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Synthesis of hexagonal boron arsenide
nanosheets for low-power consumption
flexible memristors

Zenghui Wu 1, Yuxuan Zhang 1, Boxiang Gao1, You Meng 1, He Shao1,
Dengji Li 1, Pengshan Xie1, Weijun Wang1, Bowen Li 1,2, Chenxu Zhang1,3,
Yi Shen1, Di Yin1, DongChen1, QuanQuan1, SenPoYip 4 & JohnnyC.Ho 1,2,4,5

Boron arsenide has recently attracted significant attention for its thermal and
electronic properties. However, its lengthy growth process and bulk structure
limit its application in advanced semiconductor systems. In this study, we
introduce a method for synthesizing ultrathin crystalline hexagonal boron
arsenide (h-BAs) nanosheets in large quantities via an in-situ chemical reaction
of sodium borohydride with elemental arsenic in a low-pressure hydrogen
atmosphere. We successfully fabricated h-BAs-based memory devices with
ON/OFF current ratios up to 109, low energy consumption of less than 4.65 pJ,
and commendable stability. Furthermore, we have developed flexible h-BAs-
based memristors with good stability and robustness. This research not only
provides a promising avenue for synthesizing h-BAs nanosheets, but also
underscores their potential in the development of next-generation electronic
devices.

Boron arsenide (BAs), the least studied III-V semiconductor due to the
challenges in growing high-quality crystals, has recently drawn sig-
nificant research interest. This is attributed to its remarkable proper-
ties, including ultrahigh thermal conductivity (1300Wm−1 K−1) and
unusual carrier mobility (electron: 1400 cm2 V−1 s−1; hole:
2110 cm2 V−1 s−1), as indicated by both theoretical predictions and
experimental synthesis1–7. Notably, two-dimensional (2D) hexagonal
boron arsenides (h-BAs) are theoretically predicted to exhibit good
thermal transport properties, high carrier mobility, and strain-tunable
electronic properties8–10. This unique combination of attributes makes
BAs a promising candidate for next-generation optoelectronic, pho-
tovoltaic, and thermoelectric applications5,11. However, despite these
promising theoretical predictions, the experimental observation of
h-BAs and their subsequent application in devices remain unreported.

In fact, the synthesis of BAs is notably challenging due to several
factors: the high volatility and vapor pressure of arsenic, the high
melting point of boron (~2076 °C), and the potential formation of

amorphous or sub-crystalline phases (such as B12As2) at elevated
temperatures. These complexities hinder the preparation of high-
quality BAs crystals, limiting research in this area1. With its unique
electronic configuration ([He]2s22p1), boron shares properties with
carbon, forming a vast array of structures, including linear chains,
extended 2D sheets of borophene, and space-filling B12 icosahedra12.
This versatility allows boron to incorporate with other elements for
numerous chemical combinations13. Interestingly, the temperature
required to synthesize borophene using sodiumborohydride (600 °C)
is close to the sublimation temperature of arsenic (615 °C)14, suggest-
ing a viable experimental approach for preparing BAs. This insight
opens promising avenues for exploring and potentially overcoming
the synthesis challenges of BAs.

Here, we have successfully synthesized large-scale, ultrathin
hexagonal boron arsenide nanosheets (h-BAsNSs) in a hydrogen-rich
environment. Utilizing a controlled three-step heating procedure, we
achieved in situ thermal decomposition and chemical reactions of
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NaBH4 and arsenic to grow these nanosheets. The morphologies and
crystal structures of the h-BAsNSs were carefully characterized using
scanning electronmicroscopy (SEM), atomic forcemicroscopy (AFM),
transmission electron microscopy (TEM), and selected-area electron
diffraction (SAED). Our findings reveal that h-BAs possess a hexagonal
crystal structure with a lattice constant of 3.39 Å, where boron atoms
are bonded to four equivalent arsenic atoms, forming corner-sharing
BAs4 tetrahedra. The optical properties of h-BAsNSs were examined
through Raman spectroscopy, ultraviolet–visible (UV-vis) diffuse
reflectance, and infrared spectroscopy. As a proof-of-concept appli-
cation, we fabricated a non-volatile re-writable memory device using

h-BAsNSs as the charge-trapping material and polyvinylpyrrolidone
(PVP) as an insulator. These results highlight the promising potential of
h-BAs for developing tunable synapses and other advanced device
applications.

