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Abstract

Atomic switches can be used in future nanodevices and to realize conceptual-
ly novel electronics in new types of computer architecture because of their sim-
ple structure, ease of operation, stability, and reliability. The atomic switch is a
single solid-state switch with inherent learning abilities that exhibits various
nonlinear behaviors with network devices. However, previous studies focused
on experiments and nonvolatile memory applications, and studies on the ap-
plication of the physical properties of the atomic switch in computing were
nonexistent. Therefore, we present a simple behavioral model of a molecular
gap-type atomic switch that can be included in a simulator. The model was
described by three simple equations that reproduced the bistability using a
double-well potential and was able to easily be transferred to a simulator us-
ing arbitrary numerical values and be integrated into HSPICE. Simulations us-
ing the experimental parameters of the proposed atomic switch agreed with the
experimental results. This model will allow circuit designers to explore new
architectures, contributing to the development of new computing methods.

Keywords
Memristor, Atomic Switch, Behavioral Model, SPICE

1. Introduction

Atomic switches are a new type of nanodevices [1]. Recently, atomic switches
have been developed for nonvolatile memory devices. Typically, they are gener-
ated simply by crossing Pt wires and Ag,S-coated Ag wires and can be created
with materials such as Cu,S [2] [3]. Atomic switches can be controlled by apply-
ing a voltage between the electrodes, and their switching characteristics can be

switched on and off at room temperature and in the air [4]-[9]. In addition,
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atomic switches have a large ratio of the highest resistance state to the lowest re-
sistance state and can maintain their states for more than a week [10] [11]. Their
working speeds are as fast as those of conventional electronic devices, and this
will enable the development of a new type of computer architecture beyond von
Neumann computers [12] [13] [14]. Atomic switches have the characteristic of a
memristor, which means that devices memorize the input voltage, and the resis-
tance of the device decreases as the number of inputs increases or the input in-
terval is short [15] [16] [17]. Because atomic switches have synapse-like charac-
teristics, their network hardware, which consists of neuromorphic devices such
as reservoirs, has been studied [18] [19] [20] [21] [22]. Physical and chemical
phenomena occurring in atomic switches, such as redox reactions, ion diffusion,
and their nucleation, have also been studied both theoretically and experimen-
tally [23] [24] [25]. Experiments on atomic switches in physics, nonvolatile
memory applications such as programmable buses, applications as a randomly
generated circuit [26] [27], and equations in physics have been proposed, but
there has been no research on the circuit models for SPICE. Hence, the precise
physical model of the atomic switch is required, however, before completion of
the precise model, a behavioral model of atomic switches that can easily be used
in SPICE is also required by circuit engineers developing memristor-based novel
circuits and systems, aiming at exploring novel values of memristors, instead of
optimizing circuit performances by using precise physical models. In this paper,
we propose simple differential equations that relate the input voltage of an atomic
switch to the resistance of the device. These equations were added to HSPICE.
This enables engineers, mathematicians, and circuit designers who have not used
these devices until now, for example, to explore new computing methods. When
voltage is applied to a molecular gap-type atomic switch, the number of ions in
the electrode is reduced, and atoms are deposited in the gap between the elec-
trodes. This switch has two states: one in which a metal filament grows between
the electrodes, and the other in which the filament growth is completed and the
filament that bridges the two electrodes becomes stable. This bistability is
represented by a double potential well, which can represent the states of metal
atoms between electrodes as an equation. In addition, we developed an equation
for metal ions in the electrode and mapped the states of metal atoms and device

resistances. Device operations can be described using these equations.

2. Behavioral Model of Atomic Switches

The equations represent the qualitative behavior of these atomic switches. When
voltage is applied to this element, metal ions drift to the negative side of the
electrode and deposit as atoms between the electrodes, causing an element resis-

tance change.

