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ABSTRACT

© Higher Education Press 2022

Artificial synapse is one of the potential electronics for constructing neural
network hardware. In this work, Pt/LiSiO,/TiN analog artificial synapse
memristor is designed and investigated. With the increase of compliance
current (C. C.) under 0.6 mA, 1 mA, and 3 mA, the current in the high resis-
tance state (HRS) presents an increasing variation, which indicates lithium
ions participates in the operation process for Pt/LiSiO,/TiN memristor.
Moreover, depending on the movement of lithium ions in the functional
layer, the memristor illustrates excellent conduction modulation property,
so the long-term potentiation (LTP) or depression (LTD) and paired-pulse
facilitation (PPF) synaptic functions are successfully achieved. The neural
network simulation for pattern recognition is proposed with the recognition
accuracy of 91.4%. These findings suggest the potential application of the
LiSiOy memristor in the neuromorphic computing.
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1 Introduction

With the advent of the era of artificial intelligence, the
amount of data processed by computers increases expo-
nentially [1, 2]. However, using conventional Von
Neumann architecture, today’s computers are not fast
and efficient enough when dealing with abundant infor-
mation [3, 4]. Inspired by the biological synapses of the
brain [5, 6], artificial synapses based on Resistive
random access memory (RRAM) are expected to be a
promising competitor for the next generation of neural
network computing hardware [7]. When RRAM is used
as a synaptic device, its conductance represents the
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weight in the neural network, so individual devices can
be connected to different layers of the neural network [2].
At present, RRAM-built cross array has been applied to
face recognition and other complex tasks [8, 9], and is
expected to have great potential in neuromorphic
computing [10, 11].

In biology, the transmission of information between
synapses depends on the release of neurotransmitters
into the synaptic cleft by synaptic vesicles [12, 13]. In
order to simulate the information transmission mechanism
of synapses, it is necessary to construct an ion transport
device which is similar to the release process of synaptic

transmitter [14, 15]. The conductance of cationic
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memristors can be continuously modulated by the accu-
mulation or reflux of cations (such as Cu?*, Ag*, and
Li*) in the functional layer [16], which can vividly simulate
the dynamic mechanism of biological synapses. As a
homologous alkali metal of sodium (Na) and potassium
(K) in the brain, lithium (Li) can be designed in the
functional layer of memristor by doping method to
mimic the synapse behavior [17, 18].

In this study, the active metal Li element is doped
with silicate to fabricate the Pt/LiSiO,/TiN memristor.
The resistive switching (RS) behavior and conduction
mechanism of the memristor are systematically investi-
gated. Several typical synaptic plasticity properties are
simulated to demonstrate the biomimetic potential of
the device. Besides, the simulation of digital handwriting
recognition of the is carried out to verify the capability
of the device in neural network computation.

2 Experimental section

The fabrication process of the device is as follows: first,
T-shaped cells with 200 nm pillar TiN bottom electrodes
were fabricated using 45 nm CMOS technology. The
structure diagram of these cells is shown in the inset of
Fig. 1(b). Second, LiSiO, functional layer with the
thickness of 10 nm was sputtered on the TiN bottom
electrode by radio frequency (RF) magnetron sputtering,
using a LiSiO, target (SiO2:Li = 90:10 wt %, purity:
99.99 %) at 30 sccm (standard-state cubic centimeter
per minute) under Ar gas at a working pressure of
0.3 Pa with a power of 80 W. Third, a 200 nm thick Pt
electrode was sputtered on the LiSiO, film by direct
current (DC) sputtering, using a Pt target (Purity:
99.99 %) under 30 sccm Ar flow with the working pressure
of 0.5 Pa and the sputtering power of 100 W. Finally,
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the intermediate layer and the top electrode were peeled
off by an ultrasonic water bath for 10 seconds.