Results
BAs nanosheets preparation and verification
The experimental setup and synthesis process are schematically
depicted in Fig. 1a. Specifically, we developed a typical heating process
to synthesize large-scale and free-standing BAs by in situ thermally
decomposing NaBH4 powders and reacting them with arsenic. The
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Fig. 1 | Synthesis diagram and morphology characterization of the h-BAs
nanosheet. a Schematic diagramof the in situ growthofh-BAs.bScanningelectron
microscopy (SEM) images of h-BAs nanosheets. c Atomic force microscopy (AFM)
image of the sheets. Height analysis along the green line in the inset indicates a
thickness of around 2.7 nm.d Low-magnification transmission electronmicroscopy
(TEM) image of a typical h-BAs nanosheet. e High-magnification transmission
electronmicroscopy (HRTEM) imageof the h-BAs nanosheet. The inset in the upper

right corner is the corresponding fast Fourier-transform pattern of the HRTEM
image derived from the red region. The inset in the lower left corner is the HRTEM
map extracted from the calculation model. f The corresponding selected-area
electron diffraction (SAED) pattern image of the h-BAs nanosheet. g High-angle
annular dark-field-scanning transmission electron microscopy imaging and the
accompanying energy-dispersive X-ray spectroscopy elemental mapping (HAADF-
STEM-EDS) of a typical h-BAs nanosheet.
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mixed powders were heated from room temperature to 650 °C at a
programmed temperature rate (Supplementary Fig. 1) andmaintained
at this temperature for 30min to produce large-scale h-BAsNSs. The
detailed principle will be discussed in the methods section. The
nanosheet is a few-layer hexagonal wurtzite structure that features
h-BAs cells with a 4-atom unit cell (a = 3.39 Å) (Fig. 1a). The sample was
then centrifuged and purified for further characterization. The corre-
sponding SEM images of the h-BAs nanosheets are shown in Fig. 1b,
which reveals the irregularly shaped structure of the h-BAsNSs by the
purification process. AFM was employed to further characterize the
thickness and lateral size of the sheets (Fig. 1c). The results show that
the thickness of a typical sheet is close to 2.75 nm. The low-
magnification TEM image shows that one h-BAsNS is irregular but
ultrathin (Fig. 1d), which is well consistent with the AFM image (Fig. 1c).
The high-magnification transmission electron microscopy (HRTEM)
image of h-BAsNSs derived from one typical region in Fig. 1d and the
corresponding SAED pattern show that the h-BAsNS is crystalline
(Fig. 1e, f). The measured interplanar crystal spacings are around
2.93 Å, which can be ascribed to the (�110) and (100) planes of h-BAs

crystal, respectively (Fig. 1a). Moreover, the chemical composition of
the obtained h-BAsNS was confirmed by energy-dispersive X-ray
spectroscopy (EDS)mapping. The elemental ratio of boron and arsenic
is around 1:1, as shown in Supplementary Fig. 2, which is close to the
predicted h-BAs. High-angle annular dark-field (HAADF) images of the
h-BAsNSs were recorded in different positions of the sample using a
scanning transmission electron microscope (STEM), as depicted in
Fig. 1g. A typical h-BAsNS is shown in the HAADF image (Fig. 1g). The
mapping images show that boron (B) and arsenic (As) elements are
uniformly distributed in the nanosheets without aggregation. These
results further confirm that h-BAsNSs have been successfully realized
through the controlled thermal process.

The chemical bonding of h-BAsNS was investigated by X-ray
photoelectron spectroscopy (XPS), as displayed in Fig. 2a–d. To con-
firm the accuracy of the analysis of the B 1s and As 3d spectra, the C 1s
spectrum of the sample was calibrated to 284.8 eV (Fig. 2b). Carbon
and oxygen mainly come from the carbon glue used to support the
sample. The high-resolution B 1s spectrum is shown in Fig. 2c and
features characteristic peaks located at 187.6 and 188.7 eV in the range
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Fig. 2 | Structural and optical properties of the h-BAs nanosheet. a Full-scale X-
ray photoelectron spectroscopy (XPS) survey of the h-BAs nanosheet. High-
resolution spectra of b C 1s, c B 1s, and d As 3d of the h-BAs nanosheet. e Raman,
f infrared (IR) and g ultraviolet–visible (UV-vis) diffuse reflectance spectra of the

h-BAs nanosheet (in the inset, the corresponding optical band gap (Eg) is estimated
to be 1.49 eV using the Kubelka-Munk function (F(R)), by plotting the (F(R) ∙ hv)1/2

versus photon energy (hv)). h Band gap structure and i projected density of states
(PDOS) of the h-BAs nanosheet.
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reported for boride5,15, indicating two types of B–As bonding, which is
consistent with the crystal structure in Fig. 1a. The high-resolution As
3d spectrum is displayed in Fig. 2d and presents characteristic peaks at
40.9 and 42.9 eV in the range reported for BAs5,15. It is worth men-
tioning that the sheets maintained their structural integrity even after
exposure to air for over 1 month (Supplementary Fig. 3).

