Articles
https://doi.org/10.1038/s41928-018-0118-9

Electronic synapses made of layered twodimensional materials
Yuanyuan Shi 1,2, Xianhu Liang1, Bin Yuan1, Victoria Chen2, Haitong Li 2, Fei Hui1,
Zhouchangwan Yu2, Fang Yuan2,3, Eric Pop 2, H.-S. Philip Wong2* and Mario Lanza1*
Neuromorphic computing systems, which use electronic synapses and neurons, could overcome the energy and throughput limitations of today’s computing architectures. However, electronic devices that can accurately emulate the short- and long-term
plasticity learning rules of biological synapses remain limited. Here, we show that multilayer hexagonal boron nitride (h-BN)
can be used as a resistive switching medium to fabricate high-performance electronic synapses. The devices can operate in a
volatile or non-volatile regime, enabling the emulation of a range of synaptic-like behaviour, including both short- and longterm plasticity. The behaviour results from a resistive switching mechanism in the h-BN stack, based on the generation of boron
vacancies that can be filled by metallic ions from the adjacent electrodes. The power consumption in standby and per transition
can reach as low as 0.1 fW and 600 pW, respectively, and with switching times reaching less than 10 ns, demonstrating their
potential for use in energy-efficient brain-like computing.
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euromorphic computing is a brain-inspired information processing model that aims to mimic the efficiency, versatility
and resilience of the human brain1,2. Synaptic plasticity, the
ability of a synapse to alter its connection strength in response to
neural activities, is believed to provide the brain with its ability to
learn and process information. Long-term plasticity (LTP) enables
experience-based learning with a timescale of minutes or longer, and
underlies the biological principle for Hebbian learning rules (that
is, weight update) for neuromorphic systems3. Short-term plasticity
(STP) is a dynamic phenomenon where the synaptic strength only
changes temporarily on a timescale of milliseconds to minutes, and
could enhance the short-term dynamics and responses in neuromorphic systems4. Effectively emulating the brain’s neuroplasticity
in electronic devices, especially synaptic plasticity5, will be needed if
fast and efficient neuromorphic learning machines are expected to
be applied to real-time cognitive tasks6,7.
Hardware implementation of LTP and STP in an integrated
neuromorphic system can lead to high energy and area costs when
using conventional complementary metal-oxide–semiconductor
(CMOS) technologies, as the fundamental synaptic characteristics
cannot be efficiently reproduced in a single device1. Recent studies
have shown that LTP and STP behaviour may be emulated in single
devices using resistive switching (RS) electronic synapses8,9. The
conductance (connection strength) of these two-terminal metal/
insulator/metal (MIM) nanoscale devices can be modulated via
electrical stimuli10,11. By using a wide range of metallic and insulating material combinations, the emulation of LTP and its characteristic features have been achieved, including long-term potentiation,
long-term depression, paired-pulse facilitation (PPF), paired-pulse
depression (PPD), spike-timing-dependent plasticity (STDP) and
spike-rate-dependent plasticity (SRDP)12–19. However, even the most
advanced MIM-based electronic synapses have difficulty in emulating both STP and LTP in the same device. Primarily, this is due to
the stochastic nature of the relaxation process20,21 within the devices,
which can lead to the accumulation of residual charges, and, in turn,

a large variability of the relaxation time (τrelax) and device characteristics8,9,22. Therefore, previous approaches either used multiple
MIM-based devices working in the non-volatile regime23, a combination of volatile and non-volatile RS devices22, or bulk materials in
a single device that place limitations on device scaling9. Currently,
there are very few demonstrations of the coexistence of reliable STP
and LTP behaviour in single MIM-based RS devices8,9, which can
only be achieved using additional voltage stressing or scanning tunnelling microscope-based modification of the device properties.
Despite these advances, controlling the relaxation process and the
transition between STP and LTP in electronic synapses remains a
major challenge.
Recent studies have revealed that the performance of MIM-based
RS devices might be enhanced by introducing layered two-dimensional (2D) materials into their structure24,25. Attempts at building
electronic synapses using 2D materials have so far used planar configurations, which occupy much more space than vertical MIM cells
and cannot be stacked three dimensionally26–28. They often suffer
from a higher device-to-device variability25, and, in most cases, the
devices are fabricated using mechanical exfoliation24,26, which is not
suitable for building large-area synaptic networks or high-volumescale manufacturing.
In this Article, we report the fabrication of vertical MIM-based
electronic synapses using 2D materials produced by chemical
vapour deposition (CVD), a scalable manufacturing-compatible
process. By using multilayer hexagonal boron nitride (h-BN) sheets
as the RS medium, we have been able to emulate both STP and LTP
characteristics in single synaptic devices and observe a very reproducible relaxation process.

