fig. 3c and d), a pulse voltage of 3.5 V with a
width of 300 ps is applied to the device. A fast SET process has
been observed and the response time is smaller than 80 ns.
After the SET process, the current dramatically increases under
a read voltage of 0.5 V, displaying a transition from a high re-
sistance state to a low resistance state. A pulse voltage of —4 V
with a width of 300 ps is used to conduct the erase operation.
The response time of the RESET process is longer than that of
the SET process, which is <240 ns. After the erase operation, a
high resistance state is observed under a reading voltage of
—0.5 V.*"*?> The endurance properties of the C-h-BN RRAM
devices were characterized under 500 cycles of pulse voltages

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Retention performance of the memristor at 25 °C, 70 °C, and 120 °C. (b) The plot of resistances at HRS and LRS with the temperature. (c)

The time-dependent current response of the C-h-BN memristor under pulsed write and read voltages. (d) The time-dependent current response of
the C-h-BN memristor under pulsed erase and read voltages. (e) Endurance performance of the memristor. (f) Cumulative probability of the resis-

tance at HRS and LRS.

(Fig. 3e). No obvious degradation can be observed in the 500
cycles of switching. Based on statistical analysis of the endur-
ance curves, the cumulative probabilities of the LRS and HRS
were plotted as shown in Fig. 3f. The resistance distribution in
the LRS is relatively narrow compared with that in the HRS
and the ON/OFF ratio between the LRS and HRS is as high as
10°. The relatively large variation of the HRS is perhaps due to
the random rupture of the CFs by the large voltage pulse.

To explore the RS mechanism of the C-h-BN RRAM device,
several groups of the control experiment were performed. A
commercial high-quality h-BN with a nearly perfect crystal
lattice was used as the RS layer. The forming process cannot
be observed even when the voltage is increased to 30 V
(Fig. S87). This demonstrates that the RS in C-h-BN RRAM is
related to the boron vacancies. Then the inert Au top electrode
is replaced with an active Ag electrode in C-h-BN RRAM and
the SET voltage can be reduced to 0.5 V. However, the cycle-to-
cycle I-V curve is extremely unstable and the device exhibits
poor durability as shown in Fig. S9.1 This is because the for-
mation and rupture of the Ag conductive bridge in the RS layer
are random and uncontrollable. Ag CFs will be accumulated in
the resistance layer, leading to the short circuit of the device.
We also observe that the RESET process of the C-h-BN RRAM
device with both the top and bottom Au electrodes can occur
under the positive voltage scan (Fig. S101) due to the rupture
of CFs owing to Joule heating. These results demonstrate that
the CFs in C-h-BN RRAM with inert electrodes are attributed to
the vacancies and defects in the C-h-BN layer. Based on our
material characterization results, we infer that the boron
vacancies have a high possibility of forming the CFs.*?

C-AFM can be used to measure the current mapping of C-h-
BN and commercial high-quality h-BN.>***> Two kinds of
h-BN flakes are placed on the Au substrate and the Pt probe tip
is directly brought into contact with the h-BN surface to build

This journal is © The Royal Society of Chemistry 2023

a Pt/h-BN/Au device. The tapping mode AFM images of two
kinds of h-BN flakes are shown in Fig. S11,1 displaying the
same flake thickness. As shown in Fig. 4a, a voltage was
applied to the Pt probe and the bottom Au substrate was
grounded. The scanning range is 2 pm x 2 pm (~4 pm?®) in the
C-AFM measurement. As the electroforming process has not
been performed on two kinds of h-BN flakes, the device is in
the HRS. In the commercial h-BN device, a tunneling current
in the C-AFM image cannot be detected when the applied
voltage is increased to as large as 6 V to the probe, indicating a
low defect density in the crystal structure of the commercial
h-BN device. In the C-h-BN device, a tunneling current on the
order of nA can be detected by applying a 0.01 V voltage to the
Pt tip. This suggests that C-h-BN has intrinsic defects or
vacancies. At these defective sites, the vacancies can be accu-
mulated under an electric field and finally contribute to the
CFs.*® A schematic diagram in Fig. 4d is summarized to illus-
trate the RS process. The C-h-BN RS layer contains a certain
number of boron vacancies. When a large positive voltage is
applied to the top electrode, a large number of boron
vacancies near the top electrode can drift under the vertical
electric field.*> When these boron vacancies reach the top elec-
trode, they will accumulate at the top electrode, which rep-
resents the starting point of the formation of the CFs. When
the boron vacancies gathered at the top electrode are fully con-
nected to the bottom electrodes, the RRAM completes the elec-
troforming process. During the RESET process, when a nega-
tive voltage is applied at the bottom electrode, the electric field
turns over. The narrowest region near the bottom electrode is
the weakest point in the CFs. The reverse migration of boron
vacancies and the excessive Joule heating will induce the local
rupture of the CFs. During the SET process, the positive
voltage induces the reconnection of boron vacancies around
the narrowest region of the CFs. Therefore, in the RS process,