Raman spectroscopy was employed to reveal the remarkable
structure and unique electronic and phonon properties of h-BAsNS
(Fig. 2e). The results show that the three intense peaks at 622.3,
809.3, and 1070.3 cm−1 can be ascribed to the different modes of the
BAs bonds. The Raman spectrum of the h-BAsNS is entirely different
from those of themixed source (Supplementary Fig. 4b) and possible
byproducts (Supplementary Fig. 4c–i)1,14,16–19. Attenuated total
reflectance Fourier-transform infrared (ATR-FTIR) spectra were used
to determine the structural characteristics of the sheet, as shown in
Fig. 2f. Unlike the source or other borides and arsenides (Supple-
mentary Fig. 5), the absorption peaks of the sheets located at 701,
1223, and 1423 cm−1 originate from the BAs stretching vibration of
h-BAsNSs. The optical properties of the h-BAsNSs were analyzed by
UV-vis diffuse reflectance spectroscopy (Fig. 2g). The UV/Vis spec-
trum demonstrates that the sheets are semiconducting, and the
corresponding optical band gap (Eg) is estimated to be 1.49 eV using
the Kubelka-Munk function (F(R)), by plotting the (F(R) ∙ hv)1/2 versus
photon energy (hv). We then further explored the electronic prop-
erties of h-BAsNSs using first-principles calculations based on the
PBE0 hybrid exchange-correlation functional. It was found that h-BAs
is an indirect-band gap semiconductor with a band gap of 1.2 eV
between the valence-band maximum and the conduction band
minimum (Fig. 2h). The corresponding projected density of states
(PDOS) is shown in Fig. 2i. These theoretical results are consistent
with the experimental observation within a reasonable deviation
range because the first-principles calculations usually underestimate
the band gap usually20.

Growth mechanism of h-BAs
To shed light on the growthmechanism of h-BAs, we investigated the
effect of the annealing temperature and reaction duration on the
resulting products. The reaction time was set at 30min. When the
temperature was below 600 °C, the powder reaction was insufficient.
It was difficult to form a substantial number of nanosheets (Supple-
mentary Fig. 6a). Numerous nanosheets started to form at 600 °C
(Supplementary Fig. 6b). Still, they were found to be amorphous
based on the TEM results (Supplementary Fig. 7a). Once the tem-
peraturewas increased to 650 °C, large-area nanosheets were formed
(Supplementary Fig. 6c), and they were crystalline (Fig. 1b–f). How-
ever, when the temperature increased to 700 or 750 °C, the
nanosheets were fused into blocks with wrinkled surfaces (Supple-
mentary Fig. 6d, e). At 800 °C, these blocks were etched again by
hydrogen to form a secondary nanosheet structure (Supplementary
Fig. 6f). Hence, the temperature of 650 °C is suitable for forming
good-quality h-BAs. Furthermore, it was also found that some sam-
ples are multi-crystalline or amorphous, possibly due to the struc-
tural destruction of the h-BAsNSs under high-energy electron
irradiation for low-mass boron atoms14, as shown in Supplementary
Fig. 8. The dynamics of forming the sheets were also probed at
650 °C. When the reaction time was 5min, the powder source did not
fully react and decompose, and there were no nanosheets (Supple-
mentary Fig. 9a). For the reaction time of 15min, some small-area
thick amorphous nanosheets that had just been decomposed from
the bulk source can be obtained (Supplementary Figs. 7b and 9b).
After the reaction time was extended to 30min, large-area and very
thin nanosheets were obtained (Supplementary Fig. 9c). However,
extending the reaction time to 60min or more led to a trend of
decomposition and fusion; the nanosheet area became larger, with
the nanosheets eventually merging into a network or even thick

wrinkles (Supplementary Fig. 9d–f), and these nanosheets were
amorphous (Supplementary Fig. 7b–d). Thus, 30min at 650 °C is
optimal for synthesizing the h-BAs.