Device fabrication and dielectric breakdown

First, we highlight that mechanically exfoliated multilayer h-BN
stacks do not show any form of RS, as the dielectric breakdown (BD) is accompanied by irreversible physical damage
(such as material removal) due to the absence of native defects
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Fig. 1 | Fabrication of metal/h-BN/metal synapses. a,c, Cross-sectional
TEM images of Au/Ti/5–7-layer h-BN/Cu and Au/15–18-layer h-BN/Au
synapses, respectively. b,d, Zoom-in images of the areas highlighted with
dashed squares in a and c, respectively. LD, lattice disorders; TF, thickness
fluctuations. e, Top-view scanning electron microscopy (SEM) image of
5 µm × 5 µm Ag/h-BN/Au synapse. f, SEM image of a 150 nm × 200 nm
Au/Ti/h-BN/Au cross-point synapse. Scale bars: 2 nm (a); 1 nm (b); 5 nm
(c); 2 nm (d); 2 µm (e); 300 nm (f).

(Supplementary Fig. 1). However, CVD-grown multilayer h-BN
sheets contain a larger amount of native defects that, despite being
a nuisance when using the h-BN as a gate dielectric in field-effect
transistors or as an anti-scattering substrate, could be useful for
RS applications. Following this concept, we synthesized largearea multilayer h-BN sheets by CVD using ammonia borane as
the precursor and Cu as the substrate29–33 (see Methods). The use
of a scalable approach (that is, CVD) to synthesize h-BN is an
immediate advantage compared with other techniques recently
used to prepare 2D materials based RS devices, such as mechanical exfoliation24,26. The thickness of the h-BN sheets was varied by
tuning the growth parameters (time, temperature, pressure and
gas flow), and h-BN sheets with thicknesses of 5–7 layers (Fig. 1a)
and 15–18 layers (Fig. 1c) were synthesized. The correct layered
structure of the h-BN sheets was corroborated in situ via crosssectional transmission electron microscopy (TEM). For each
sample, more than 80 consecutive TEM images with subnanometre resolution were recorded, covering a total length of ~3 µm
(Supplementary Figs. 2 and 3). The TEM images reveal that the
h-BN stacks contain native defects consisting of lattice disorders
and thickness fluctuations. Interestingly, the lattice disorders
appear to propagate out-of-plane, generating defects paths across
the layered h-BN stack (Fig. 1b,d). The statistical analysis of all
the TEM images revealed that the density of native defects in the
h-BN stack increases with the thickness (as happens in HfO2 and
other transition metal oxides34), and allowed us to quantify that
the percentage of the true layered area can be as high as 90% (for
the 5–7-layer-thick sample, see Supplementary Figs. 2 and 3).
Using multilayer h-BN as insulator and Au, Ti, Ag and Cu as electrode materials, MIM electronic synapses with different lateral
sizes (ranging from 100 µm ×  100 µm down to 150 nm × 200 nm)
were fabricated (Fig. 1e,f, and Supplementary Figs. 4 and 5).
Additional fabrication details can be found in the Methods.

