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1. The actual optical microscope and cross-sectional SEM images

(a) (b)

Pt

Figure S1. The actual optical microscope and cross-sectional SEM images Ti/TaOx/Pt

device. (a)The actual optical microscope image. (b) The cross-sectional SEM image.



2. I-V curves under different applied voltage ranges
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Figure S2. I-V curves under different applied voltage ranges of Ti/TaO/Pt device. (a)

Voltage sweep from -1V to 1V. (b) Voltage sweep from -2V to 2V. (c) Voltage sweep
from -3V to 3V.



3. Device to device uniformity
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Figure S3. The device-to-device uniformity of Ti/TaOx/Pt device. (a) -V curves of 10

independent devices (each device tested under 10 cycles). (b) High resistance state and

low resistance state distributions for the 10 devices of (a).



4. [I-V curves under different temperatures
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Figure S4. I-V curves under different temperatures (298K-418K, interval 30K)



5. Mechanism analysis
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Figure S5. The RS mechanism analysis of Ti/TaOx/Pt device. (a) The I-V curves of the
Ti/TaOx/Pt (TOP), Ti/TaOx/Ti (TOT), and Pt/TaO«/Pt (POP) devices. Only the TOP
device shows self-rectification characteristics, meaning that a work function difference
between the two electrodes is necessary for achieving self-rectification. (b) The
relationship between the area and the Ti/TaO«/Pt device’s conductance states. The high
conductance and low conductance states are area-dependent, indicating that its RS
behavior is not filament-type. (¢) The I-V curve of TOT device. The TOT device is in
reset process no matter what direction of voltage is applied. (d) The I-V curve of POP

device. The POP device is in set process no matter what direction of voltage is applied.



(e) The band structure of the TOT device. Since the work function of the Ti is lower
than that of TaOx, electrons easily flow over the barrier from metal into the TaOx film
and then are captured by the trap levels. Therefore, the device is initially in a low
resistance state. When an external electric field is applied, electrons easily flow from
TaOx layer to Ti electrode which make the device reset. (f) The band structure of POP
device. Since the work function of Pt is higher than that of TaOx, electrons easily flow
over the barrier from TaOx layer into Pt electrode. Therefore, the device is initially in a
high resistance state. When an external electric field is applied, electrons are easily flow
from Pt electrode to TaOx layer which make the POP device set. In summary, the carrier
trapping-detrapping mechanism can well explain the RS processes of TOT and POP
devices, and further confirm that the RS mechanism of TOP device is based on the

carrier trapping-detrapping mechanism rather than filament mechanism.



6. The I-V fitting result in low voltage region
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Figure S6. [-V curve fitting result of Ti/TaOx/Pt device in low voltage region. (a) -V
curve fitting result in low voltage region at 300K. (b) I-V curve fitting result in low
voltage region at different temperatures (323K-363K). The dynamic dielectric constant
of tantalum oxide can be calculated within the range of 7.34~13.17. The Schottky

barrier calculated by fitting is 0.25-0.3eV, which is close to the UPS test result.



7.

The detailed derivation of equation (2) in the article
The gy is given by[1]
0y = Nqu (S 1)
where 7 is the free carrier density, ¢ is the elementary charge and yu is the carrier
mobility. The free carrier density n and trapped carrier density 7, are respectively

given by[1]

E.—E
n=NCeXp<— CkT F) (52)

E,—E
ns = N exp <— tkT F) (53)

where N, is the effective density of states in the conduction band, N, is the density

of traps, E and E; are the conduction-band energy level and the trap energy level,
respectively, and Er is the Fermi energy level. From equations (S1), (S2) and (S3),

we can obtain

n E.—E
Oy = q,uNC—texp (— ¢ t) (54)
t

N kT



8.

The optical dielectric constant of TaOx film.
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Figure S7. The optical refractive index and optical dielectric constant of TaOx film
(a) The optical refractive index of TaOx measured by the ellipsometer. (b) The

optical dielectric constant of TaOx film calculated using the optical refractive index.



9. The characteristics of nonlinear integration of input information
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Figure S8. Nonlinear input information integration characteristics of Ti/TaOx/Pt device.
(a) The superlinear relationship between temperature and the conductance of Ti/TaO/Pt

device. (b) Current responses sublinearly to input pulse number. (¢) Current responses

superlinearly to input pulse amplitude.



10. The I-V curves of each device in the 3x3 array, the temperature input

images and the current results of each device
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Figure S9. (a) The I-V curves of each device in the 3x3 array. (b) Input

temperature image (b) The current distribution image after the array input

temperature image.