To address the easy sublimation of elemental arsenic, we cus-
tomized a quartz bottle with 1mm holes to slow the diffusion rate of
the reaction source, enabling a complete reaction within the bottle
and promoting crystallization (Fig. 3a). The growth temperature and
time are significantly lower than those of cubic BAs (>800 °C) or
B12As2 (920 °C), which is mainly attributed to the self-catalyzing
growth of the metal Na acting as an in situ gas template produced
during the thermal decomposition of NaBH4

14. To elucidate this
process, we present first-principles calculations of sodium borohy-
dride decomposition, which produces free boron and metallic
sodium. These calculations detail the breaking of borohydride
bonds catalyzed by sodium (Supplementary Fig. 10). Furthermore,
the reaction process of boron-arsenic bond formation catalyzed by
sodium atoms and the corresponding transition state energies are
illustrated in Fig. 3c. Under the catalysis of sodium atoms, B–H
bonds are breaking and boron atoms combine with arsenic to form
B–As bonds, which lower the local energy of the system, making it
more stable. With the formation of numerous boron-arsenic bonds,
stable hexagonal BAs crystals are anticipated to emerge. The
adsorption of alkali-metal atoms (Li, Na, and K) onto the h-BAs sheet
is highly beneficial for activating boron atoms21. It may markedly
increase the B–As binding energy to form a stable structure similar
to the hydrogenated borophene at a certain temperature14,22,23.
Generally, the reaction of NaBH4 and As is summarized as
follows14,24,25:

2NaBH4 �!200 °C
2NaH+ 2B+3H2

ð1Þ

2NaH �!425 °C
2Na+H2

ð2Þ

B+As �!Na650 °C
BAs ð3Þ

Experimental demonstration and mechanism of the BAs
memristor
Apart from understanding the synthesis, it is also essential to investi-
gate the application potential of the h-BAs nanosheets. Following the
technical route of organic-inorganic hybrid devices26,27, as a proof-of-
concept application, we used PVP polymers as a polymermatrix tomix
with h-BAsNSs, referred to as h-BAs-PVP, to fabricate an h-BAs-based
memory device on a quartz substrate (Fig. 4a). We employed Ag as a
top electrode (TE) and Au as a bottom electrode (BE), respectively,
which is similar to other devices, such as thosemade from phosphene,
borophene, and MoS2

14,28,29. This device shows the coexistence of
threshold switching (TS) and memory switching (MS) characteristics
and engenders expanded opportunities for developing selector and
memory devices30,31. In TS mode, the direct-current current–voltage
(I–V) sweeps of the device, as shown in Fig. 4b, displayed a bi-
directional TS performance for 50 I–V cycleswith a current compliance
(ICC) limit of 100μA. The initial voltage was swept from 0 to +1 V,
dramatically increasing the current from 6.4 × 10−14 to 1 × 10−4 A at a
positive threshold voltage (Vth+) of 0.425 V. Notably, the device
remained in the low-resistance state (LRS) within a voltage range from
+1 to 0V, but it returned to the initial turn-off state during the
operation interval of positive and negative voltage sweep. It is worth
noting that when a negative voltage sweep (0V→−1 V→0V) with the
same ICC was applied, a TS loop was almost symmetric to the positive
one. The Vth+ (−0.47 ± 0.03 V) and negative threshold voltage (Vth−)
(0.45 ± 0.02) distribution in the h-BAs memristor is relatively narrow,
as depicted in Supplementary Fig. 11a, b. In MS mode, repeatable
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bipolar memristive switching I–V curves during five cycles were shown
in Fig. 4c. The initial voltage was swept from 0 to +1 V, dramatically
increasing the current from 2.23 × 10−13 to 1 × 10−4 A at a positive set
voltage (Vset) of 0.43 V (Step 1). This transition from the high-resistance
state (HRS, OFF state) to the LRSwas akin to awriting process in digital
memory devices. The ultra-low standby power (PStandby = IHRS ×Vset) of
~95.9 fW was achieved, which is desirable for low leakage current and
cell disturbance memristors. Notably, the device remained in the LRS
within a voltage range from +1 to 0V (Step 2) and remained in the LRS
state when the negative voltage was swept from 0 to −1 V (Step 3). A
transition from the LRS back to the HRS occurred at a Vreset of −0.39 V
(Step 4), equivalent to the erasing process of digital memory. The
subsequent positive and negative sweeps suggest that the device
could be rewritten and re-erased, indicating a promising potential of
h-BAs for advanced memory devices. The memristor shows non-
volatile switching from a compliance current of 1 pA (Supplementary
Fig. 11c), and the power consumption during the set on transition (Pset)
is very low, that is, Pset = ILRSVset = 1 pA × 0.44 V = 440 fW, where ILRS
corresponds to the ICC used in this experiment. Furthermeasurements
of the device’s performance and stability were performed using rec-
tangular voltage pulses via a recommended process32. The single pulse
sequence of read (0.2 V, 1μs), set (1 V, 1μs), read (0.2 V, 1μs), reset
(−1 V, 1μs), and read (0.2 V, 1μs) was applied to the Ag/h-BAs-PVP/Au
device. The device shows short switching time (t) and low switching
energy (E); these values can be pushed down to tset = 300ns,
treset = 200 ns, Eset = ILRSVsettset = 77.5 µA ×0.2 V × 300 ns = 4.65 pJ and
Ereset = ILRSVsettset = 66.7 µA ×0.2 V × 200ns = 2.67 pJ (Supplementary
Fig. 11d). The reasons behind these observations are the high con-
ductivity and diffusivity of Ag+ ions33,34. The endurance of the devices
was tested at set pulses of 1 V and reset pulses of −1 V. The sequence of
the cycles was: set (1 V, 2ms), read (0.2V, 2ms), reset (−1 V, 2ms), and
read (0.2 V, 2ms). The interval between each pulse is 2ms. In these
experiments, we demonstrated endurance better than 5000 cycles
without obvious degeneration of the ON and OFF states (see Fig. 4d).
Figure 4e illustrates an ample separation between the LRS and the HRS
within a 0.2 V operating voltage, fromwhich a high on/off ratio of >109

