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Threshold switching (TS) memristors can be used as artificial neurons in neuromorphic systems due to their contin-
uous conductance modulation, scalable and energy-efficient properties. In this paper, we propose a low power artificial
neuron based on the Ag/MXene/GST/Pt device with excellent TS characteristics, including a low set voltage (0.38 V)
and current (200 nA), an extremely steep slope (< 0.1 mV/dec), and a relatively large off/on ratio (> 103). Besides, the
characteristics of integrate and fire neurons that are indispensable for spiking neural networks have been experimentally
demonstrated. Finally, its memristive mechanism is interpreted through the first-principles calculation depending on the
electrochemical metallization effect.

Keywords: memristors, artificial neurons, 2D MXene, Ge2Sb2Te5

PACS: 73.40.–c, 83.10.Tv, 85.35.–p, 87.19.lj DOI: 10.1088/1674-1056/ac673f

1. Introduction
In recent years, with the vigorous development of the

artificial intelligence technology, the brain-inspired comput-
ing architecture based on an artificial neural network (ANN)
that surpasses the traditional von Neumann architecture has
attracted great interest of researchers due to its integra-
tion of memory and processor with high parallel comput-
ing capability.[1–4] Unlike ANNs, the spiking neural net-
works (SNNs) exhibit the most similarity to biological brain,
and the operational power of the SNN is exclusively con-
sumed when the neuron is triggered, allowing for much lower
power consumption.[5–7] For hardware-based SNNs, integrate
and fire neurons are usually considered as spike neurons,[8]

which can be realized through resistive random-access mem-
ory (RRAM),[9] phase change RAM (PCRAM)[10] and thresh-
old switching (TS) memristor.[11–13] Compared with non-
volatile memory-based neurons that require an additional cir-
cuit to complete the reset operation, the TS memristor shows
automatic reset function, which greatly reduces the power con-
sumption and circuit cost.[14–16]

Chalcogenide compounds represented by Ge2Sb2Te5

(GST) have been widely used in the PCRAM because they can
be rapidly and reversibly switched between the crystalline and
amorphous states by current and laser pulses, and have good
durability.[17–20] Electrochemical metallization (ECM) kinet-
ics is generally difficult to change due to its fixed dielectric
layer material. Therefore, the different GST-based ECM de-
vices arising from its unique electrical and optical character-
istics are recently designed for the reconfigurable and brain-

inspired system applications.[21–27] However, the possibility
of applying the GST-based TS memristor to artificial neurons
is yet to be reported. In this article, we strategically prepare an
Ag/MXene/GST/Pt memristor by inserting a 2D material MX-
ene (Ti3C2) into the Ag/GST/Pt device to reduce the power
consumption.[28,29] The Ag/MXene/GST/Pt memristor with
an extremely steep slope (< 0.1 mV/dec) and a large off/on ra-
tio (> 103) has lower switching voltage and current compared
to the Ag/GST/Pt memristor. In addition, the integrate and fire
neurons that are indispensable for the SNNs have been exper-
imentally demonstrated in a single Ag/MXene/GST/Pt device
without additional circuit to complete the function of integra-
tion. Finally, the first-principles calculation accompanied by
electrochemical metallization effect has been used to explain
electrical characteristics. This work provides a useful guide-
line for achieving an artificial hardware-based SNN.