The electronic synapses were first characterized by current versus voltage (I–V) sweeps. Figure 2a shows the first I–V sweep (also
called forming process) measured in 15 different 5 µm ×  5 µm Au/
Ti/15–18-layer h-BN/Au synapses, using a current limitation (CL)
of 10 mA. The I–V sweeps show typical tunnelling conduction
across the h-BN followed by a sharp current increase, which indicates that the hard BD of the h-BN stack has been triggered35. The
observation of perfect linear conduction in similar devices without
h-BN (Fig. 2a, red line) confirms that the BD event is related to the
presence of h-BN. The synapse-to-synapse variability is very low,
and comparable to that of RS devices using transition metal oxide
(TMO) insulators36,37 (Supplementary Figs. 6–9). The characteristic
sudden current increase observed in the I–V sweeps suggests the
formation of one or few conductive nanofilaments (CNF) across the
h-BN stack during the BD38.
To corroborate this hypothesis, the h-BN stacks were stressed
using ionic liquid as the top electrode (Supplementary Fig. 10). The
advantage of this approach is that after the electrical stress, the ionic
liquid can be easily rinsed off and the surface of the h-BN stack is
exposed for immediate characterization39; this avoids etching a solid
top electrode, which can damage the surface of the h-BN. In our
study, the h-BN stack was stressed by applying 6 V during 1 min to
the ionic liquid, and after that the ionic liquid was rinsed off and the
surface of the h-BN was scanned using a conductive atomic force
microscope (CAFM). The current maps recorded (Fig. 2c) clearly
show the formation of several CNFs across the h-BN stack, the
diameters of which range between 5 and 35 nm (Fig. 2d). According
to the percolation theory of the BD40, these CNFs should form at
the weakest locations of the dielectric, probably the lattice disorders
displayed in Fig. 1b,d, and they may expand laterally depending on
the severity of the electrical stress applied41.
The size and shape of the CNFs in stressed metal/h-BN/metal
synapses were analysed in depth from cross-sectional TEM images
collected ex situ at different locations. Despite recent set-ups that
allow in situ TEM characterization to live monitor the formation
of a CNF during the stress22,24, in this investigation we prefer to
carry out an ex situ TEM study because that allows us to work with
more realistic devices (the ultra-thin samples and the uncontrollable tip/sample contact force used for in situ TEM studies promote
heat confinement and large mechanical stresses42, which may lead
to CNFs with sizes and chemical compositions different than those
in real devices). The device selected for this experiment was an Au/
Ag/15–18-layer h-BN/Au synapse subjected to an I–V sweep using
a CL = 2 mA, and again, more than 80 consecutive TEM images
covering a total length of ~3 µm were recorded. In almost all of
the images, the h-BN stack showed the correct layered structure
with lattice disorders and thickness fluctuations, as those shown in
Fig. 1c,d. However, three of them showed the formation of a 10–15
nm wide CNF across the h-BN stack (see Fig. 2e), in good agreement with the CAFM observations (Fig. 2d).
Interestingly, the shape of the I–V sweeps and the BD voltage
(VBD) dramatically changes when different top electrode materials are used (Fig. 2b). This is a strong indication that the CNFs
are formed by metal ions that penetrate from the electrodes into
the h-BN stack under electrical field43. This hypothesis was corroborated via electron energy-loss spectroscopy (EELS), which
also revealed that metal penetration is always accompanied by the
migration of B ions towards the anode (Supplementary Fig. 11). The
trapping and de-trapping of charges in the h-BN stack under polarization, which is a characteristic signature of charge exchange in
MIM devices, was further confirmed by the observation of random
telegraph noise current signals (Supplementary Fig. 12).
Despite the strong parallelism, the switching mechanism in
metal/h-BN/metal RS devices is distinct from those observed in
redox random access memories (ReRAM, formation of vacancies in
the RS medium44) and conductive-bridge random access memories
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Fig. 2 | Dielectric breakdown in metal/h-BN/metal synapses. a, Typical
forming in 15 different 5 µm × 5 µm Au/Ti/15–18-layer h-BN/Au synapses.
The red line shows the currents measured in a cross-point structure without
h-BN. b, Comparison of the forming process in 5 µm × 5 µm metal/h-BN/
Au synapses using different top electrode materials. c, CAFM current map
collected on the surface of the h-BN after applying an electrical stress using
ionic liquid (see test structure in Supplementary Fig. 10). The lateral size of
the scan is 1 µm × 1 µm; current scale: yellow = 0 nA, blue = 6 nA. d, Statistical
analysis of the diameter of the CNFs in c. The mean value of the normal
distribution is 15.00 nm, and the standard deviation is 8.70 nm. e, Cross
sectional TEM image of one CNF formed in an Au/Ag/15–18-layer h-BN/Au
synapse after applying an I–V sweep using a CL =2 mA. Scale bar, 4 nm.

(CBRAM, metal penetration45), as illustrated in Supplementary
Fig. 13. In metal/h-BN/metal synapses, the generation of B vacancies leaves behind a N path that, unlike Hf in HfO2 or Ta in TaO2,
is not conductive enough to drive the large (>100 mA) post-BD
currents observed. Therefore, the penetration of metal into h-BN
is necessary to form a CNF. However, EELS profiles always indicate
the severe migration of intrinsic species (that is, B ions) towards the
anode, which does not necessarily happen in metal/TMO/metal RS
cells (that is, the switching can be induced only by metal penetration
from an active electrode, without O exchange38). This novel switching mechanism might be related to the lower activation energy of
the B vacancies in the h-BN stack46, which should be even lower at
the lattice disorders47.

Volatile and non-volatile resistive switching

After the forming process (Fig. 2a), the Au/Ti/15–18-layer h-BN/Au
electronic synapses exhibited stable non-volatile RS (Fig. 3a) when
I–V sweeps of opposed polarity were applied (that is, bipolar RS).
The current across the synapses could be cyclically switched
between a high resistive state (HRS) and a low resistive state (LRS).
460

Fig. 3 | Volatile and non-volatile RS in metal/h-BN/metal synapses. a,b,
Non-volatile bipolar RS for Au/Ti/h-BN/Au synapses with different sizes.
c, Typical volatile RS observed in the same synapse as in b, when a lower
(10-10 A) CL is used. d, Volatile RS in Ag/h-BN/Au synapses. The thickness
of the h-BN for all the synapses in a–d was 15–18 layers. Blue curves
represent the set process of the switching and red curves represent the
reset process of the switching. The numbers indicate the order in which the
I–V curves were collected. e, Representative cross-sectional TEM image
of an Au/Ag/15–18-layer h-BN/Au synapse after applying an I–V sweep
using CL =10 nA (that is, working in the volatile regime). The structure of
the h-BN is similar to that in unstressed synapses. At this CL, no large CNFs
were detected in more than 80 TEM images, which only show some local
defect paths (white arrows). Scale bar, 4 nm.