3 Experimental results and discussion

As shown in Fig. 1(a), from the X-ray photoelectron
spectroscopy (XPS) spectrum of LiSiO,, the Li 1s, Si
2p3/2 and Ols signals are located at 54.9 eV, 102.1 eV,
and 531.8 eV, which shows the atomic ratios of Li, Si,
and O are 20.01 %, 26.45 %, and 53.54 %, respectively.
Figure 1(b) and the inset show the forming process with
different forming compliance current (C. C.) values of
0.6 mA, 1 mA, and 3 mA, and the structure of the Pt/
LiSiO,/TiN memristor. It can be observed that the
forming voltage keeps at 6—7 V with different C. C..
Figures 2(a)—(c), present the I—V curves of the device
with different forming C. C.. It can be seen that the
current distribution of the high resistance state (HRS) is
stable at the C. C. of 0.6 mA, whereas the HRS value
shows a broaden distribution at the C. C. of 3 mA.
Moreover, it can be observed from Fig. 2(d) that the
current distribution of HRS exhibits a wider trend with
the increase of C. C. values. Figures S2(a)—(d) show the
device to device of Pt/LiSiO,/TiN memristor. It has
been reported that Li ions participate in the process of
conductive filament rupture/connection in LiSiO, based
memristor [19, 20]. Thus, it can be speculated that the
HRS of the memristor fluctuates with increasing the
C. C., which may be related to the movement of Li ions
in the LiSiO, layer.

To investigate the conduction mechanisms of Pt/
LiSiO,/TiN memristor, the typical four states I—V
curves of HRS at 3 mA C. C. were chosen. As shown in
Figs. 3(a)—(d), all the HRS (States 1, 2, 3, 4) during the
RESET process and SET process coincide with the
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Fig. 1 (a) XPS spectra of the LiSiO, intermediate layer. (b) I—V curve of the electroforming process. The inset shows the
structure diagram of a T-shaped device with a 200 nm TiN pillar.

53508-2

Shanwu Ke, et al., Front. Phys. 17(5), 53508 (2022)



FRONTIERS OF PHYSICS f P

(2)

(3)

RESEARCH ARTICLE
b) 1 -
@ 0+] CC 06mA (A)}gj C.C:lmA slope o |/,
< 107 < 104 €:d
g 107 s 105
5 10 B }g-(,_
S 107] g o |Intercept| o« ®p.
. 100 cycles| ]078- 100 cycles
10 I S 10 5 o0 1 2 During the RESET process, it can be calculated that
Voltage (V Voltage (V for the four states, with the increase of HRS value, the
ge (V) ge (V)

g slope and intercept both present an increasing trend at
© 10 CC Al Q| [Fogmakeadai02y 3 mA C. C.. It follows from Eq. (2) and Eq. (3) that the
< o Py IOS'W slopes are inversely proportional to the square root of
- Q
élofs. [ pe l:_| the product of the film thickness and the dielectric
e 10::- é 1% = constant. Meanwhile, the intercept is proportional to the

}8-8- 100 cycles| & 102 L HRS distribution barrier height and increases for four states, thus the
-2 -1 0 1 2 0.6mA ImA 3mA Schottky distance increases. From prior literature, TiN
Voltage (V) Sample (#) electrode can attract and store lithium ions under the

Fig. 2 (a—c) The I-V curves for the device under 0.6 mA,
1 mA, 3 mA C. C,, respectively. (d) Resistance distribution
for HRS, where HRS exhibits a wide resistance distribution.

(3) 102 ‘Compliance current: 3 mA (b) 1072 Compliance current: 3 mA
@ 10734 — ~10734
< 10 =\ Z 10+ e
=] 1075 Negmive fing € = 105 Negative fiting R
o 1 Slope 159 5] 1 Slope:267
E 16 Mmerere 1018 Positive fitting g 106 Mereert 126 Positive fitting
Slope: 5.47 Slope: 439
S 1074 — swer Intercept: ~12.32 O 107] — swe2 Intercept: ~13.44
Fitting Fitting
1078 —— 108 ———
-3 -2-10 1 2 -3 -2-1 0 1 2
Voltage (V) Voltage (V)
(C) 10724 ‘Compliance current: 3 mA (d) 102 ‘Compliance current: 3 mA
—~
<
-
-
=
5]
E !
5 Positive fitting
Slope: 5.65
1074 — I““l"l‘“‘ : I|||¢|c¢“|:l 15.43
Fitting
10 r T T T T T T T T T
-3 -2 -1 0 1 2 -3 -2-1 0 1 2

Voltage (V) Voltage (V)

Fig. 3 (a—d) Four states I—V curves of HRS at 3 mA
C. C. and the values for the slope and intercept of the Schottky
emission fitting curves of negative and positive voltages.