2. Experimental details
The studied Ag/GST/Pt and Ag/MXene/GST/Pt crossbar

structures are fabricated on the Si wafer, as shown in Figs. 1(a)
and 1(b), respectively. Firstly, the Pt bottom electrode with a
thickness of 100 nm is deposited by DC magnetron sputtering
at ambient temperature. Next, the GST layer with a thickness
of 50 nm is deposited by DC magnetron sputtering with Ar
gas at a flow rate of 10 sccm and a pressure of 1 mtorr. Then,
the MXene (Ti3C2) layer on the GST, prepared by etching
Ti3AlC2 with hydrogen fluoride (HF), is deposited by spin-
coating at 1500 rpm for 120 s. The main component of the
2D MXene is Ti3C2 according to the x-ray diffraction (XRD)
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results in Fig. 1(c). Figure 1(d) is a scanning electron micro-
scope (SEM) image showing a MXene thin film spin-coated
on a silicon wafer under the same spin-coating conditions.
The thickness of the spin-coated MXene thin film is about
50 nm. Finally, the metallic Ag with a thickness of 100 nm
is deposited by DC magnetron sputtering as the top electrode.
Subsequently the studied Ag/GST/Pt and Ag/MXene/GST/Pt
devices are heated to 300 ◦C and annealed for one hour in a
vacuum environment. The area of the intersection between the
top electrode and the bottom electrode is 100×100 µm2. The
XRD patterns of the GST material before and after annealing
reveal the presence of amorphous and crystalline phases be-
fore and after the annealing, as depicted in Figs. 1(e) and 1(f),
respectively. The threshold switching phenomenon is only ob-
served in both Ag/GST/Pt and Ag/MXene/GST/Pt devices af-
ter the annealing treatment. Therefore, it can be known that the
metal conductive bridges are more likely to be generated in-
side the MXene and the crystalline GST layers. All the electri-
cal properties of the Ag/GST/Pt and Ag/MXene/GST/Pt mem-
ristors are measured by Keithley 4200A-SCS semiconductor
parameter analyzer with the Pt bottom electrode grounded.
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Fig. 1. Structural schematics of (a) the Ag/GST/Pt device and (b)
the Ag/MXene/GST/Pt memristor. The intermediate layer contains the
atomic structure of the crystalline GST. (c) The pattern of the XRD in-
dicates that the main component of 2D MXene is Ti3C2. (d) The cross-
sectional SEM image indicates that the thickness of the MXene film is
approximately 50 nm. XRD patterns of (e) deposited GST film and (f)
annealed GST film.

3. Results and discussion
Cycling measurements are performed on the Ag/GST/Pt

and Ag/MXene/GST/Pt devices under the current compliance

limits of 10 mA and 5 µA, respectively, as shown in Figs. 2(a)
and 2(b). Here a DC sweep rate of 0.15 V/s is used for
cycling measurement. Although the Ag/GST/Pt device ex-
hibits good cycle endurance and stable bi-directional TS char-
acteristics, relatively large set voltage (1.6 V) and current
(1.4 mA) are still found. Therefore, we further fabricate the
Ag/MXene/GST/Pt device by inserting a 2D material MXene
(Ti3C2) into the Ag/GST/Pt device. Such Ag/MXene/GST/Pt
device has a lower set voltage (0.38 V) and current (200 nA),
thus considerably reducing the power consumption (Fig. 2(b)).
It is worth noting that the distribution of set voltages in positive
polarity is significantly more concentrated than that in negative
polarity. This is because the Ag ions previously trapped in the
GST layer after the positive voltage sweep will move back to-
wards the Ag top electrode and eventually reform a conductive
bridge under the negative voltage sweep. However, owing to
the absence of a stable Ag ions source in this situation, result-
ing conductive bridges are formed more randomly inside the
GST layer, causing such discrepancy of the set voltages in the
negative polarity. Furthermore, it can be observed that most of
set voltages are concentrated between 0.2 V and 0.4 V for the
Ag/MXene/GST/Pt device in the positive polarity, leading to
the set power consumption range from 10 nW to 100 nW.

In addition, 300 cycles DC voltage sweeps are used to
evaluate the endurance performance of the Ag/MXene/GST/Pt
device, as shown in Fig. 2(c). The values of resistance and
current are extracted at the point of threshold switching, con-
firming the excellent reliability of the Ag/MXene/GST/Pt de-
vice. Pulse amplitude modulation approach has been widely
adopted to dynamically tailor the resistances of memristors;
thus, we further investigate the endurance performance of the
Ag/MXene/GST/Pt device using current pulse operation. Dif-
ferent pulse amplitudes of 5 µA, 10 µA and 50 µA with the
same pulse width of 20 ms and interval of 20 ms are applied
into the Ag/MXene/GST/Pt device. Resulting resistance states
are shown in Figs. 2(d), 2(e), and 2(f), respectively. It is ob-
served that using larger pulse amplitude gives rise to more sta-
ble resistance states, and the off/on ratio is larger than 103.
This is because the resulting electric field arising from the
small pulse amplitude may not be sufficiently strong to drive
the Ag ions to form a conductive bridge within the short pe-
riod of 20 ms. Nevertheless, this situation can be attractively
improved when the pulse amplitude reaches 50 µA. There-
fore, choosing the appropriate pulse amplitude and pulse width
can remarkably benefit the reliability and operational perfor-
mances of the designed device without the sacrifice of the en-
ergy consumption.
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Fig. 2. Typical TS I–V characteristics of (a) the Ag/GST/Pt memristor and (b) the Ag/MXene/GST/Pt memristor. (c) The endurance performance of
the Ag/MXene/GST/Pt device using 300 cycles DC voltage sweeps. On and off resistance states by using current pulse operation with amplitudes
of (d) 5 µA, (e) 10 µA and (f) 50 µA for write and of 10 nA amplitude for read. Pulse width and interval were both set to be 20 ms.

