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Abstract—A compact model of memristor for unifying two
switch characteristics, drift and diffusion has been proposed,
based on the ion dynamic transport theory at the oxide interface
layer. The model is verified by measured data in different oxide-
material-based drift/diffusion memristors, and well fits DC/AC
characteristics of both devices, under parameter variations and
temperature evolution. Moreover, the applications of this model
in neuron circuits design are shown.
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Recently, various types of memristors, such as ion drift
(drift-type) and diffusion (diffusion-type), are very promising
to be candidate for enabling high-density and ultimately
scaled synaptic arrays in neuromorphic architectures [1-4].
Especially, the mechanism of diffusion-type memristor is
similar to the physical behavior of the biological
Ca?*dynamic diffusion. Therefore diffusion-type memristor
can improve emulation results of synaptic function and can
be widely applied in neuromorphic computing [1]. For
neuromorphic circuit design, the compact model of
memristor is indispensable. So far, many researches have
been done for modeling the switching behavior of memristor,
such as based on the sub-circuits [5-15]. However, the
physic-based compact model of memristor operating
available is still scarce for neuromorphic circuit simulation.
To our understanding, the compact model of new-emerging
diffusion memristor is also still lacking now. In this work, a
physics-based compact model applicable for both drift and
diffusion memristors is developed, based on the insight of ion
transport theory under the effect of the joule thermal effect,
interface energy diffusion, and electric field. Furthermore, the
proposed model is used in classical neuron circuit with great
accuracy of circuit performance estimation.

INTRODUCTION

II. THEORETICAL MODEL

The resistive switch mechanism here is subjected to the
creation and breakdown of conductive filament (CF) in oxide
layer [2], [16-18]. The SET processes of both drift and
diffusion devices are attributed to the dielectric soft
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Fig. 1. Schematic physical processes of resistive switching for drift
memristor. (a) Initial state. (b). (c) The SET process: CF formed by
applying the positive voltage on TE. (d) The RESET process: the reverse
voltage and Joule heat are dominant for CF rupture.

breakdown and the creation of CFs by positive voltage on the
Top Electrode (TE), as shown in Fig. 1 and Fig. 2(a)-(c)).
Although the RESET process is attributed to the CF rupture,
the mechanisms behind are different between the drift and
diffusion devices. For the drift one, it is the recombination of
vacancies and ions induced by the positive voltage applied on
the Bottom Electrode (BE) or Joule heat (Fig. 1(d)). For the
diffusion one, it is the particle diffusions toward the minimum
energy positions near the device terminals [1] (Fig. 2(d) and
()X

The key variable of this model is the derivative of x with
dx

respect to time, e After the characteristics of the two-types
Diffusion
Memristor Device:
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Fig. 2. Schematic physical processes of resistive switching for diffusion
memristor (a) Initial state (b) The SET process (c) The CFs connects the
electrodes making device in the low resistance state. (d) and (e) The
RESET process

. .o d
memristors reproduced by adjust d—:, the compact model for

circuit design can be made:



dx
E—f(V,T,x) 2)
x=[ f(V.T.x)+ (i) ()

where x is defined as gap (drift device) or position (diffusion
device) between the top of CF and TE and y (i) is Gaussian

noise sequence. The model makes an assumption of particle
normalization based on the thought of mean value, in which
x = Yiox;, as shown in Fig.3. The positions of particles
inside the devices are normalized to the position of one
particle. The resistance variable, R (x), is only relevant to the
distance between the positions of particles and TE.
Meanwhile, the Ohm’s law can be applied between the
memristor voltage and current:

“)

Fig. 3. Equivalent circuit of coupled ohmic-tunneling resistor circuit model.

The derivative of x with respect to time depends on the ion
transport rate, i.e. temperature, electric field and other factors.
In this work, the electric field force, local joule heat and
interfacial minimum potential energy effect are considered,

which are defined as fyri¢¢, freat> and faiffusion» respectively.

The model will represent the drift memristors when fi,¢;,
fhear dominant the movement of particles, while the model
will be diffusion mode when fg,if¢, fheat> and faifrusion lead.