The observation of non-volatile bipolar RS was highly reproducible
for all device areas, and smaller devices exhibited lower HRS currents down to 10 fA at 0.1 V (Fig. 3b). Interestingly, for any device
size, the use of lower CLs always resulted in volatile RS (Fig. 3c), in
which the synapses recover 100% of their resistivity when the bias
is switched off. It should be noted that Au/Ti/HfO2/Au and Au/Ti/
CuO/Au synapses with similar sizes (also fabricated in this study)
did not show stable volatile RS (Supplementary Fig. 14)—although
some studies have achieved volatile RS in metal/TMO/metal
devices48. The transition between stable volatile and non-volatile
RS in h-BN-based electronic synapses was not abrupt, and a region
with unstable RS was observed (Supplementary Figs. 15 and 16).
The currents in HRS and LRS, and the set and reset voltages (namely
IHRS, ILRS, Vset and Vreset, respectively) can be tuned using different
electrode materials and device sizes. For example, by using Ag top
electrodes (that is, Ag/15–18-layer h-BN/Au synapses), Vset and
Vreset can be reduced down to 0.6 V and 0.1 V, respectively, when the
synapse is working in volatile mode (Fig. 3d), and the nonlinearity
observed in the I–V sweep is improved.
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Fig. 4 | In situ observation of volatile and non-volatile RS in h-BN. a, Schematic of the CAFM experiments. The tip/sample junction forms a nanosized
Pt/h-BN/Cu synapse. b, I–V sweep from 0 V to 10 V showing non-volatile BD; the part from 2.25 V to 10 V is not shown because it just displays saturated
currents at 5.2 nA (see entire plot in Supplementary Fig. 24). The inset is a CAFM current map showing the CNF generated by the I–V sweep. Scale bar,
80 nm. c,d, Two sequences of I–V sweeps from 0 V to 3 V on the same location of the h-BN stack, using time intervals between each cycle of 20 s and
1 s, respectively. Long and short interval times between the I–V sweeps produce the relaxation/potentiation of the nanosized Pt/h-BN/Cu synapse. The
thickness of the h-BN used for this experiment was ~3 layers. In b and c, blue curves show the forward curves (FW) of the I–V sweep, and red curves show
the backward curves (BW) of the I–V sweep. The numbers indicate the order in which the I–V curves were collected in each cycle. The arrow in d indicates
that the conductivity of the sample increases.

The statistical cross-sectional TEM analysis conducted in a
Ag/15–18-layer h-BN/Au synapse working in volatile RS regime
(that is, by applying an I–V sweep with CL = 10 nA) revealed no significant change in the structure of the h-BN (Fig. 3e). The images
show some defect paths (Fig. 3e, white arrows) with a shape very
similar to that of lattice disorders in the as-grown samples. The
corresponding EELS profiles show a composition similar to the
unstressed sample, indicating that the stress was not enough high
to induce significant atomic rearrangements. Most probably, the
charge transport across the h-BN stack in the volatile regime occurs
by electron hopping along the defect paths, which could also be
considered as atomic-size conductive filaments.
From a power consumption point of view, the Ag/15–18-layer
h-BN/Au synapses show IHRS of ~1 fA at a read voltage of 0.1 V
(Fig. 3d), which is one of the lowest values in the literature. It is
worth noting that the 15–18-layer-thick h-BN stack (5–6 nm)
blocked the current out-of-plane similarly (if not better) than ~15nm-thick HfO2 films22. These numbers imply that, if used as selector
device, the power consumption in standby is Pstandby =  IHRS ×  Vread =  1
fA × 0.1 V = 0.1 fW, and the power per set transition is Pset =  ICL ×  Vset
= 1 nA × 0.6 V = 600 pW. These values might be further improved
by tuning the design of the synapses (for example, electrode

materials, device size) and also by reducing the CL, as the volatile RS
was stable even at lower CLs (that is, CL =  10–10 A in Fig. 3c).
The synapses using 5–7-layer-thick h-BN stacks showed nonvolatile RS without the need of a forming process (Supplementary
Fig. 17), probably due to the ease of some the native lattice disorders
to propagate across the entire h-BN stack (Fig. 1a,b). We measured
one hundred 5 µm × 5 µm Au/Ti/5–7-layer h-BN/Au synapses
and 95 of them showed non-volatile bipolar RS similar to that in
Supplementary Fig. 17, with a low synapse-to-synapse variability
(see Supplementary Figs. 7–9). This point is especially interesting
because variability is one of the main problems of MIM-based RS
devices25,42. The fact that the metal/h-BN/metal synapses presented
here (fabricated in a university lab) show cycle-to-cycle and deviceto-device variability comparable to that of meta/TMO/metal RS
devices fabricated in an industrial facility36,37 indicates the great
potential of h-BN for this technology.