2.1. Ion Density Gradient

The deposition of atoms is caused by the reduction in the number of ions, and
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the electrochemical potential of ions in the electrode changes the deposition
speed [28]. We used molecular gap atomic switches with one electrode contain-
ing ions and the other without ions. We introduced a variable o, that shows
the entire status with respect to the ion shift in the electrode when voltage is ap-
plied. o, is positive when the electrochemical potential of ions advances the

atom deposition; otherwise, it is negative and is described as

7,6, =—(o, —av), (1)

where v is the applied voltage, alpha is the gain, and 7, is the time constant.

This equation gives the value of o, asper aV with a time delay.

2.2. Growth of Metal Filament

Deposited atoms form a metal filament that grows from a positively biased elec-
trode to a negatively biased electrode, forming a bridge between the electrodes.
Under reduced or reversed voltages, the atoms are ionized and dissolved into the
electrode, where they initially existed. An atomic switch has two stable states: an
OFF state in which ions exist in an electrode under lower voltage, and an ON
state in which the bridge formation is completed. These two states are stable
even after removing applied bias. This demonstrates bistability. However, if the
ON state element is applied with reversed voltage over the threshold, it changes
to the OFF state [27].

The status of an atomic filament is represented by variable o,. We assume

that the bistable dynamics are obtained by the following double-well function:
4
o -
H(O-O)E_o_( _O-Ofext(o-r)' (2)

where o, represents the two states ON/OFF (o, = 1/ J/3:ONand o, < —1/ V3:
OFF).

f..(0,) is the external force, which is a function of o, [because the depo-
sition or ionization of the bridging atoms is dominated by the electrochemical
potential of ions ( o, )].

V, is a constant representing the asymmetry of the amounts of the external
forces [ f, (0, )] for ON > OFF and OFF > ON transitions. From the stable
condition given by do,/dt =-VH , we obtain

Tod_o = _(Gg _(GO _Vd )_ fe><t (Gr ))' (3)

where 7, isa time constant, which is time dependent. We define f,, (o, )= po,,
where p (>0) is a constant.

In Equation (3), when the condition is —2x3™° <&, -V, , the state changes
from the OFF state to the ON state; and when the condition is —2x37° >, -V,
the state changes from the ON state to the OFF state. In addition, in Equation

(1), o, =av when time passes. Hence, we obtain
4 1

a=t @
3\/§ Von _Voff
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2 V,, +V
V, == ol
3\/§ Von _Voff

where V_, is the OFF > ON threshold voltage, and V_; is the ON > OFF
threshold voltage.

)

2.3. Equation of Resistance

The atom deposition changes the element resistance, and the resistance expo-
nentially decreases with an increase in the number of atoms deposited between
the electrodes. Therefore, the resistance function R(o,) is defined by the ex-

ponential function as
R(oy)=kg exp{—ﬂx f(O'O)}, (6)

where k, and S are the fitting parameters, and f (o) is a monotonically
increasing function that represents high resistance when o, is negative and

low resistance when o, is positive.

3. Experimental and Simulation Results

3.1. Target Device and Features

Pt/PTCDA'/Ta,0s/Ag molecular atomic switch is our target device [Figure 1(a)]
[27]. It is composed of Ag (active electrode), Ta,Os (ionic transfer layer), PTCDA
(gap layer), and Pt (inert electrode). When a positive voltage is applied to the Ag
electrode, Ag* ions move in the transfer layer toward the gap layer and deposit as
Ag atoms that subsequently bridge the gap.

Figure 1(b) shows the V-I characteristics of this device. Voltage is applied to
the bottom electrode as 0 V > 0.3 V > —0.3 V > 0 V with a compliance current
of 50 pA. Initially, the atomic switch was in the OFF state, then it changed to
the ON state at 0.29 V and reset to the ON state at -0.16 V. We extracted the

parameter values of V; and V, , which are the threshold voltages that cause

transitions of the device states in Equations (4) and (5), from Figure 1(b) as
Vg =—016V, V,=029V.

Figure 1(c) and Figure 1(d) show the behavior of another device under the
application of voltage pulses (0.36 V in height and 1.0 s. in width) at different
intervals of (c) 4.0 s and (d) 1.0 s. Short-interval pulses can change an OFF state
device to the ON state, but long interval pulses cannot.