could be obtained, revealing promising data-saving capability through
the retention time test.

To further reveal the switching mechanism of the h-BAs-based
device, typical I–V MS characteristics were assessed, as shown in
Fig. 4f. In the OFF state (Region A), the plot of ln(I) vs. V1/2 from 0 to
0.35 V can be fitted to a straight line with a slope of 3.9 (Fig. 4g). This
linear feature suggests that the conduction mechanism can be attrib-
uted to a typical Schottky emission14,35, which occurs due to the low
injection efficiency in the presence of the large barrier between the
electrodes and the active h-BAs-PVP layer14,28. As thermal diffusion time
increases, Ag is oxidized to Ag+, which diffuses through the active
material along the applied electrical field, leading to a higher con-
centration of Ag+ in the active layers, and some silver atoms will be
deposited on the BE for the high Icc. The contact with the h-BAs
nanosheet or the counter electrode can reduceAg+ to Ag, leading toAg
filaments27,36. Hence, an internal electric field is formed due to the loss
of electrons accumulated in the active layer. Accordingly, the forma-
tion of the conductive paths switches the device from the HRS to the
LRS. Then, the slope raised to about 2.2 as the current increased
rapidly under the threshold voltage from 0.36 to 0.43 V, obeying
Child’s law (I∝V2.2) (Region B)36, as shown in the inset of Fig. 4g. This
process aligns with the ongoing formation of Ag filaments, which
ultimately establish contact between both electrodes and establish the
LRS30. On the voltagebackward sweep, the slopeof the I–V relationship
(Region D, Fig. 4h) is around 1.03, demonstrating ohmic conduction
behavior30. The current via the device starts to drop at a certain vol-
tage, indicating the beginning of the dissolution of the Ag filament
inside the h-BAs-PVP layer. Moreover, Ag filament paths in the h-BAs
were not disconnected immediately after the device was powered off
due to the insulating nature of the PVP material14. This resulted in the
high conductivity and non-volatility of the devices. These findings
suggest a behavior similar to the formation of conducting filaments
observed in electrochemical metallization memristors37.

We further use ion beam sputtering to perform depth-profiling
XPS scans to analyze the change of the Ag chemical state at the top
interface and inside the h-BAs-PVP layer of the devices at the ON state
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as shown in Supplementary Fig. 12. On the top interface of the device,
Ag 3d core level spectra can be fitted into two components, with peaks
for Ag 3d5/2 and Ag 3d3/2 located at 368.1 and 374.2 eV representing the
Ag atoms (Supplementary Fig. 12a). As the sputtering time extends, the
presence of AgxO at the Ag/h-BAs-PVP interface was examined. After
extended sputtering, Ag 3d core level spectra can be fitted into two
components, with peaks for Ag 3d5/2 and Ag 3d3/2 located at 367.5 and
373.5 eV, associated with the combined consistent with the h-BAs-PVP-
Ag charge transfer, while 368.5 and 374.5 eV representing the reduced
Ag atoms (Supplementary Fig. 12b, c). Further extended sputtering,
there is only reduced Ag atoms can be found in the deep layer (Sup-
plementary Fig. 12d). This observation is consistent with the general
proposedmechanism for Ag-basedmemristors inwhich the h-BAs-PVP
inside the active layer acts as an Ag ions reservoir and regulator of Ag
conductive filaments, which output/store Ag ions under the external
electric field and result in the formation/rupture of Ag filaments31,38.