In situ observation of resistive switching

The volatile and non-volatile RS observations were repeated in situ
via CAFM by placing the probe tip in direct contact with the surface
of the h-BN, leading to a nano-sized Pt/h-BN/Cu synapse with an
effective area of around 7 nm × 7 nm (~50 nm2; ref. 49). Figure 4a
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Fig. 5 | Dynamic response of metal/h-BN/metal synapses (type I). a,
Sequence of PVS showing synapse potentiation via PPF. b, Sequence of PVS
showing synapse relaxation with time. The currents during τdown are ~50 µA
(volatile regime) and decrease with time; right after 10 s unbiased the
currents are ~0.4 µA. c, Sequences of PVS showing non-volatile BD. The
currents are stable at ~630 µA during τdown, even right after 10 s unbiased.
d, Current signal measured by applying PVS with Vdown =–0.1 V and Vup
= −0.7 V (skipped for clarity), showing a progressive reset transition. This
demonstrates the presence of non-volatile RS.

shows the schematic of the set-up. When an I–V sweep from 0 V to
10 V (Vend) is applied, the BD event is non-volatile, the conduction
during the backward I–V sweep is perfectly linear, and an ~15-nmwide CNF can be clearly detected in the subsequent current maps,
even after 30 min (Fig. 4b). If Vend is reduced (to 3 V), the degree of
stress in the h-BN is also lower (similar to using a lower CL in the
probe station), and clear volatile RS such as that observed at the
device level is detected (Fig. 4c). Subsequent CAFM maps did not
detect any CNFs, indicating that the synapse relaxed during the time
between the I–V sweep and the CAFM scan. When the time between
the I–V sweeps was reduced, the current across the synapse increased
progressively until it reached the non-volatile regime (Fig. 4d).
The conductivity of the synapse, as well as the observation of
potentiation or relaxation, depend on the time between the voltage
stresses applied and suggests the presence of synaptic plasticity in
the metal/h-BN/metal nanojunctions10.
The self-relaxation of the BD event during volatile RS operation
is related to the disruption of the CNF, which is initiated by the detrapping of some of the metallic ions that were injected into the h-BN
during the set event22,43. This is a process that depends on time50, and
also on the amount of charges that form the conductive nanofilament
(QCNF), which can be controlled by tuning the CL used during the
set I–V sweep41. Therefore, the higher the stress (controlled via CL
or Vend), the larger the QCNF and the longer the relaxation time (τrelax).
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Statistical analysis of dynamic response