11. The compact model of Ti/TaOx/Pt device
In order to build the circuit simulation of the leaky-integrated-and-fire (LIF)

neurons, we constructed the compact model of Ti/TaO./Pt device.

The current density J of the device is given by
J=Eo (S5)
where E is extra electric field, o is the conductivity as a function of electrical field.

From equations (1), (2), (S5), the current is

0 - (@E/mee)?)
kT

(s6)

I = SqQUEN_ exp (—

where S is the device area, g is the elementary charge, u is the carrier mobility, £ is the
electrical field, N, is the effective density of states in the conduction band, €, is the
permittivity of free space, € is the dynamic dielectric constant, k£ is the Boltzmann
constant, 7 is the temperature, @, is the trap energy level, and 0 is the trap-filled
probability. The current response of the device is proportional to the trap-filled
probability, according to equation (S6).

Among them, the effective density of states in the conduction band can be

expressed as
-
Nc =2 (—Zm;ll:kT)z (57)

where my, is the effective electron mass, /4 is the Planck constant.

By converting equation (S6) and (S7), the 8 is the trap-filled probability can be
expressed as

I

6 = (58)

3
2mmi kT\2 @, — (q3E /me e)1/?
2SquE (T) exp <_ kT )

where the parameters except the current value are shown in Table S1.

Therefore, the key to constructing the compact model of Ti/TaOx/Pt device is to
find the relationship between 6 and time. We assume that the traps in the TaOx film
only have two states (the carrier-filled and unfilled states) [2]. Figure S6a shows the

trap transition between the carrier-filled and unfilled states, where K; and K, are the



transition rates from unfilled state to filled state and from filled state to unfilled state,

respectively. The trap-filled probability 8(t) can also be given by[2]
do(t)

=K (1-0()+K, 6(t) (59)
The equation (S9) can be solved by[2]
8(t) = 0(0) + (0(0) — () - 77 (510)
where
6(c0) = Kllile (511)
il Jlr A (512)

At the same time, K; and K, are respectively given by[3]
Kl S Al * eXp(—V - Bl + Cl) + Dl (513)

K, =4, exp(V-B, + C,) + D, (514)
where A4, A,, By, B, , C;, C;, Dy, D, can be fitted by the values of K; and K, at
different voltages, V' is the applied voltage.

To fitted the values of A4, 4,, By, B, C;, Cy, D1, D5, we need to get the values
of K; and K, at different voltages. The values of K; and K> at different voltages can be
fitted with the values of (t) at different voltages by equation (S10). And the values of
0(t) at different voltages can be calculated by equation (S8), which are shown in
Figure S10b.

In order to represent the change of 6(t) over time, the equation (S9) is converted
into a sub-circuit[3], as shown in Figure S10c. Where, the change of 8(t) with time is
represented by the voltage at point A. Subsequently, the current of the device I can be
obtained by formula (S6). Table S1 summarizes the model parameters extracted by the
above equations and methods. Figure S10d demonstrates the agreement between the
compact model simulations results and the measurement results. The result shows that
this compact model can be used in circuit simulation of the LIF neurons constructed by

T1/TaOx/Pt device.
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Figure S10. Ti/TaOx/Pt device compact model and simulation results. (a) State
transition process diagram for two-state (filled and unfilled) traps. K; and K are the
transition rates from unfilled state to filled state and from filled state to unfilled state,
respectively. (b) The trap filling probability changes over time at different voltages.
(¢) Subcircuit diagram representing the electron filling level of the trap. Where, the
value of 8(t) is represented by the voltage at point A; The B device is a current source
with a value of 1; The C device is capacitor with a value of 1/K;; The D device is a
resistor with a value of K, /(K; + K;). (d) Fitting of the simulation results of the
device compact model with experimental results (input pluses: -4V 100ms) under

different voltage amplitudes.



Table S1 Parameters of the compact model

u[4] T m,, [5] q k
(cm?/V - 5) (K) (mg) © (eV/K)
22.535 300 2.7 1.6e-19 8.617e-5
@, [6] €[7] h €o d
(eV) d-s) (F/cm) (cm)
0.8 10 6.63E-34 8.85¢e-14 4e-6
(em?) Ay 4, By B,
le-4 0.01125 0.90354 0.478255443 0.36161
¢y C, D, D,
—1.09515 0.94309 0.00458 —0.50373
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