Schottky emission mechanism. Figure S1 shows a linear
relationship between In(I) and V2, and the slope and
intercept values of the four states were listed in the inset
of Fig. 3. According to the Schottky emission mechanism
and the equation takes the following form [21]:

—q(®Ps — /qV/(4meid))

J = A*T?
eXp KT s

(1)

where Jis current density, A™" is the effective Richardson
constant, @p is barrier height, V is external voltage and
¢ is the dielectric permittivity, d is the thickness of the
dielectric thin film, K is Boltzmann constant and T is
temperature. By taking the logarithm of Eq. (1) and
plotting the curve of log(I/T?)— V"2, the relationship
between the slope and the intercept can be expressed as
[21, 22]

action of electrical stress [23-25]. Therefore, it can be
deduced that a lithium-rich layer was formed on the side
of TiN electrode during the RESET process [26]. This
will result in the concentration drop of Li in the functional
layer, making the dielectric near the TiN electrode much
more like silicon oxide [19]. Thus, the dielectric constant
will decrease, reflecting as the slope rise in the conduction
current fitting curves in Fig. 3(b). And the increase of
silicon oxide concentration in the functional layer may
lead to the rise of barrier height, which externally mani-
fested by the gradual increase of the intercept absolute
value [27-29]. Furthermore, the thickness of the lithium-
rich layer formed near the TiN electrode is random due
to the high activity of lithium ions, which leads to
random shrinkage of the conductive filaments (CFs).
And the 4 states of memristor mechanism for positive
voltage also coincide with the Schottky emission mecha-
nism. After fitting positive voltage of I—V curves, it is
found that the intercept will increase with the increase
of memory window, such as 4 states of negative voltage.
However, the slopes of positive voltage for State 1 to
State 4 are 5.47, 4.39, 5.65, 4.87. Different from the
negative fitting data, the slope of the positive for high
resistance state remain a stable number. The reason for
this phenomenon is that lithium ions rapidly drift
towards Pt electrode under the action of electric field
force in the Set process, and the dielectric constant of
the dielectric layer near TiN electrode does not change
significantly.

Figure 4 illustrates the conductive filaments conduction
mechanism of Pt/LiSiO,/TiN device to explain and
depict the experimental results above. In the SET
process, Li—Si—O bond fracture causes the Li ions in the
intermediate layer to drift to the Pt electrode [Fig. 4(a)]
[30-33]. As shown in Figs. 4(b)—(e), during the RESET
process, Li ions transfer to the TiN electrode under the
negative bias [23]. It leads to the accumulation of Li ions
near the TiN electrode, forming a lithium-rich layer, as
illustrated in Fig. 4. According to Fig. 3(b), from State 1
to State 4, the Schottky distance increases, which indicates
the CF rupture distance increases, as shown in Figs.
4(b)—(e). Therefore, it leads to the highest resistance
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Fig. 4 (a) Schematic diagram of RS mechanism of the
LRS for the device. (b—e) Four states of HRS process for
Pt/LiSiO,/TiN device under the 3 mA C. C..

value of the State 4, which is also attributed to the most
Li ions accumulating near the TiN electrode and forming
the thickest lithium-rich layer.