Furthermore, the multi-level conductance behaviors are
secured by employing four continuous positive voltage sweeps
with stop voltage of 0.5 V and negative voltage sweeps with
stop voltage of −1.6 V, as shown in Figs. 3(a) and 3(b). A
gradual increase on the conductance of the Ag/MXene/GST/Pt
device is found, indicating that the device has the capability of
continuous conductance modulation. Figure 3(c) shows DC
stress test of the Ag/MXene/GST/Pt device at room tempera-

ture. The high resistance state can be maintained about 104 s

under the read voltage of 0.05 V. Besides, we perform slow

sweep (9 mV/s) with high sampling rate and identify a set

slope of < 0.1 mV/dec (Fig. 3(c)). These results undoubtedly

demonstrate the practicality of using the Ag/MXene/GST/Pt

device for a low-power selector device in the application of

neuromorphic circuits.
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Fig. 3. (a) The measured I–V curves for positive voltage sweeps with stop voltage of 0.5 V. (b) The measured I–V curves for negative voltage
sweeps with stop voltage of −1.6 V. (c) DC stress test of the Ag/MXene/GST/Pt device. Blue dots and red dots refer to the current at the off
state and corresponding resistance value, respectively. (d) Set slope measurement under slow sweeping with high sampling rate.
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Fig. 4. (a) Structural models and required formation energies of the pristine GST compound and the Ag-doped GST compounds. Te, Sb, Ge, and
Ag atoms are represented by golden, blue, pink, and green balls, respectively. (b) Structural models and required formation energies of the pristine
Ti3C2/GST heterojunction and the Ag-doped Ti3C2/GST heterojunctions. Te, Sb, Ge, Ag, Ti, and C atoms are represented by golden, blue, pink,
green, yellow, and gray balls, respectively. (c) Differential charge analyses. Te, Sb, Ge, Ag, Ti, and C atoms are represented by golden, blue, pink,
green, yellow, and gray balls, respectively. Left and right sections of (c) correspond to the middle and right sections of (b), respectively.

To better understand the physical mechanism that governs
the TS characteristics of the Ag/MXene/GST/Pt device, the
first-principles calculations were carried out by using density
functional theory (DFT) with generalized gradient approxima-
tion (GGA) of Perdew–Burke–Ernzerhof (PBE) implemented
in the Vienna ab-initio simulation package (VASP).[30,31] The
valence electronic states were expanded on the basis of plane
waves with the core-valence interaction represented by using
the projector augmented plane wave (PAW) approach[32] and
a cutoff energy of 550 eV. A Γ -centered k-mesh of 2 × 2 ×
2 was used for bulk calculations. Convergence was achieved
when the forces acting on ions became smaller than 0.05 eV/Å.
An electric field of 107 V/m was included to consider the ef-
fects of the applied electric field in practice.

As can be seen from Fig. 4(a), the formation energy con-
tinuously increases along with the extension of the Ag ion
cluster, and a complete grow requires a formation energy of
1.69 eV. This evidently implies the difficulty in the direct sub-
stitution of the Ag ions on both Ge and Sb sites at low tem-
peratures. However, the formation energy of the Ag ion clus-
ter is considerably reduced for the Ti3C2/GST heterojunctions,
leading to a formation energy of 0.27 eV for a complete growth
(Fig. 4(b)). Such fact obviously reveals that more energy is
required for the substitution of the Ag ions on both Ge and
Sb sites. Therefore, it can be speculated that the conductive
filaments (CFs) generally grow in the MXene and GST lay-
ers with the applied voltage increasing, but the CFs are more
likely to rupture in the GST layer with the applied voltage de-

creasing.
To further reveal the formation mechanisms of the Ag

conductive bridges at the Ti3C2/GST heterojunctions, two dif-
ferential charge analyses are performed, corresponding to the
formation energies of 0.23 eV and 0.27 eV in Fig. 4(b), re-
spectively. It is clear from Fig. 4(c) that there exists strong
charge transfer between Ag ions and their coordinated carbon
atoms. It is therefore evident that the Ti3C2 can readily attract
Ag ions due to their strong electrostatic interactions, which
encouragingly benefits the formation of Ag conductive bridge
across the designed device. In other words, MXene (Ti3C2)
has a strong capability to absorb Ag ions, which can make it
easier for Ag ions to enter the GST layer along the position
of the MXene nanoparticles, thereby forming more stable and
single Ag conductive filaments, while reducing the switching
current and voltage.

