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1. Introduction

Two-terminal threshold-type resistive 
switching (RS) devices with a metal/insu-
lator/metal (MIM) structure are attractive 
solid-state microelectronic devices for 
massive parallel information processing 
and storage, and they have been recently 
used as integrate-and-fire neurons in 
spiking neural networks.[1–2] In most MIM-
like RS devices the application of electrical 
stresses between the electrodes results 
in a progressive increase of the conduct-
ance,[3] which is a non-volatile phenom-
enon (i.e., the changes in the conductance 
remain stable after the bias is removed). 
This phenomenon is related to the forma-
tion of defects in the microstructure of 
the insulator, which can be related to the 
movement of intrinsic species (i.e., oxygen 
ions in transition metal oxides [TMO]), or 
penetration of metallic ions from the elec-
trodes into the insulator.[4] If the electrical 
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tors is especially stable because the temperature in the h-BN stack during 
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stresses applied are severe enough, these ions can form one/
few effective conductive nano-filaments (CNF) that connect 
both electrodes, which triggers the dielectric breakdown (BD) 
of the insulator. In non-volatile MIM-like RS devices, this CNF 
can be disrupted, either by atomic diffusion[5–7] or thermal 
effects,[8–9] when additional electrical stresses are applied, which 
are referred as unipolar RS or bipolar RS if the polarity of this 
additional stress is the same or opposed to that used to trigger 
the BD (respectively).[10] However, when using some specific 
metallic electrodes and insulating materials, the conductance 
increase is volatile (i.e., the initial conductance is self-recovered 
when the bias is removed).[3] This phenomenon, which can 
take place either before or after triggering the BD, is referred as 
threshold-type RS.

Recent studies have reported that MIM-like RS devices using 
Ag electrodes show outstanding threshold-type RS, due to the 
high diffusivity of Ag+ ions into different types of insulators 
(including SiOX, HfOX, and MgOX).[11] Recently, it has been 
discovered that the combination of Ag electrodes and multi-
layer hexagonal boron nitride (h-BN) insulating films grown by 
chemical vapor deposition (CVD) results in threshold-type RS 
with ultra-low energy consumption (≈8.8 zJ)[12] —note that this 
is the lowest energy consumption ever reported for any type of 
RS device, which is very close to the fundamental limit of the 
thermal noise (≈4.1 zJ).[13] Moreover, metal/h-BN/metal devices 
exhibit coexistence of both non-volatile (i.e., bipolar) and vola-
tile (i.e., threshold-type) RS,[14] which allows their use as elec-
tronic synapses to emulate both long-term plasticity (LTP) and 
short-term plasticity (STP).[15] It is believed that the observation 
of both RS regimes in the same MIM cell is related to the lateral 
size of the CNF triggered during the BD,[15] which can be con-
trolled by limiting the energy delivered during the BD, either 
using low current compliances (ICC) or a series resistor/tran-
sistor during ramped voltage stresses (RVS), or applying low 
voltage and/or short times during pulsed voltage stresses (PVS).

Despite these advances, the key factors allowing metal/h-
BN/metal devices to exhibit threshold-type RS are still not fully 
understood. Here we show that Ag/h-BN/Au devices can be 
operated reliably in the threshold-RS regime because the CNF 
temperature is kept low enough (i.e., ≈310 K), and that a stable 
non-volatile regime is reached when the temperature of the 
CNF increases remarkably (i.e., >500  K). All the methods we 
used for the fabrication of the devices are scalable, the size of 
the devices studied is 150 nm × 150 nm, and all the conclusions 
are demonstrated statistically in 58 devices. Our work provides 
essential knowledge to understand the performance and reli-
ability of h-BN based RS devices and paves the way for their 
introduction in high-density industrial wafers.

2. Results and Discussion

2.1. Performance of Metal/h-BN/Metal Nano-Memristors

h-BN sheets with thicknesses of ≈4 layers are synthesized 
by CVD and used to fabricate 150  nm × 150  nm Ag/h-BN/Au 
devices, with the assistance of electron beam lithography and 
electron beam evaporation (see the Experimental Section). 
Figure  1a shows a representative cross-sectional transmission 