Biological synapses are located between the axons and
dendrites of two neurons [34, 35]. The conductance
modulation effect of memristors is similar to the weight
regulation of biological synapses, which allows the
memristors to simulate many biological transport char-
acteristics. Figure 5(a) illustrates the I—V curve of the
Pt/LiSiO,/TiN memristor through continuous negative
bias sweep with stop voltage amplitude increase from
—1.4 V to —2.4 V, and then continuous positive setting
voltage sweep, the C. C. value increased from 0.15 mA
up to 1 mA, the process of gradual “RESET” and “SET”
can be clearly seen [36]. The stable conductance modulation
under DC provides reliability for simulating the voltage
spikes behavior of artificial biological synapses. Figure
5(b) shows 50 potentiation spikes and 50 depression
spikes were applied on the device. The duration of
potentiation spikes and depression spikes was 500 ns,
and the amplitude was 0.68 V and —0.78 V, respectively.
At the end of each spike, a 0.2 V read voltage was
applied to read the device conductance. The process
named long-term potentiation (LTP), long-term depression
(LTD) of synapses. Figure S3 shows that the nonlinear
factors of LTP and LTD are 1.84 and 3.26, respectively
[37]. Figure 5(c) was Fig. 5(b) for five consecutive peri-
ods. For a pair of pulses, the second pulse current can
be several times larger than the first pulse current. This
effect was analogous to the paired-pulse facilitation
(PPF) [38]. Figure 5(d) shows PPF effect at six different
intervals with a pair of pulses. The time
between the first pulse and the second pulse is 0.3 ps,
0.5 ps, 0.7 ps, 0.9 ps, 1.1 ps, and 1.3 ps. With the
increase of pulse time interval, the enhancement of the
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Fig. 5 (a) I-V curves of the Pt/LiSiO,/TiN memristor by
a continuous negative bias sweep with the stop voltage
amplitudes increasing from —1.4 to —2.4 V followed by a
continuous positive voltage sweeps with C. C. value increasing
from 0.15 mA to 1 mA. (b) Conductance (or synaptic weight)
modulation under repeated positive (potentiation) or negative
(depression) spikes. (¢) Five cycles of the (b) at 0.2 V read
voltages. (d) Two pairs of pulses (1.1 V, 1 ps) were applied
at six different spike time intervals, the PPF effect was
obtained. By fitting the measured PPF value, the spike-time
dependence curve was obtained.

second pulse current will gradually attenuate. The PPF
ratio can be defined as follows:

P2 —Pp1
D1

PPF ratio = x 100%,

(4)
in which p; and p, are the response current values of the
first pulse and the second pulse. Then, Fig. 5(d) fits the
PPF ratio with the measured data. And the fitting
results show that the PPF ratio presents a downward
trend.

In order to demonstrate the potential of the device in
the field of neuromorphic computing, a 784x64x10
three-layer (input layer, hidden layer, and output layer)
convolutional neural network was simulated to test the
accuracy of Mixed National Institute of Standards and
Technology (MNIST) handwritten dataset [39-41]. The
MNIST handwritten dataset contains 60 000 training
pictures and 10 000 test pictures, all of which are initialized
to 28x28 pixels. The 784 pixels values of each image are
encoded as input, and the result was obtained by convolute
calculation in the hidden layer and the output layer.
Each time there was an error between the calculated
result and the correct result, the weight in the connection
layer was corrected according to the error, until the
error was within an acceptable range. The process of
calculation is called “training”, and the number of training
depends on whether the error continues to decrease.
Figures 6(a)—(c) present the chaotic matrix for 10 digits
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Fig. 6 (a—c) Chaotic matrix is based on the simulation
test results of MNIST test set. They were trained for 1 time,
10 times, and 100 times respectively. (d) The recognition
accuracy increases with the training times.

from the MNIST test set of 1 time, 10 times and 100
times training. The LTP and LTD data in Fig. 5(b)
were used as the adjustment parameter of the weights in
the neural network. After 23 epochs of training, the
simulation network recognition accuracy can reach 91%,
and it converged to 91.4% after 100 times of training (as
shown in Fig. 6(d)). The results show that the device
has a promising application in the field of neural
network computing.

4 Conclusion

In this work, a Pt/LiSiO,/TiN memristor based on
lithium-doped silicate has been established. Due to the
movement of Li ions during operation, the memristor
exhibits excellent conductivity modulation properties.
The synaptic biomimetic properties of LTD, LTP, PPF
have been simulated successfully by this synaptic device.
The accuracy of MNIST pattern recognition using an
analog cross array memristors for MNIST pattern recog-
nition reached 91.4%. The results show that this
memristor has great potential for neuromorphic computing
in the future.
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