The dynamic response of the h-BN-based synapses was studied in
depth by applying sequences of pulsed voltage stresses (PVS) with
different amplitudes, durations and intervals (matching the real
working conditions), and the currents across them were simultaneously monitored. The electronic synapses selected for this
experiment consisted of 50 µm ×  50 µ
m Au/Ti/5–7-layer h-BN/
Cu. When stressed via I–V sweeps, these synapses showed volatile
RS for CLs <100 µA, and non-volatile bipolar RS for CLs >400 µA
(Supplementary Figs. 15 and 16). The synapses were exposed to
consecutive trains of PVS, with a pause of 10 s between each train.
The voltage up (Vup) was 0.7 V, as that is the bias at which the volatile set takes place. The voltage down (Vdown) was set at 0.1 V in
order to monitor the relaxation of the synapse. Time up (τup) was
kept constant at 20 µs, and the time down (τdown) was varied from
20 µs to 200 µs.
Initially, the current across the synapse during τdown (read current)
was ~0.4 µA, and it increased progressively (Fig. 5a) until reaching
~50 µA after 150 pulses (Fig. 5b, t = 7.0 ms). This behaviour is suitable for emulating PPF in biological synapses, and further supports
the observations in Fig. 4d. It is worth noting that PPF was continuously observed during two orders of magnitude (from ~0.4 µA to
~40 µA, a current range much wider than that shown in previous
studies8,9,22. When the first train of pulses ended, the synapse relaxed
(during the 10 s unbiased), and at the beginning of the second train
of pulses, the synapse again showed current levels of ~0.4 µA (Fig.
5b, t = 7.2 ms). This indeed indicates that, even after the application of 150 pulses, the synapse completely relaxed and that no
residual charge remained inside the h-BN stack. This hypothesis is
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supported by the observation of a longer set time (τset) during the
first pulse after the stop (Fig. 5b, t = 7.3 ms, τSET =  7 µs), compared
with the following pulses (Fig. 5b, t = 7.55 ms), in which τset was
below the resolution of the set-up (<10 ns; Supplementary Fig. 18).
During τdown the current is not constant but decays fast from 60 µA
to 40 µA in 20 µs (Fig. 5b, t = 7.0 ms). This is consistent with the current levels observed for the volatile RS regime (<100 µA), as shown
in Supplementary Fig. 15. To monitor the complete relaxation of
the synapses τdown was increased to 200 µs, a time during which the
synapse relaxed ~90% of its initial current (Fig. 5b, t = 7.52 ms). The
relaxation process of the Au/Ti/h-BN/Cu synapses was statistically
analysed during more than 500 cycles, and minimal variability was
detected (Supplementary Fig. 19). The relaxation process of the synapses perfectly matches the exponential power function Kohlrausch
law, which is often used by psychologists to characterize memory
retention; this is especially interesting because it can be emulated
with the discharge of an RC circuit, which allows easy simulation
at a circuit level using SPICE software (see Supplementary Fig. 20).
The time constant of the relaxation process and the minimum
currents (before the next pulse) in each cycle were statistically
extracted, and are 144.21 ±  12.27 µs and 12.25 ±  1.12 µA, respectively (Supplementary Fig. 20). The fast speed and the low variability of the relaxation process exhibited by the metal/h-BN/metal
synapses (Supplementary Fig. 19) are better than those shown in
other works (Supplementary Table 1).
If the Au/Ti/5–7-layer h-BN/Cu synapses are further stressed
via PVS (τup =  τdown =  20 µs), the currents during both τup and τdown
increase up to ~4 mA and ~0.6 mA, respectively (Fig. 5c). The current during τdown stays constant, indicating that the synapse is working in the non-volatile regime. This conclusion is supported by two
facts: (i) the currents during τdown fall within the non-volatile regime,
detected via I–V sweeps (which is >400 µA; Supplementary Fig. 15);
and (ii) after the 10 s unbiased, the synapse shows large currents of
~0.6 mA instantaneously (Fig. 5c, t = 10.1 ms), indicating that the
CNFs were not disrupted during the absence of bias. To intentionally disrupt the filaments and relax the synapse, a train of pulses of
opposed polarity (Vup = –0.7 V and Vdown = –0.1 V) was applied, and
the conductivity of the synapse decreased smoothly (Fig. 5d), demonstrating the presence of non-volatile bipolar RS. By exposing the
synapse to pairs of pre- and post-spikes, we readily observed STDP
(Supplementary Fig. 21).
Finally, the dynamic response of 5 µm ×  5 µm cross-point Au/
Ti/5–7-layer h-BN/Au synapses was analysed by applying sequences
of PVS with different pulse voltages and periods. Figure 6a shows two
sequences of 4 trains of 30 PVS each, using τup =  τdown =  20 µs, and 2 s
pause between each train of pulses. In both cases, Vdown = 0.1 V, and
Vup was selected to be 0.8 V (blue line) and 0.9 V (red line). These
PVS were applied in the same synapse, and in both cases the initial resistance was the same (that is, ~100 kΩ at V = 0.1 V; Fig. 6b).
Figure 6a and b both show clear PPF, and the use of a higher Vup
results in a faster potentiation. The saturation current of the synapse
(read during Vdown = 0.1 V) reaches 9 µA for Vup = 0.8 V and 13 µA
for Vup = 0.9 V (Fig. 6b), and it does not increase anymore even if
>1,000 additional pulses are applied. This is opposed to the behaviour observed in Fig. 5, and the reason may be the smaller area of
the synapses in Fig. 6, which should contain less weak points and
therefore should offer a slower BD process. As Fig. 6b shows, for
Vup = 0.8 V the synapse needs 65 pulses to reach 90% of its saturation current, whereas when applying Vup = 0.9 V only 8 pulses are
needed. In both cases, if the PVS is stopped, synapse relaxation is
observed (see red line in Fig. 6a at t = 1.4 ms). Therefore, for these
current levels the synapse is working in the volatile regime. Indeed,
this is consistent with the data collected from I–V and I–t curves
(Supplementary Fig. 22). If Vup is increased to 1.2 V the potentiation
of the synapse takes place abruptly in only one pulse (Fig. 6c), and
after 12 pulses the current increases again more than one order of

magnitude (similarly to the larger synapses shown in Fig. 5). In successive PVS, we observed that the current does not decrease, indicating that the synapse has reached the non-volatile regime. In such
case, the conductivity can be restored by applying one I–V curve
with opposed polarity (Supplementary Fig. 23).
Finally, if τup and τdown are increased to 200 µs, the potentiation of
the synapse for Vup = 0.8 V requires a larger amount of pulses (that
is, 65 pulses in Fig. 6b versus 300 pulses in Fig. 6d inset). However,
when Vup = 0.9 V the number of pulses required for complete potentiation is similar (8 pulses in Fig. 6b and 11 pulses Fig. 6d inset).
This observation indicates that Vup plays a more important role than
τup and τdown in the dynamics of the synapses. It is worth noting that
the number of pulses required to increase the weight of the h-BN
based synapses (up to 300) is much larger than that observed in
SiOx- and TMO-based synapses22, which is beneficial to achieve
better potentiation control. As an example, previous works using
SiOx- and TMO-based synapses show erratic conductance transitions, in which the current of one pulse is sometimes smaller than
its predecessor22; on the contrary, h-BN synapses did not show this
erratic behaviour.

Conclusions

We have fabricated electronic synapses using vertical metal/h-BN/
metal cells that show both volatile and non-volatile RS simultaneously, which allows emulating several STP and LTP synaptic behaviours, including PPF, PPD, relaxation and STDP. The working
regime can be selected by tuning the amplitude, duration and interval of the electrical stimuli. Whereas until now all previous synaptic
studies reported slow (0.1–100 s) erratic relaxation process, here we
show a fast (~200 µs) and stable relaxation during more than 500
cycles, with a very low variability. The power consumption of the
synapses in the volatile regime is 0.1 fW in standby and 600 pW per
transition, and we find that the pulse voltage plays a more important
role in the potentiation of the synapses than the pulse time/interval.
These performances are enabled by a novel switching mechanism
that combines characteristics from CBRAM and ReRAM. The volatile and non-volatile nature of the RS has been confirmed at the
nanoscale via CAFM, demonstrating excellent potential for scalability. This work represents an important advancement for the development of electronic synapses in terms of performance and, as only
scalable processes have been used, the methods described here may
be employed to fabricate 2D-materials-based synaptic networks.