electron microscopy (TEM) image of the as-grown h-BN stacks, 
and Figure 1b shows a representative scanning electron micros-
copy (SEM) image of the Ag/h-BN/Au devices. The presence of 
RS in these devices is first analyzed by applying sequences of 
RVS with different ICC, and constructing current versus voltage 
(I–V) plots. When using an ICC low enough (i.e., 1 µA), the I–V 
plots reveal stable threshold-type RS, and the set and reset tran-
sitions can be clearly observed (see Figure  1c). When using an 
ICC high enough (i.e., 1 mA), the I–V plots reveal non-volatile BD 
(see Figure 1d), which is demonstrated by the absence of a reset 
transition. In this regime, the CNF has been completely formed, 
as confirmed by the linear conduction observed when plotting 
the data in linear scale (see inset in Figure 1d). In our previous 
studies,[14–15] we demonstrated that the formation of CNFs across 
multilayer h-BN is related to the penetration of metallic ions 
from the adjacent electrodes when an electrical stress is applied, 
a phenomenon that is favored by the formation of boron vacan-
cies. When using moderate ICC (i.e., between 1 µA and 1 mA), 
the devices exhibit unstable volatile RS, i.e., the self-disruption 
of the CNF fluctuates between few milliseconds to tens of sec-
onds. Our experiments indicate that the maximum ICC that 
allows stable threshold-type RS and the minimum ICC that pro-
duces non-volatile BD are slightly different for each device, and 
we conclude that for a population of 58 devices, threshold-RS 
always occurs for ICC < 10 µA, and non-volatile BD always occurs 
for ICC  >  200 µA (see bluish regions in Figure  1c,d). It should 
be noted that these ICC values apply for the Ag/h-BN/Au devices 
analyzed in this study, and that for thicker h-BN or different 
electrode materials, stable threshold RS at higher ICC (up to 
≈100 µA) has been also observed.[14] The switching voltages (VSET 
and VRESET) also slightly change from one device-to-another (as 
expected),[12] probably due to local fluctuations of the thickness 
and density of defects in the h-BN stack.

We study the dynamic response of the Ag/h-BN/Au devices 
in depth by applying sequences of PVS with different ampli-
tudes, matching the real working conditions of electronic syn-
apses and neurons in an SNN,[16] and we record the currents 
driven simultaneously. In each test, we apply write PVS with a 
constant amplitude (VW, which was set to 2, 2.5, 3, 3.5, and 4 V 
during different tests) aimed to modify the conductance of the 
Ag/h-BN/Au devices, and after each write PVS we intercalated 
read pulses with an amplitude (VR) of 0.1 V. The duration of the 
write pulse (TW) and read pulse (TR) was 2  ms, and between 
all the pulses the voltage (VDOWN) was kept to 0 V during 2 ms 
(TDOWN). As an example, Figure 2a,b shows the current signal 
driven by the Ag/h-BN/Au devices when applying PVS with 
VW  = 2  V and VW  = 4  V, respectively. During TDOWN the cur-
rent fluctuates at ≈1 nA, which is the noise level of the semi-
conductor parameter analyzer (SPA) for this current range of 
operation, it is similar to that in ref. [17]. The current across the 
device increases gradually during TW until reaching an almost 
constant level (ISET), which depends on the value of VW (see 
point 3 in Figure 2c). For each value of VW, ISET shows certain 
variability, but the overall increasing trend of ISET with VW is 
very clear (see Figure 2e). After each write pulse the currents go 
back to ≈1 nA, even during the following read pulse, indicating 
that the conductance of the Ag/h-BN/Au devices has been com-
pletely self-recovered. These conductivity changes should be 
related to the motion of Ag+ ions into the h-BN stack during 
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TW, which may not reach a stable bonding state in the 2D lay-
ered h-BN stack and end up moving out during TDOWN and TR 
thanks to their high diffusivity.[11] This is supported by the fact 
that the application of similar PVS with opposed polarity does 
not show conductance relaxation, i.e., the Au+ ions that pene-
trate in the h-BN stack do not have such high diffusivity and 
they stay inside the h-BN when the bias is removed, leading to 
non-volatile conductance changes. It is worth noting that com-
plete relaxation after long sequences of PVS is an outstanding 
property that most MIM-based RS devices do not exhibit,[11,18–19] 
and should be related to the excellent mechanical and chemical 
stability of the 2D layered h-BN stack,[20–22] as well as to its high 
in-plane thermal conductivity.[23] We also detected one device 
that reached the non-volatile regime when using VW = 4 V (see 
Figure  2b), which can be observed from the higher currents 
during VW (which reach the saturation level of the SPA when 
operated in PVS mode, i.e., 100 µA) and the higher currents 
far above the noise level (≈2 µA) during VR. If the value of VW 
is further increased ≥4.5 V, most of the devices reach the non-
volatile regime.