The measurement method and the conditions were the same as in this paper

[27].

3.2. Determination of Resistance Function

We defined the OFF state as o, <S,,, the ON state as o, >, , where s, is
the local maximum of H(o,) representing the peak of the intervening barrier
when f,(0,)=0, as shown in the upper part of Figure 2, Ryign as the high

resistance when the device is OFF state, and R, as the low resistance when

'N,N'-Dioctyl-3,4,9,10-Perylenedicarboximide.

low
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Figure 1. (a) Target atomic switch device. (b) V-I characteristics of device (John Wiley and Sons, license #
5255060486672) (c) and (d) Conductance of device when 10 pulses are applied in the atomic switch. Pulse heights,
widths, and intervals of (c) are 0.36 V, 1.0 s, and 4.0 s; and (d) 0.36 V, 1.0 s, and 1.0 s, respectively [27].

0.6

04+

ﬁext'(o'r) = I/;)n'
ﬁext(o-r) =0

Jext (Gr) = Vot

005t 05 1.0
Op

Figure 2. Potential H(o,) [Equation (2)] and device resistance function R(c,) [Eq-

uation (6) with Equation (7)] vs. o,.
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the device is ON state. In addition, we assume that the monotonically increasing
function f,, (6,) as a function of the device resistance [Equation (6)] is a re-
sistance function that changes smoothly with o,; hence, we used a hyperbolic
tangent function. In addition, R(o,) decreases as o, increases, which is the
filament growth; thus, we used a linear increasing function. To sum up, we de-

fined f (O'O) in Equation (6) as follows:
f(GO)E(GO—Q)XQR+tanh{(0'0—t9)><SR}, (7)

where 6 is the inflection point value in f(o,), ggz(>0) is the gradient of
the linear increasing function, and s; is the gradient at the inflection point in
f (o). The parameters 6 and s, are defined below.

First, parameter 6 is explained as follows. As shown in Figure 1(c) (changes
in the conductance of the atomic switch device in its OFF state with periodic
voltage pulse inputs), the device is not completely turned on (the conductance is
temporarily increased at the pulse onset [positive pulse amplitude], but suddenly
decreased to zero when the pulse amplitude becomes zero). However, the con-
ductance is significantly changed, that is, the device resistance changes between
Rygn and R

Sy, cannot directly represent the resistance change inflection points.

ow €ven though the device remains in the OFF state. Therefore,

Here, we introduce two new parameters— €, representing the resistance
change inflection point, as shown in the lower part of Figure 2, and d;,
representing the difference between the threshold value of the ON/OFF state
transition (S, ) and &, thatis, d; =s, —6.

Second, the parameter g, is explained. Figure 1(d) shows that the device
resistance decreases when pulses are applied, even after the transition to the ON
state. Because f(o,)~ (0, —0)xgg +1 in the ON state and the increase in o,
with pulse input increases f(c,) [decreasing R(o,)], we can fit the parame-
ter values of @ and/or gy with the experimental results. For simplicity, we
chose gy asthe tuning parameter.

In our simulations, we determined the parameters S; =15 and 6=-0.38.

When f ( 0'0) is defined and the parameters of are determined as outlined above,
Rygn = R(-1) ~ kg exp[ - {(-1-0)x g, -1} ], (8)
Row = R(0) ~ kg exp{-B(-0x gg +1)} 9)

are derived.
We determined R
tunneling current flow and the device resistance are approximately 10 MQ. We

» =10 MQ because when the gap layer has no atoms, the

determined R,, from experimental results. From this, we obtained the fol-

low

lowing parameters:

[Rhi h ]

I:Qlow

'B:ﬁ’ Ke = Riign exp[—ﬁ{(l+¢9)x Ox +1}] (10)
R

The lower part of Figure 2 shows this resistance curve as outlined above with

DOI: 10.4236/¢s.2022.131001

6 Circuits and Systems


https://doi.org/10.4236/cs.2022.131001

H. Kubota et al.

(@)

§=-038, g, =01, s, =15, R, =10MQ,and R, =2.8kQ.