The conduction mechanism of the TS memristor closely
resembles the neural membrane dynamics, whereby they can
promisingly simulate two vital functions of neuron, i.e., inte-
grate and fire, as shown in Fig. 5(a). By intensifying the exter-
nal stimulation, the action potential of the neuron undergoes a
huge change after a certain period, and the nerve signal can be
transmitted. Triggered by this exciting imitation, the charac-
teristics of the integrate and fire neurons that are essential for
SNNs have been experimentally demonstrated, as illustrated
in Figs. 5(b) and 5(c). A succession of positive pulses with
different amplitudes (i.e., a 2 µA and 3 µA triangle wave with
a pulse width of 20 ms and pulse interval of 20 ms) are applied
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to the Ag/MXene/GST/Pt device. It is observed that the con-
ductance gradually increases with the number of triangle wave
pulses in the case of small external stimulus, and this process
corresponds to the realization of the integrate function. Then
the conductance increases sharply when the external stimulus
increases, which realizes the function of fire. Moreover, due to
the volatile nature of our TS devices, the Ag/MXene/GST/Pt
devices show automatic reset function and automatically re-
turn to the initial state after the external stimulus disappears.

Table 1 shows the comparison of some TS memristors

with the same ECM mechanism using Ag electrodes. Com-
pared to other TS memristors, our Ag/MXene/GST/Pt de-
vices show excellent performances, including smaller thresh-
old switching parameters and extremely steep slope. At
present, the application of TS memristor based on the GST
material in selector has been reported.[33] However, the pos-
sibility of applying the GST-based TS memristor to artificial
neurons is yet to be reported. Our work explores and comple-
ments the application prospects of the GST-based memristors
in the field of integrate and fire neurons.
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Fig. 5. (a) Schematic diagram of the integrate-and-fire in a biological neuron, and the integrate-and-fire characteristics of the Ag/MXene/GST/Pt
device. The integrate-and-fire artificial neuron is realized in the Ag/MXene/GST/Pt device using a succession of triangular wave pulses with
different amplitudes of (b) 2 µA and (c) 3 µA, and the same pulse width of 20 ms and pulse interval of 20 ms.

Table 1. Comparisons of different TS devices with ECM mechanism.

Reference Threshold voltage (V) Slope (mV/dec) Off/on ratio Retention (s) Application

Ag/TiN/HfAlOx/Pt[14] 0.40 0.63 108 104 neuron
TiW/Ag/GST/Pt[33] 1.00 < 0.31 > 109 N.A selector

Ag/h-BN/Ag[34] 1.04 < 0.1 > 1011 N.A. N.A.
Ag/MXene/Pt[35] 3.30 N.A 106 N.A synapse

This work 0.38 < 0.1 > 103 104 neuron

4. Conclusion and perspectives

An artificial integrate and fire neuron has been demon-

strated by using the Ag/MXene/GST/Pt memristor with ex-

cellent electrical characteristics, such as a low set voltage

(0.38 V) and current (200 nA), an extremely steep slope (<
0.1 mV/dec), and a relatively large off/on ratio (> 103). Fur-
thermore, its memristive mechanism is interpreted through the
first-principles calculation with the electrochemical metalliza-
tion effect.

017304-5



Chin. Phys. B 32, 017304 (2023)

Acknowledgements
Project supported by the National Natural Science Foun-

dation of China (Grant Nos. 61804079 and 61964012), the
open research fund of the National and Local Joint Engineer-
ing Laboratory of RF Integration and Micro-Assembly Tech-
nology (Grant No. KFJJ20200102), the Natural Science Foun-
dation of Jiangsu Province of China (Grant Nos. BK20211273
and BZ2021031), the Nanjing University of Posts and
Telecommunications (Grant No. NY220112), and the Foun-
dation of Jiangxi Science and Technology Department (Grant
No. 20202ACBL21200).