2.2. Temperature of the Nanofilament

The severity and reversibility of the BD event in ultra-thin die-
lectrics is closely related to the amount of energy transferred 
from the CNF to its surrounding atomic network.[24–25] This 
phenomenon depends on the CNF temperature, which at the 
same time depends on the current flowing across it—note that 
the current density can reach up to 108 A cm−2 as the size of the 
CNF is ≈50 nm2 —,[26–28] and on the thermal conductivity of the 
dielectric and its surroundings. In order to obtain a simplified 
estimation of the temperature of the CNF in the h-BN stack 
using a single fitting parameter, it can be evaluated by using 
Equation (1):[24]

2
1T

f V I

t
TSET

ox
ambπ κ

= +  (1)

where T is the temperature, V is the applied voltage across 
the BD spot (i.e., VW), ISET is the current level at the onset of 
the synapse, tox is the dielectric thickness, k is the thermal 

Figure 1. Structure and electrical performance of Ag/CVD-grown h-BN/Au device. a) Cross sectional TEM image of the as-grown CVD h-BN stacks on 
Cu foil, which is covered by Au/Ti thin films before the FIB fabrication. There are native defects existing in the as-grown h-BN stacks. b) SEM image 
of one Au/Ag/h-BN/Au structure based cross-point device. c) I–V plots showing bi-stable threshold-type RS cycles in one Au/Ag/CVD-grown h-BN/
Au device at a current limitation of 1 µA. d) I–V plots showing non-volatile dielectric breakdown of different Au/Ag/CVD-grown h-BN/Au devices at a 
current limitation of 1 mA. The inset image is the current-voltage curves of (d) plotted in linear scale.
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conductivity of the dielectric, Tamb is the room temperature, and 
f1 is a fitting parameter that is proportional to the power lost 
at the constriction (i.e., ISET × VW). The values of ISET and VW 
are obtained from Figure  2d, and the value of f1 chosen here 
is 0.1, in agreement with finite element simulations shown 
next, and with a previous report.[29] The solid lines in Figure 3a 
show the T as a function of ISET, calculated using Equation (1). 
As it can be observed, for ISET >100 µA the temperature starts 
to increase rapidly, reaching values close to the melting point 
of the materials (≈1000 K) in the regions where the CNF nar-
rowing is located.

The values obtained using Equation (1) have been compared 
to those obtained by solving the 3D heat equation (Equation (2)) 
and the current equation for Ag/h-BN/Au structures.[30–31]

(k ( , , ) ( , , )) 0x y z T x y z eTH generated∇ ∇ + =

 (2)

The steady-state heat equation was solved accounting for a 
specific current ISET flowing through the CNF. The power den-
sity generated within the CNF was calculated in a point-to-point 
basis as σE2, where σ stands for the local electrical conductivity 
and E for the local electric field.[32] The thermal time constant 
of the CNF is short compared with the duration of the applied 
pulses, and therefore the steady-state solution can be used.[33]

The simulation domain employed is shown in Figure  3b, 
the grid used was 0.13  nm, and the CNF was assumed to 

have a parabolic profile with a maximum radius of 5  nm at 
the Ag/h-BN interface and a minimum radius at the h-BN/
Au interface, in agreement with previous observations.[14] The 
physical parameters used for the simulations are displayed in 
Table S1 (Supporting Information). We set the voltages to the 
values that generate currents of 1 and 200 µA, featuring the 
threshold-type and the non-volatile regimes (respectively). Our 
simulations (blue scattered points in Figure 3a) indicate that for 
a current of 1 µA the temperature of the CNF is below 310 K  
(Figure  3c), which is obviously insufficient to form a stable 
CNF and results in threshold-type RS (i.e., volatile BD). On the 
contrary, for a current of 200 µA the temperature rises above 
≈500 K (Figure 3d), which is sufficiently high to form a stable 
CNF and results in non-volatile BD. Therefore, the Ag/h-BN/
Au devices can only be operated in threshold-type RS regime 
when the temperature of the CNF is kept low, and they switch 
to non-volatile regime when the CNF temperature increases 
significantly (i.e., >500 K).