Nanoscale, 2023,15, 4309-4316 | 4313
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Fig. 4 Physical mechanism of the C-h-BN-based memristors. (a) Schematic diagram of the conductive atomic force microscope (C-AFM) experi-
ments. (b) Current mapping image of the Pt/h-BN/Au cell with high-quality h-BN flakes. (c) Current mapping image of the Pt/C-h-BN/Au cell with
the as-prepared C-h-BN flake. (d) Schematic diagram of the resistive switching process. It includes the initial state, electroforming process, LRS after

the SET process and HRS after the RESET process, respectively.

the rupture and formation of the filament are always located at
the narrowest part, corresponding to the RESET and SET pro-
cesses, respectively.”

As a 2D material, h-BN has good ductility and a high
bending resistance.*®*® The schematic diagram in Fig. 5a is
designed to measure the performance of the flexible C-h-BN
RRAM devices. The memristor with a Au/C-h-BN/Au structure
was prepared on the polyimide (PI) substrate using the same
preparation procedure as that on the SiO,/Si substrate. The
prepared devices were attached on the glass rods with dia-
meters of 7, 9, and 14 mm, representing different bending cur-
vatures. The inset of Fig. 5b shows the I-V RS curves. The ON/
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OFF ratio of the device under three bending conditions dis-
plays small variations. The LRS and HRS of C-h-BN RRAM can
be well recognized under different bending curvatures. The
corresponding SET voltage and RESET voltage are close to the
pristine one, as shown in Fig. 5c. These results suggest that
the bending curvatures from 0 mm™ to 0.14 mm™" cannot
affect the basic performance of the C-h-BN RRAM. The device
has the potential to work stably in the bending environment
for flexible applications. Polyethylene terephthalate (PET) sub-
strate can be also used as the substrate and the prepared
sample in Fig. 5d shows high transparency and high flexibility.
A total number of 500 bending cycles have been performed
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Fig. 5 Resistive switching performance of the Au/C-h-BN/Au memristor on flexible substrates. (a) Schematic diagram and optical images of flexible
memristor devices with different bending curvatures. (b) ON/OFF current ratio under different bending curvatures. The inset shows the /-V curves at
under different bending curvatures. (c) The SET and RESET voltages under different bending conditions. (d) Photograph of the transparent and
flexible memristor device with a bending angle of 90°. (e) An ON/OFF current ratio after different bending cycles. (f) The SET and RESET voltages
after different bending cycles.
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with a bending angle of 90° (Fig. 5d). The inset of Fig. 5e
shows the I-V RS curves. The ON/OFF ratio of the C-h-BN
RRAM after 5, 50 and 500 cycles of bending is relatively stable
at about 10°. The SET and RESET voltages increase slightly
after 500 cycles of bending. We infer that the bending process
unavoidably affects the CFs in the RS layer and results in the
movement of boron vacancies.

Conclusions

We successfully synthesized C-h-BN flakes with a controllable
density of boron vacancies. Several small domains of C-h-BN
with a certain number of defects were observed using HRTEM.
The EDS elemental analysis confirmed the existence of boron
vacancies. The memristor based on C-h-BN displays the robust
bipolar non-volatile RS, a lower SET voltage of 0.85 V and a
RESET voltage of —0.3 V, a high ON/OFF current ratio of over
10°, stable operation cycles and repeatability, a long retention
time of 10* s at 120 °C, a fast pulse response of less than 240
ns, and an endurance of 500 pulse switching cycles.
Comparing the I-V RS performance of C-h-BN with commer-
cial high-quality h-BN based memristor devices, the formation
of a conductive metal bridge can be excluded and the current
mapping by C-AFM mode further experimentally demonstrates
the crucial role of defects in RS of C-h-BN memristors.
Furthermore, the C-h-BN memristor on PI and PET flexible
substrates displayed stable RS behavior under the maximum
bending curvature of 0.14 mm™" and after 500 cycles of
bending experiments. In this work, the carbon doping during
the APHT growth process is used to accurately introduce the
vacancy in h-BN crystals to achieve stable RS behavior and
excellent RRAM uniformity in device arrays. In addition, our
devices exhibit excellent thermal stability and mechanical flexi-
bility, which are also of great advantage in practical appli-
cations. It is desirable to explore the use of the CVD method to
grow wafer-scale h-BN thin films with controlled vacancy
density for building large-scale vacancy-based h-BN memristor
arrays. Our results demonstrate that the introduction of
vacancies in h-BN can produce stable RS behavior completely
based on the vacancy filament and promote the practical appli-
cations of 2D memristors in large-scale electronic devices for
wearable applications.
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