References
[1] Jeong D S and Hwang C S 2018 Adv. Mater. 30 1704729
[2] Yu S 2018 Proc. IEEE 106 260
[3] Wang Z R, Joshi S, Savel’ev S E, Jiang H, Midya R, Lin P, Hu M, Ge

N, Strachan J P, Li Z Y, Wu Q, Barnell M, Li G L, Xin H L, Williams
R S, Xia Q F and Yang J J 2017 Nat. Mater. 16 101

[4] Qi G Y and Wang Z M 2021 Chin. Phys. B 30 120516
[5] Zhang X M, Zhuo Y, Luo Q, Wu Z H, Midya R, Wang Z R, Song W H,

Wang R, Upadhyay N K, Fang Y L, Kiani F, Rao M Y, Yang Y, Xia Q
F, Liu Q, Liu M and Yang J J 2020 Nat. Commun. 11 51

[6] Prezioso M, Mahmoodi M R, Bayat F M, Nili H, Kim H, Vincent A
and Strukov D B 2018 Nat. Commun. 9 5311

[7] Panwar N, Rajendran B and Ganguly U 2017 IEEE Electron Device
Lett. 38 740

[8] Lee D, Kwak M, Moon K, Choi W, Park J, Yoo J, Song J, Lim S, Sung
C, Banerjee W and Hwang H 2019 Adv. Electron. Mater. 5 1800866

[9] Lashkare S, Chouhan S, Chavan T, Bhat A, Kumbhare P and Ganguly
U 2018 IEEE Electron Device Lett. 39 484

[10] Tuma T, Pantazi A, Le Gallo M, Sebastian A and Eleftheriou E 2016
Nat. Nanotech. 11 693

[11] Dev D, Krishnaprasad A, Shawkat M S, He Z Z, Das S, Fan D L, Chung
H S, Jung Y and Roy T 2020 IEEE Electron Device Lett. 41 936

[12] Chen Y H, Wang Y, Luo Y H, Liu X W, Wang Y Q, Gao F, Xu J G,
Hu E T, Samanta S, Wan X, Lian X J, Xiao J and Tong Y 2019 IEEE
Electron Device Lett. 40 1686

[13] Zhang X M, Wang W, Liu Q, Zhao X L, Wei J S, Cao R R, Yao Z H,
Zhu X L, Zhang F, Lv H B, Long S B and Liu M 2018 IEEE Electron
Device Lett. 39 308

[14] Lu Y F, Li Y, Li H Y, Wan T Q, Huang X D, He Y H and Miao X S
2020 IEEE Electron Device Lett. 41 1245

[15] Chen D and Huang S H 2016 Chin. Phys. B 25 117701
[16] Li Y J, Wu H Q, Gao B, Hua Q L, Zhang Z, Zhang W R and Qian H

2018 Chin. Phys. B 27 118502
[17] Li X B, Chen N K, Wang X P and Sun H B 2018 Adv. Funct. Mater. 28

1803380
[18] Cappelletti P, Annunziata R, Arnaud F, Disegni F, Maurelli A and Zu-

liani P 2020 J. Phys. D: Appl. Phys. 53 193002
[19] Dai Y, Wang H, Tao H L, Li W J, Li W M and Yang C L 2019 Physica

E 114 113577
[20] Matsubara E, Okada S, Ichitsubo T, Kawaguchi T, Hirata A, Guan P F,

Tokuda K, Tanimura K, Matsunaga T, Chen M W and Yamada N 2016
Phys. Rev. Lett. 117 135501

[21] Lv H B, Wan H J and Tang T A 2010 IEEE Electron Device Lett. 31
978

[22] Zhang Z Y, Wang Y Y, Wang G H, Mu J M, Ma M Y, He Y H, Yang R
R and Li H L 2018 Sci. Rep. 8 12101

[23] Deleruyelle D, Putero M, Ouled-Khachroum T, Bocquet M, Coulet M
V, Boddaert X, Calmes C and Muller C 2013 Solid State Electron. 79
159

[24] Huang Y H, Chen H A, Wu H H and Hsieh T E 2015 J. Appl. Phys. 117
014505

[25] Wang Q, Sun H J, Zhang J J, Xu X H and Miao X S 2012 J. Electron.
Mater. 41 3417

[26] Xiao S X, Xie X D, Wen S P, Zeng Z G, Huang T W and Jiang J H
2018 Neurocomputing 272 677
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