2.3. Dynamic Characteristics and Cycle-To-Cycle Variability

Finally, we analyze the dynamic characteristics and the cycle-
to-cycle variability of the currents driven by the Ag/h-BN/Au 
devices in threshold mode by calculating the transition rate 
(TR) for different VW, which is defined as dI/dt [A/s], and it 

Figure 2. PVS measurement of the Au/Ag/CVD-grown h-BN/Au device at different pulse amplitudes. a) Experimental data acquired using a PVS with an 
amplitude of 2.5 V, shows a volatile switching. Current trace (red) shows the device transition from HRS to LRS when a voltage pulse (blue) is applied. 
This experiment is repeated for different pulse amplitudes, collecting between 20–30 transients for each amplitude. b) Experimental data acquired 
using a PVS with an amplitude of 4 V, shows a non-volatile switching. c,d) Current-time transients (grey and red) for PVS with a pulse amplitude of 
2.5 and 4 V, respectively. The voltage waveforms are superimposed in both cases (blue traces). The transition between the high-resistance state and 
the low-resistance state is characterized in terms of the transition rate (slope of the current transient). A time-to-set is defined as the time between 
point 1 and point 2. A current plateau is observed after the device switches to the LRS. e) The post-SET current for each pulse transient as a function 
of the pulse amplitude.
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can be extracted from the PVS measurements (Figure  2c,d). 
Statistically, we observe that TR increases almost two orders 
of magnitude for the range of VW used in this study (see scat-
tered symbols in Figure 4a). This observation indicates that the 
CNF formation is driven by ionic motion, which is accelerated 
at higher electrical fields, as expected.[6,34] Taking into account 
that in h-BN atoms of N do not move until the melting point 
of the h-BN,[35] and that B movement leaves behind an N path 

that is not conductive enough to produce a set transition, most 
probably the ions being moved during CNF formation are Ag+ 
that try to flow toward the cathode (i.e., Au electrode) when a 
positive bias is applied to the anode (i.e., Ag electrode).[14–15] The 
time between the onset of TW and the moment in which the 
current starts to increase above the noise level (i.e., difference 
between points 1 and 2 in Figure 2c) is referred as tSET, and it 
decreases when VW increases (see Figure  4b). Figure  4b also 

Figure 3. Temperature calculation of the conductive nanofilaments in Au/Ag/CVD-grown h-BN/Au devices. a) Temperature of the CNF as a function of 
ISET, calculated using Equation (1). High currents in the CNF translate into increase of temperature, which leads to catastrophic failure. b) Simulation 
domain employed in the analysis performed in 3D heat equation (Equation (2)). c,d) Temperature distribution at the CNF region for ICC = 1 µA and 
ICC = 200 µA, respectively.

Figure 4. Dynamic characteristics and the cycle-to-cycle variability of the current driven by the Au/Ag/CVD-grown h-BN/Au devices in threshold 
regime. a) TR for each current transient as a function of the pulse amplitude. b) The distribution of the Time-to-SET follow a Weibull distribution with 
a clear voltage dependence. c) Extracted trends of β and t63% are plotted as function of the pulse amplitudes. Both show a clear decreasing trend as 
the applied voltage increases.
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shows that the distribution of tSET for different VW can be fitted 
using the Weibull distribution, which is often used to describe 
weakest-link phenomena (such as dielectric BD in ultra-thin 
dielectrics).[36] Figure 4c also displays, in a clearer manner, that 
both, the slope of the Weibull plot (β), which quantifies the vari-
ability of tSET, and the value of t63%, which corresponds to the 
value of tSET at 63% of failed population,[29] decrease with the 
voltage. Figure  4b,c clearly indicate that the variability of tSET 
decreases when working at lower VW, which is an important 
dynamic characteristic to consider by designers of ANNs made 
of threshold-type RS devices.