Furthermore, we monitored the electrical switching properties of
the flexible Ag/Al2O3/h-BAs-PVP/Au/PET memory device, such as write
cycling, retention time at room temperature, and flexibility endurance,
as presented in Fig. 5. This device also shows a coexistence of both TS

andMScharacteristics. InTSmode, the I–V curve of thedevice (Fig. 5b)
displays the bi-directional TS performance over 100 cycles between
the HRS (OFF state) and the LRS (ON state). The positive/negative
threshold voltages are estimated by Gaussian distributions to be
0.165 ± 0.02 and −0.174 ±0.03 V, respectively, using 100μA com-
pliance current (Supplementary Fig. 13a, b). Although the resistance
values of both the HRS and LRS showed slight fluctuations, anON/OFF
ratio of 106 was obtained without any noticeable degradation during
the 100 cycles. The I–V curves are measured by changing the com-
pliance current from 1.0 × 10−9 to 1.0 × 10−4 A by 10−1 A interval in the
positive voltage sweep, where bipolar switching behavior is obtained
at each compliance current (Supplementary Fig. 13c). The power
consumption during the switching-on transition can be as low as
150 pW, that is, Pth+ = ILRSVth+ = 1 nA ×0.15 V = 150 pW. The achieve-
ment of multiple resistance states is a key performance metric for
building artificial neural networks with multiple states for
various applications39. In MS mode, repeatable bipolar memristive
switching I–V curves during 10 cycles were shown in Fig. 5c. Further
measurements of the device’s performance and stability were per-
formedusing rectangular voltage pulses. Switching time (t) and energy

Fig. 4 | Representation and characterization of the Ag/h-BAs-poly-
vinylpyrrolidone (PVP)/ Au/quartz memory device. a Photograph and illustra-
tion of the fabricated memory device on a quartz substrate. b Repeatable bi-
directional threshold switching I–V characteristics during 50 cycles, the positive
threshold voltage (Vth+) and negative threshold voltage (Vth−) distribution is
relatively narrow. c Repeatable bipolar memristive switching I–V curves during
five cycles. d Pulse endurance test of the memristor showing over 5000

programming cycles. The applied set and read pulses are 1 V/2ms and 0.2 V/2ms,
respectively. The interval between the set and read pulses is 2ms. e The retention-
ability test of the h-BAs-based memory device in the ON and OFF states at a
reading voltage of 0.2 V. f Typical I–V characteristics of the h-BAs-based memory
device. Experimental data and fitted lines of the I–V characteristics in g OFF
(the inset in the upper left corner is I–V characteristics under voltage from 0.36
to 0.43 V) and h ON state.
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(E) of the device can be pushed down to tset = 200 ns, treset = 200 ns,
Eset = 80.3 µA ×0.1 V × 200ns = 1.61 pJ, and Ereset = 73.1 µA×0.1 V ×
200ns = 1.46 pJ (Fig. 5d). The endurance of the devices was tested at
set pulses of 1 V and reset pulses of −1 V. The read operation was per-
formed at 0.1 V with a 2ms pulse length. The sequence of the cycles
was: read, set, read, and reset. In these experiments, we demon-
strated endurance better than 8000 cycles without obvious degen-
eration of the ON and OFF states (see Fig. 5e). Both states showed no
disturbance for around 1 × 104 s (Fig. 5f). The resistance values were
read out at 0.1 V. To confirm the feasibility of the h-BAs-based device
for flexible memory application, bending tests were carried out
under repeated cycles (1000 times), as shown in Fig. 5g, h. The I–V
characteristics of every 100 bends of the h-BAs-based memory
device are shown in Supplementary Fig. 14. It is observed that
the ON/OFF ratios did not change much (Fig. 5h) when a bending
radius (r) of 7mm was applied to the devices, indicating promising
bending stability and suggesting that this Ag/Al2O3/h-BAs-PVP/Au/
PET device is mechanically robust and suitable for flexible memory
application.