3.3. HSPICE Netlists

Figure 3 shows HSPICE netlists of our atomic switch model based on Equations
(1), (3), and (6) with Equation (7). Figure 3(a) is the atomic switch subcircuit.

* atomicswitch subcircuit
.subckt atomicswitch n1 n2

.param Func_sigmar(sigmar,V)="-(sigmar-alpha*V)' )
.param Func_sigma0(sigma0,sigmar)="-(sigma0**3-(sigma0-Vd)-p*sigmar)' RHS of Eq.(1) and (3)
.param Resistance(sigma0)="KR*exp(-beta*(gR*(sigma0-theta)+tanh(sR*(sigma0-theta))))' Ed.(6) assigned (8)

.param taur="20m' tau0="345m' i ‘g’ element
.param Von='0.29' Voff="-0.15' RH="10**7' RL ='2.8*10**3' i'c’ element ;
.param gR='0.1" sR="15" theta="-0.38' p="1.2" —
.param th="2/3/sqrt(3)" alpha='2*th/(Von-Voff)’ onstants. (F] v [V]
.param Vd='(th*(Von+Voff))/(Von-Voff)' e = v [V]
.param beta="log(RH/RL)/(2+gR)’ 1T . -«
: KR="RH*exp(-beta*((1+theta)*gR+1)) . :
param exp(-beta*(( eta)*gR+1)) L L of (o0, [A]
.dcv(sig0)=-1 v(sigr)=0 dv

| ; 0

C—=1, , U1, e

go n1 n2 cur='v(n1,n2)/Resistance(v(sig0))’ ) Eq.(1) bicture/sigmat. e
cr sigr 0 taur )
gr 0 sigr cur="Func_sigmar(v(sigr),v(n1,n2))' ) Ea.(3 dx,
cs sig0 0 tau0 a-(3) To gt = f(x0, %1, -..) :
gs 0 sig0 cur="Func_sigma0(v(sig0),v(sigr))' e rememereneremsoeeremenemeoeeeeoenemeoreseme s e s emeneereneenene

e2 0 Rv vol="-(Resistance(v(sig0)))'

.include compliance.sp

xcomp vin 2 compliance
x1 2 3 atomicswitch

r2Rv01 Measurement node of device resistance(Rv)
€3 0 Cv vol="-1/Resistance(v(sig0))' | and conductance value(Cv)
r3Cv01
.ends atomicswitch
(b) (©)
* simulating_swipe * compliance current subcircuit
.include atomicswitch.sp .subckt compliance vin vout

v1vin0pwl(007.50.315022.5-0.3300)

givin 2 cur='50u'
gsvin 2 ver pwl(1)30-1u,1g 0,1u

vm 2 vout 0
es 3 0 vol='50u-i(vm)'

x1 2 3 atomicswitch

Aran 0.1400 = -ends voltage controlled
.opt method=gear switch
.opt post
.end
(d)
* simulating_pulse /—>pulse heights, widths
.include atomicswitch.sp and intervals .tran 0.001 60
.param heights='0.36" widths="1.0" intervals='4.0' .opt method=gear
.param cycle="widths+intervals' init='4" init2="cycle*10+init' .opt post @
v1 10 pulse(0 heights init 4n 4n widths cycle) ) pulse .end
v2 1 vin pulse(0 heights init2 4n 4n widths cycle) / generator
rivin20 1

Figure 3. HSPICE netlists of behavioral atomic switch model. (a) Atomic switch subcircuit. (b) Simulation circuit for V-I cha-

racteristics. (c) Subcircuit of compliance current. (d) Simulation circuit with pulses.

DOI: 10.4236/¢s.2022.131001

7 Circuits and Systems


https://doi.org/10.4236/cs.2022.131001

H. Kubota et al.

Both differential Equations (1) and (3) are represented by a circuit of capacitors
“c” elements) and voltage-controlled current source (“g” elements). Details for
implementing ordinary differential equations in SPICE can be found in the gen-
eral guidelines [29] [30]. The device parameters were defined as variables in
“.params”. The ends of the device are nodes “n1” and “n2”. The resistance was
represented by a current source that supplies V,, , / R(o,), where V,, ., isthe
voltage applied to the device, and R(o,) is the resistance of the device calcu-
lated in this subcircuit.