It is very important to emphasize that the state currents and 
the switching voltages in MIM-like memristors are exposed to 
cycle-to-cycle and device-to-device variability,[4] which is pro-
duced by changes in the width and shape of the CNF filament 
in each cycle and for each device; consequently, the tempera-
ture of the CNF in each cycle and for each device will be dif-
ferent. In operando TEM studies have been used to analyze the 
size of the CNF in the dielectric with sub-nanometer resolu-
tion,[11,37] but even when using such a sophisticated technique 
the sizes obtained change a lot from one cycle to another; 
in addition, those studies always use slow constant voltage 
stresses or ramped voltage stresses to form and disrupt the 
CNF, which are not consistent with the real operation condi-
tions of the devices —PVS matching the real operation con-
ditions of the devices would be necessary, but TEM does not 
allow taking images at such high rates. Even if that would be 
possible, the heat-confinement effect in the thin lamellas for 
TEM would produce important differences compared to real 
devices. Therefore, measuring the real size of the CNFs formed 
using electrical stresses that match real operation conditions 
and without modifying the boundary conditions remains an 
unsolved challenge for the entire community working in the 
field of RS. From the simulation viewpoint, the determination 
of thermal conductivities for very thin dielectric layers is essen-
tial; however, when using novel materials these values are not 
well established/confirmed. The probable existence of contact 
resistances between the different materials layers and the lack 
of accuracy in the knowledge of the thermal and electrical fea-
tures of the regions were the CNF formation takes place add 
an important degree of uncertainty in the description of the 
device thermodynamics. Consequently, the temperature values 
given in this (and other papers)[38–39] should be understood as 
qualitative; in this context, the most important conclusion of 
our investigation is that the operation in threshold regime is 
strongly related to the CNF temperature.

3. Conclusion

In conclusion, the threshold RS mechanism of 150  nm × 
150 nm Ag/CVD grown h-BN/Au devices has been statistically 
analyzed. We find that the physical mechanisms that promote 
RS in metal/h-BN/metal are thermally activated since their TR 
follow the Arrhenius’ equation. We have estimated the tem-
perature of the CNFs in Ag/h-BN/Au devices through different 
simulation approaches, and our calculations show that Ag/h-
BN/Au devices can be operated in the threshold-RS regime only 
when the temperature of the CNF does not surpass a critical 

limit (of ≈500 K). The used metallic electrodes are also impor-
tant for the RS behavior in the metal/h-BN/metal devices. If 
the activation energy of metallic ion reduction mechanisms is 
low enough, the temperature difference obtained can be suffi-
cient to form a non-volatile CNF that can trigger the BD, and 
the device stops working in threshold regime. The findings of 
this study help to understand the performance and reliability of 
h-BN based RS devices and could also apply to other 2D mate-
rials based RS devices.

4. Experimental Section
Deposition of Large-Scale h-BN Stacks: The h-BN stacks are synthesized 

via CVD by using ammonia borane as precursor and ≈20  µm Cu foil 
as substrate. During the h-BN growth, The Cu foils are loaded into a 
CVD-fused quartz tube with a diameter of 5 cm, which is heated to the 
specified value in the range of 1050–1090 °C, and the total pressure is 
maintained at 50 Pa. Meanwhile, ammonia borane precursor placed in 
an Al2O3 boat is heated to 70–90 °C by a heating lamp. After the growth, 
both the heating furnace and heating lamp are quickly cooled down to 
room temperature.

Fabrication of Scaled Metal/h-BN/Metal Cross-Point Devices: Bottom 
electrodes consisting of 150 nm × 100 µm × 50 nm (width × length × height)  
wires connected to 100 µm × 100 µm × 50 nm pads are deposited on 
a 300  nm SiO2/Si wafer using electron beam lithography (EBL, Elphy 
VII from Raith company) integrated in a Supra 55 scanning electron 
microscope (SEM). Then, a sheet of multilayer h-BN grown by CVD 
is transferred using the method reported in ref. [15]. Finally, top 
electrodes with the same shape than the bottom ones (but rotated 
90°) are deposited on the h-BN. The material of the top electrode was 
Ag, and the bottom electrode was Au. The wires of the top and bottom 
electrodes cross each other, leading to Ag/h-BN/Au devices with sizes 
of 150 nm × 150 nm. All the metal films are deposited through electron 
beam evaporator (PVD75, Kurt J. Lesker company).

Physical and Electrical Characterizations of Scaled Metal/h-BN/Metal 
Devices: The correct layered structure of the h-BN sheets and the effective 
thickness of the h-BN layers are corroborated in situ via cross-sectional 
TEM (JEOLJEM-2100). Prior to the TEM characterization, the as-grown 
h-BN on the Cu substrate is protected with 40  nm Au and 20  nm Ti 
metal films, and focus ion beam (FIB, model: HELIOS NANOLAB 450S 
from FEI) is used to obtain thin lamellas. The Ag/h-BN/Au devices are 
characterized using a Cascade probe station (Model M150) connected 
to a Keysight B1500A SPA. All the electrical tests in this work have 
been applied to the top Ag electrode, keeping the Au bottom electrode 
grounded.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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