Methods

Hexagonal boron nitride growth. Multilayer h-BN stacks were grown by chemical
vapour deposition (CVD) on 18-µm-thick Cu foils (JX Nippon Mining & Metals
Corporation). Before the growth, the Cu substrate was soaked in acetic acid for
10 h to remove copper oxides, and washed in pure water for 1 min. Several cleaned
Cu pieces with sizes ranging between 1 cm × 1 cm and 2 cm × 5 cm were placed at
the middle of the quartz tube of the CVD system. Ammonia borane powder (BH3NH3, 97% purity, Sigma-Aldrich) was placed inside an Al2O3 boat, and introduced
into the sub-chamber of the CVD. The temperature of the furnace was ramped up
from room temperature (RT) to 1,000 °C in 40 min, and maintained at 1,000 °C
for 80 min. During these first 120 min the atmosphere was 50 s.c.c.m. hydrogen
gas flow under a pressure of 645 mTorr. Then the sub-chamber containing the
ammonia borane precursor was heated to 100 °C, so that the BH3-NH3 could
be decomposed to hydrogen, polyiminoborane (BHNH; solid) and borazine
((HBNH)3; gas). The produced borazine gas was carried by 30 s.c.c.m. hydrogen
flow from the sub-chamber to the furnace, which was adsorbed on the Cu foil.
As a result, multilayer h-BN was formed on the surface of the Cu substrate
by borazine thermal decomposition. During the growth, the pressure and the
hydrogen flow were maintained at 509 mTorr and 30 s.c.c.m. at 1,000 °C. After the
growth finished, the furnace was cooled down to room temperature in 60 min. The
thickness and layered structure of the as-grown h-BN was confirmed with crosssectional TEM (Fig. 1 and Supplementary Figs. 2 and 3).
Fabrication of synapses. Three types of metal/h-BN/metal synapses with different
electrode compositions and sizes were fabricated. When referring to metal/hBN/metal structures, the first metal mentioned is the top electrode (TE) and the
second is the bottom electrode (BE), that is, TE/h-BN/BE. The first type of synapse
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consisted of Au/Ti/h-BN/Cu cells with sizes of 100 µm ×  100 µm and
50 µm ×  50 µm (Supplementary Fig. 4), which were fabricated by direct evaporation
of Au/Ti electrodes (TE) on the bare surface of the as-grown h-BN/Cu samples.
The Ti layer was 20 nm thick (evaporated first, in contact with the h-BN) and the
Au layer was 40 nm thick (evaporated second, capping layer). In this process, a
laser-patterned shadow mask from Tecan (UK) and an electron-beam evaporator
(model PVD75 from Kurt J. Lesker) were used. Supplementary Figure 4 shows a
top scanning electron microscope image of the resulting devices. Note that during
the fabrication of this type of synapse, we didn’t require transfer of the h-BN stack
onto a different substrate. The second type consisted of metal/h-BN/Au cross-point
devices with sizes ranging from 50 µm ×  50 µm down to 5 µm ×  5 µm (Fig. 1e
and Supplementary Fig. 5). First, bottom electrodes (BE) made of Au(40 nm)/
Ti(20 nm) were patterned onto a 300 nm SiO2/Si wafer via photolithography, metal
evaporation and lift-off. The resulting structure was 40 nm Au/20 nm Ti/300 nm
SiO2. The mask aligner used during the photolithography was MJB4 from SUSS
MicroTec, and the lift-off process consisted of a bath in acetone for 10–12 h at
room temperature. The Ti layer between the Au and SiO2 was used to enhance
the adhesion between these two materials. Then a piece of h-BN was transferred
onto the bottom electrodes (see transfer details in the next section). Finally, TEs
consisting of Au/Ti, Au/Ag, or Au/Cu were patterned by photolithography. The Au
layer was 40 nm thick, while the Ti, Ag or Cu layers were 20 nm thick. One sample
using (only) top Au electrodes (60 nm thick) was fabricated as the reference.
The third type of synapse consisted of cross-point Au/Ti/h-BN/Au devices very
similar to the second type, but with small areas of 150 nm × 200 nm (Fig. 1f). These
samples were fabricated by electron-beam lithography (pattern generator (Elphy
VII from Raith company) integrated in a Supra 55 scanning electron microscope).
Several samples of each type were fabricated on different days, and the data
obtained were reproducible. Some devices without h-BN (metal/metal junctions)
were fabricated to corroborate that the behaviours observed are produced by
the h-BN stack.
Transfer of multilayer h-BN. Liquid poly(methyl methacrylate) (PMMA), made
from PMMA powder (Sigma-Aldrich, with average molecular weight ∼996,000)
dissolved in anisole (40 mg ml–1), was spin-coated on the surface of the multilayer
h-BN with a two-step spin-coating process, 500 r.p.m. for 6 s and 3,500 r.p.m. for
30 s, and then baked at 100 °C for 5 min. After that, the Cu foil was etched in FeCl3
(3 mol l–1) for 2–5 h, and the PMMA/h-BN stack was washed in HCl (2 wt%) for