To assess the conduction and switching mechanisms, the I–V
curves of the Ag/Al2O3/h-BAs-PVP/Au device were replotted in double
logarithmic plots and linearly fitted for the voltage sweep region
(Supplementary Fig. 15). The current conformed to the ohmic con-
duction characteristic (I/V1.1) with a slope around 1 in the resistance
transition region, indicating a small current due to the limited pre-
sence of thermally excited charge carriers in the active h-BAs-PVP layer
(Supplementary Fig. 15b)36. Then, the slope raised to about 2.2 as the
current increased rapidly under the threshold voltage, obeying Child’s
law (I/V2.2) (Supplementary Fig. 15c)35,36. The slope increases with
increasing voltage; a varying slope could indicate a varying trap den-
sity, which could be explained by the redistribution of Ag+ ions. The
inserting Al2O3 layer is found to accelerate the oxidation of silver into
silver ions, allowing the silver ions to diffuse rapidly in the h-BAs-PVP
layer, which makes the leakage current of the device higher but rela-
tively less volatile, and the set voltage also becomes lower. When the
Ag+ ions contact with the h-BAs nanosheet or the counter electrode,
Ag+ are reduced to Ag, which leads to the formation of Ag filaments,
resulting in exhibiting an ohmic behavior (I/V1.1) in the LRS

Fig. 5 | Representation and characterization of the Ag/Al2O3/h-BAs-PVP/Au/
PET memory device. a Photograph and illustration of the fabricated memory
device on the polyethylene terephthalate (PET) substrate. b Repeatable bi-
directional threshold switching I–V characteristics during 100 cycles. c Repeatable
bipolarmemristive switching I–V curves during 10 cycles, and d Switching time and
energy consumption of the switch by using single pulses for the set and reset
processes, showing the entire set-reset cycle. e Pulse endurance test of
100× 100 µmAg/Al2O3/h-BAs-PVP/Aumemristor showingover 8000programming

cycles. The applied set and read pulses are 1 V/2ms and 0.1 V/2ms, respectively.
The interval between the set and read pulses is 2ms. f The retention-ability test of
the h-BAs-based memory device in the ON and OFF states at a reading voltage of
0.1 V. g Photo of the slip process of the device under bending strain. The bending
radius (r) is 7mm, device length while bending (d) is about 10mm, bending angle
(θ) is about 98°. h Stability of high-resistance state (HRS) and low-resistance state
(LRS) after different bending cycles.
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(Supplementary Fig. 15d). The linear fit reveals that the device ofHRS is
dominated by the space charge limited conduction mechanism, while
LRS conforms to ohmic conduction36,40,41. We further perform depth-
profiling XPS scans to analyze the change of the Ag chemical state at
the top interface and inside the h-BAs-PVP layer of the devices at the
ON state, as shown in Supplementary Fig. 16. Conductive silver fila-
ments were found at different depths of the device, which is the same
as that of the device on the quartz substrate. The diffusion of silver
penetrates the Al2O3 and h-BAs-PVP layer to form conductive fila-
ments. In addition, we also used electrodes of different sizes to make
devices of different cell areas (10 × 10, 20 × 20, 50× 50,
200 × 200 µm2), tested the I–V curve without current compliance, and
compared the current changes under a read voltage of 0.1 V in the ON
and OFF states (Supplementary Fig. 17). It can be found that the larger
the device area, the larger the current that can be achieved in the ON
state, but the current in the OFF state has almost no change. This is
mainly because the larger the device area, the more silver conductive
filaments can be formed, thereby increasing the current in the LRS38,42.
It was further experimentally proven that the mechanism of the
memristor effect is an Ag ions reservoir and regulator of Ag conductive
filaments at the h-BAs-PVP active layer.

We then compared our devicewith high-performing devices from
other nanomaterials, such ash-BN, borophene,MoS2, andother typical
2D materials (Supplementary Table 1)28,37,39,40,42–53. The results indicate
that the h-BAs-based memristor has an ultrahigh switching window
(>109) and power consumption (<4.65 pJ), and these properties are
comparable to the best reported III-Vmemristormaterials, h-BN39, and
exceed those ofmost other common 2Dmaterials, demonstrating that
it has great potential applications in advanced memory devices with
low energy consumption.

Discussion
In summary, we have successfully prepared ultrathin crystalline
semiconducting hexagonal BAs nanosheets through an in situ thermal
decomposition and combination process. The obtained h-BAs
nanosheet is a promising 2D material with a lateral size exceeding
1 µm and a thickness of ~2.75 nm. They show robust stability in strong
acid and base solvents during the cleaning and purification process.
Furthermore, as a proof-of-concept application, a h-BAs-based mem-
ory device was fabricated, which showed a memory effect with a high
ON/OFF current ratio of more than 109 and ultra-low-power con-
sumption (<4.65 pJ) with good stability. It is believed that the pro-
mising h-BAsNSs might open up more advanced applications in
electronics, photodetectors, and sensing.