Figure 3(b) shows the test circuit for simulating the V-I characteristics of the
atomic switch model. In this simulator, the input voltage transition changes li-
nearly with 0 V.5 0.3 V> -0.3 V > 0 V with a compliance current of 50 uA. The
compliance current is provided by the subcircuit shown in Figure 3(c). The sub-
circuit has a 50 pA current source and a voltage-controlled switch. This switch is
off when 50 uA minus the value of the flowing current in this subcircuit element is
negative, otherwise, it is on. This means that the current value flowing in this sub-

circuit is limited to 50 pA; otherwise, all the current flows through this element.

—~~
®
N—"
e
S &

[\
S

Current I (1A)
B o

OFF-State _T

(M SET

401 @V
RESET
03 02 -01 00 01 02 03 04
Bias V3, (V)
(b){élﬁ ] (C)%\lﬁ-
812 812+
g g
508 5081
3 3
£04 S04t
O O
% 20 40 60 % 20 40 60
=05 05
o xS
8 8
) )
0 U e— QR
0 20 40 60 0 20 40 60
Time (s) Time (s)

Figure 4. (a) Simulation result for V-I characteristic. Initially, OFF state is set and it is changed to ON state at 0.29 V and reset
and changed to OFF state at —0.16 V. (b)-(c) Simulation results of device conductance with input pulses. Pulse heights, widths,
and intervals of (b) are 0.36 V, 1.0 s, and 4.0 s; and (c) 0.36 V, 1.0 s, and 1.0 s, respectively.
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Figure 3(d) is a pulse response simulator circuit with height, width, and in-
terval of 0.36 V, 1.0 s and 4.0 s, respectively. This subcircuit was simulated with a

variety of heights, widths, and intervals by changing the top “.param” card.

3.4. Simulation Results

In the simulations shown in Figures 4(a)-(c), we set §=-0.38, g, =0.1,
sg =15, p=12, 7, =20ms, and 7, =345ms. Figure 4(a) shows the results
of our atomic switch model simulated by Figure 4(b), which provides the netlist,
=2.8kQ.
This indicates that our model has two states: it changes from the OFF state to the
ON state at 0.29 V and returns from the ON state to the OFF state at approx-
imately —0.16 V. Each state has a different resistance.

similar to Figure 4(b). We extracted R, from Figure 1(b) as R

low low

We simulated this model with a pulse whose height, width, and interval in (b)
are 0.36 V, 1.0 s, and 4.0 s; and (c) are 0.36 V, 1.0 s, and 1.0 s. In Figure 4(b) and
Figure 4(c), we simulated our model with each pulse condition from Figure 1(c)
and Figure 1(d), which are the different interval pulse inputs. We extracted
R

plied, we obtain different transitions, which remain in the OFF state with longer

from Figure 1(d) as R, =830 Q. When different interval pulses are ap-

low low

interval pulses and change to the ON state with shorter interval pulses.

4. Conclusions

We proposed a behavioral model of a molecular gap-type atomic switch. It was
described by two differential equations and a nonlinear function and can be in-
tegrated into a circuit simulator. We integrated on HSPICE, and the simula-
tion represented the device characteristics. This showed two states and a
pulse-dependent change. The results agreed with the experimental results for a
molecular gap-type atomic switch.

By using the proposed model, various circuit engineers can use a novel nonli-
near, nonvolatile memory device in their research, which may accelerate explor-
ing new architectures for nonvolatile memory-array circuits, expansion of non-
linear science that exploits nonlinear dynamics of atomic switches as well as
novel computing architectures. For example, a novel reservoir computing on an
elementary model of atomic switches with high precision and excellent memory
characteristics has already been proposed [31], which implies that the proposed
behavioral model will be useful for exploring the extension of various analog and

digital circuits and systems.
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