30 s and pure water for 1 h. The PMMA/h-BN stack was picked up with the target
substrate (300 nm SiO2/Si with patterned Au/Ti bottom electrodes), and was dried
at 50 °C for 10 min. Finally, the whole sample was immersed in acetone for 10–12 h
to remove the PMMA. The presence of h-BN on the target substrate (both SiO2
and Au/Ti/SiO2 regions) after the transfer was confirmed by the observation of
wrinkles (Fig. 1e,f). Additional discussion about the presence of Cu residues in the
h-BN stack can be found in the Supplementary Information.
Device level electrical characterization. Synapses of the first type were
characterized using a Cascade probe station (model Summitt 119718) connected
to a 4200-SCS Keithley semiconductor analyser at Stanford University. The
second and third type of synapses were characterized using a Cascade probe
station (model M150) connected to a 4200-SCS Keithley semiconductor analyser
at Soochow University. For all I–V sweeps and pulse mode experiments in Fig. 6
collected in the probe station, the bias was always applied to the top electrode and
the bottom was grounded. For the pulse mode experiments (Fig. 5), the bias was
applied to the bottom (Cu) electrode and the top (Au/Ti) electrode was grounded.
The STDP plot shown in Supplementary Fig. 21 was obtained using a Cascade
probe station (SUMMIT 12000B-M) connected to an Agilent semiconductor
parameter analyser (B1500A). In total, 186 synapses were characterized in the
probe station. The reliability of the data presented is statistically demonstrated
along the manuscript and the Supplementary Information, and the variability is
reasonably low.
CAFM electrical characterization. Electronic synapses were studied at the
nanoscale via CAFM. To do so, the CAFM tip (Pt–Ir-varnished Si tip) was placed
on the surface of an as-grown h-BN/Cu sample, and sequences of I–V sweeps were
collected. Before and after this, topographic and current maps were also collected
under a constant bias of 2 V, applied to the CAFM tip (top electrode) while keeping
the Cu substrate (bottom electrode) grounded. The CAFM used was the Bruker
Multimode V working in contact mode using CAFM tips from Nanosensors
(model PPP-CONTPt-50). The tip radius was 25 nm, and the force constant 0.02–
0.77 N m–1. During the recording of the I–V curves, the deflection set point was
1 V to ensure good tip/h-BN contact. The current maps after ionic liquid stress in
Fig. 2c were collected using Pt-coated silicon tips (Olympus, model AC240TM);
their spring constant was 2 N m–1 and their tip radius 15 nm.
Ionic liquid-based electrical characterization. The electrical characterization
using ionic liquid was carried out by patterning a device structure on the bare
surface of the h-BN (Supplementary Fig. 10). To do so, a h-BN/Cu sample was
baked at 115 °C for 1.5–2 min to remove water and then spin coated with S1813
photoresist (5,000 r.p.m. for 1 min); after this, the sample was baked again at 115 °C
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for 2 min. An aperture of 40 µm was patterned via photolithography by exposure
for 11 s under a light density of 12 mW cm–2. Then the sample was developed in
MF-319 solution for 2.5 min, cleaned with deionized water and dried with N2 gas.
The sample was heated at 180 °C for 2 h to stabilize the photoresist. The second
photolithography was then performed with the same procedures as the first to
pattern the shape of the top electrode. Then, 40-nm Au contacts were patterned
on the photoresist (next to the aperture) via photolithography. Then, the h-BN
was contacted to the top metal (on the photoresist) using a drop of ionic liquid
(IL, DEME-BF4, C8H20NOBF4). By using a Cascade probe station (model TRIAX)
connected to a Keithley 2636B semiconductor parameter analyser, an electrical
field was applied between the top Au electrode and the bottom Cu substrate. More
information about this set-up can be found in ref. 39.
Physical characterization. The morphologies of the devices were characterized
by optical microscopy (Leica DM4000M) and scanning electron microscopy (Carl
Zeiss Supra 55). The surface topography of the materials was characterized by
atomic force microscopy (Bruker Multimode V) in tapping mode, using standard
silicon tips from Nanoworld (model NCH, k = 42 N m–1, f0 = 320 kHz). Crosssectional TEM (JEOL JEM-2100) was used to confirm the layered structure of the
h-BN. The chemical composition of the samples was analysed by an EELS tool
integrated in the TEM. Before TEM characterization, thin lamellae were fabricated
by a focused ion beam (FEI, HELIOS NANOLAB 450 S).
Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding authors upon
reasonable request.
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