Methods
Material synthesis
All the chemicals, including arsenic (As, ≥99.999%), sodium bor-
ohydride (NaBH4, 99%), hydrochloric acid (HCl, 37%), and PVPy
(Mw ≈ 1,300,000), were purchased from Sigma-Aldrich and used
without further processing. Ultrapure deionized (DI) water was used
for all solution preparations. Sodium borohydride and arsenic were
mixed in a molar ratio of 1:2 and grounded in an agate mortar for
half an hour in a glove box. Then, 30mg was placed in a special
quartz boat and reacted in a tubular furnace in a low-pressure
hydrogen atmosphere. The h-BAs were prepared by an in situ che-
mical reaction of sodium borohydride with elemental arsenic at
650 °C for 30min. The programming temperature curve is shown in
Supplementary Fig. 1. After the reaction, the powder was soaked in
5% hydrochloric acid for 10min, ultrasonicated in deionized water
for 30min, and then the upper dispersion was centrifuged. The
precipitate obtained by centrifugation was washed with deionized
water and alcohol and centrifuged three times to obtain hexagonal
BAs nanosheets.

Material characterizations
SEM images were obtained with the FEI Quanta 450 FESEM analysis
system. AFM (Bruker Multimode 8 Nanoscope) was used to get the
thickness profile of the as-synthesized h-BAs nanosheets. TEM images
and SAED patterns were performed on an FEI Talos F200S field emis-
sion transmission electron microscope at an accelerating voltage of
200 kV. EDS mappings were carried out on a Thermo Fisher Scientific
Spectra 300 S/TEM at an accelerating voltage of 300 kV. Chemical
states, elemental composition analyses, and depth-profiling XPS of the
devices were performed by XPS (ESCALAB 250Xi, Thermo Fisher Sci-
entific Inc.) with a focused monochromatized Al Kα irradiation. XRD
patterns were collected on a Rigaku SmartLab high-resolution X-ray
diffractometer. Raman measurement was carried out on a WITec
alpha300 R Raman System with a laser wavelength of 532 nm. ATR-
FTIR spectroscopy was recorded on a PerkinElmer FTIR Spectrometer.
At room temperature, UV-vis absorption spectra were recorded on a
Hitachi UH4150 UV-VIS-NIR Spectrophotometer.

Device fabrication
A two-terminal RRAMwith a sandwich structure was fabricated. An Au
film with a thickness of 40 nm was deposited by thermal evaporation
through a shadow mask on the quartz or flexible PET substrate as the
BE. The mixture of ethanol solution of PVPy (20mgmL−1,
Mw = 1,300,000), containing 10wt% (relative to PVPy) of the h-BAs
nanosheets, was spin-coated on the Au-coated substrate at a speed of
1500 rpm for 60 s, to form the electroactive layer, and was annealed at
70 °C for 30min. Finally, a 40 nm thick Ag film was deposited on the
active layer via thermal evaporation through a mask as the TE. The
difference is that before evaporating the silver electrode on the PET
substrate, a 5 nm thick Al2O3 layer is first evaporated by the electron
beam. Thewidth of both the AuBE andAg TE is 0.2mm, and one single
device has a size of 0.04mm2 and forms 18 × 18 cross-bar structures on
the substrate. The electrical performance of the device was recorded
by theAgilent 4155C semiconductor analyzerwith a standard electrical
probe station. A 4200-SCS Keithley semiconductor analyzer combined
with the probe station is used for pulse measurements.

Theoretical computation details
The first principal calculation based on DFT is realized by the Vienna
Ab-initio Simulation Package code54,55 with the full-potential pro-
jected augmented wave formalism56. The generalized gradient
approximation under the Perdew–Burke–Ernzerhof (PBE) formalism
was applied to describe exchange correlation57. A vacuum layer of
15 Å is applied to avoid perturbations from neighboring layers. The
cutoff energy for the plane-wave expansion is set to 450 eV. A con-
vergence criterion of 10–5 eV is set for self-consistency, and the
structure is relaxed until the maximum stress on each atom is lower
than 0.01 eV/Å. The Γ-centered K-point mesh of 5 × 5 × 1 is used for
the DOS calculation. Moreover, the PBE0 hybrid functional was used
to calculate the band structure of h-BAs. For the decomposition of
sodium borohydride and formation of BAs, the basic set of the
double numerical plus polarization and the DFT-D method for van
der Waals dispersion corrections with the Grimme scheme were
employed to describe the way of occupied molecular orbital
expansion and to measure electrostatic interactions accurately,
respectively. The convergence criteria for electronic energy, max
displacement, and max force on each atom were 1.0 × 10–5 Ha/atom,
0.005 Å, and 0.002HaÅ−1, respectively.

Data availability
The Source Data underlying the figures of this study are available with
thepaper. All rawdata generatedduring the current study are available
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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