For drift memristor, according to [17], the developed

resistance model is expressed as:
f(V.T,x)= f,, (heat)
ag . exp }/doq I/in
Lk,T

qE
=M, | exXp k)

T
E ]
_exp _q ar .exp _ 7d()ql/m
k,T Lk,T
(5)
2
Ao Vi
dt R,
(6)
R _ I/'in
o I, exp (—x/xo )Sinh(Vin/Vo)
7

. ar . .
where the dynamic temperature effect, el included [15],
E,and E_ are activation energy for vacancy generation and

vacancy recombination, respectively [10], u«,, d,, 7, x, ,
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Fig. 4. Comparison between the model calculation and experimental data for

DC I-V characteristics of HfO, based drift memristor.

IO
k, is the Boltzmann’s constant, L is the thickness of
is the voltage between TE and BE of the

and ¥ are the DC fitting parameters, ¢ is the charge,

resistive layer, V,,
memristor, C, is the heat capacitance, x is the heat transfer
coefficient, T, is the home temperature.

For the diffusion memristor, according to [1], [20], the
interfacial energy for particles diffusion is included and the
model is shown as:

f (V T ,x) = fdrlﬁ + Shear + fm;m,mn

®)
fo =2
(€))
Jrew =210, T
(10)
X—Xx, (x—xc)2 a, 2rx
Sotigusion = 20 - R -exp{— R }-Hr-Rp-cost
an
%zc’”‘#fim_’(u_m
(12)
R, =Rb-{exp(xT_xj—l}
(13)

where ¢ is the electric field fitting factor, 7] is the particle
viscosity coefficient, X_ is the location of cluster[1], [21],
X, is the location of top electrode in diffusion memristor,

@,

; 1is the interfacial energy barrier, @, is the pinning
potential, R, and R, are location fitting parameters, A s
the effective tunneling length, R, is the resistance state

fitting parameter of the diffusion memristor..

III. RESULTS AND DISCUSSION
To verify the improved model, the DC and AC
simulations are carried out in different device modes, and the
simulation results are compared with the experimental
results. Fig. 4 shows the comparison between experimental
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Fig.5. The DC characteristic comparison of the SiO, based diffusion

memristor and its model.

data and model simulation of drift memristor devices with
HfO, material as resistive layer. The model agrees well with
the measured data. This model is most useful in modeling the
behavior of the diffusion memristor while the interfacial
energy is applied. Fig. 5 displays the I-V characteristic
comparison of the diffusion memristor and its model.

Besides, the transient characteristics of the real devices
and the model are shown in Fig. 6. It can be seen from the
distributions of the high and low resistance in Fig. 6(c), the
Rorr/Ron window is larger than 100, consistent with the
experimental transient simulation results in Fig.6 (b), and the
transition time shows the same magnitude as shown in Fig.
6(a). In Fig. 7, the model can reproduce the transient
characteristics of diffusion memristor with great accuracy
with the magnitude of diffusion time matching the
experimental result.

Moreover, it is proved that the diffusion memristor can
be used as the neuron-device [1, 20, 2]. The integrate-and-fire
(IF) model circuit in Fig. 9 is constructed by the diffusion
memristors [22]. The response behaviors are consistent with
the traditional CMOS circuit shown in Fig. 8, indicating that
the IF circuit can be fully implemented using diffusion
memristor device compact model.
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Fig. 6. Verification of drift memristor for transient: (a) Experimental
transition characteristics: transition time (both SET and RESET) less than
40ns. (b) High and low resistance distribution of real device: the Ropp/Ron
window is greater than 100. (c) Simulations transition characteristics:
transition time (both SET and RESET) less than 40ns and the Ropr/Roy
window is greater than 100.
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Fig. 7. Verification of diffusion memristor for transient: (a)Experimental
transition characteristics: Diffusion time is about 100ns. (b) Simulations
transition characteristics: the magnitude of diffusion time is the same as
experimental result.
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Fig. 8. (a)The traditional CMOS integrated fire (IF) circuit. (b)CMOS IF
circuit simulation results.
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Fig. 9. (a)The new integrated circuit using the diffusion memristor devices.
(b)Simulation results with different E-field factors. (c)IF circuit frequency is
proportional to E-field factors.

IV. CONCLUSION
A compact model applicable for both drift and diffusion



memristor is presented which can compensate the lack of the
diffusion memristor model of neuromorphic device. The
model can reproduce the DC and AC characteristics of the
device accurately comparable with the measurements of the
experiments. The Verilog-A model for SPICE can been used
for neuromorphic circuit design. Moreover, it is found that
diffusion memristor is more suitable for neuromorphic circuit.
The effect from device threshold voltage and parameters
variations on the circuit performance were discussed.
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