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ABSTRACT: A gradual electroforming process was imple-
mented on the pristine Pt/HfOx/Cu/Pt structure to realize
volatile threshold switching characteristics of a diffusive
memristor. The reported devices exhibit stable unidirectional
threshold switching properties with high selectivity of >107

and ultralow OFF current of ∼100 fA for over 104 endurance
cycles. Nucleation theory on spheroidal-shaped metallic
filament growth is used to extensively discuss the structural
changes of the device after gradual forming treatments by
analyzing the applied bias amplitude dependency of the finite
delay time required by the device to turn ON under external
electric field. On the other hand, the Rayleigh instability
model was implemented for the aforementioned spheroidal
metallic nucleus to explain the relaxation dynamics of the
device. It was shown that the relaxation time of the device depends on the initial profile of the nucleus within the insulating
layer. The broadening of the ON current distribution of the device was observed during the device endurance test. This is
correlated to the presence of a random telegraph signal (RTS) during the ON state of the device.
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■ INTRODUCTION

Memristive devices are promising nonvolatile memory
technologies due to its high scalability, high-speed operation,
low power consumption, and multibit per cell capability. These
desirable characteristics are required for both embedded and
stand-alone mass storage devices. Recently, the artificial
intelligence technology, which utilizes a new high-level
computing approach, has been on a quest in search of ideal
synaptic devices to realize a highly dense computing platform,
which requires high synaptic weight precision. Thus, the high
scalability nature and multibit per cell capability demonstrated
in many memristive devices have attracted a great deal of
attention from the neuromorphic computing community to
fulfill their ideal synaptic device requirements.
To fully utilize the scalability of a memristive device through

highly connected crossbar array, a select device or selector is
required to work in tandem with the memory element to
mitigate the inherent sneak path current issue of the
architecture. In the recent years, different types of selectors
have been widely investigated. These selectors can be classified
into two major categories, i.e., nonlinear IV and threshold IV
selector. Nonlinear IV selectors are those devices utilizing
metal oxide Schottky barrier modulation,1−7 crested and
variable oxide tunnel barrier,8−13 and mixed ionic electronic
conduction (MIEC).14−17 On the other hand, the threshold IV

selector consists of ovonic threshold switches (OTSs),18−20

metal−insulator transition (MIT) devices,21−24 and diffusive
memristors (DMs).7,25−45 Among these select devices, DM has
been found to exhibit the most promising performance in
terms of selectivity and OFF current. In addition to the
crossbar array integration, DM devices, due to their distinctive
device dynamics, are implemented in emerging systems, e.g.,
true random number generators,27 steep subthreshold slope
transistors,30,33 and artificial synaptic devices.28,29,37

The reported DM devices can be classified as Ag7,25−40 and
Cu40−45 based devices. DM devices work based on the electric-
field-induced migration of active metal atoms, e.g., Cu and Ag,
with high mobility inside the dielectric layer. The device is
switched ON when the applied electric field exceeds the
threshold field required to form unstable metallic filament
within the dielectric and is switched OFF due to its dissolution
after the removal of the electric field. This mechanism is
analogous to electrochemical metallization (ECM) cells. The
same structure might exhibit both nonvolatile and volatile
switching characteristics, which can be used for memory and
threshold switch applications, respectively.35,44 Thus, complete
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control over these two opposite characteristics must be
thoroughly investigated.
In this work, a gradual electroforming process from pristine

Pt/HfOx/Cu/Pt structure is introduced to achieve volatile
threshold switching rather than nonvolatile memory character-
istics. Crosspoint device structures of 10 μm × 10 μm cell area,
shown in Figure 1, were fabricated by a two-step UV-
lithography patterning followed by lift-off process. All materials
in the structure were deposited via magnetron sputtering
deposition, i.e., DC sputtering for metals and RF sputtering
from ceramic target (HfO2) for the oxide layer. The thickness
of each layer in the structure is 10 nm. The electrical
characterizations were done using a Keithley 4200A-SCS
parameter analyzer, i.e., source measure unit (SMU) and
preamplifier for DC IV measurement and pulse measure unit
(PMU) for fast IV measurement.

■ GRADUAL FORMING PROCESS AND THRESHOLD
SWITCHING CHARACTERISTICS OF DM

To specifically achieve threshold switching properties, two
common fabrication techniques have been implemented. The
first technique involves cosputtering and/or reactive sputtering
deposition to form metal (Cu or Ag) and insulating host
composites. It requires high control over the number of metal
atoms within the insulating host. The second technique utilizes
a postannealing treatment to allow metal atoms diffusion into
insulating layer. Temperature and duration of the annealing

process are the two critical parameters to achieve the desired
properties. Because of the bulk nature of the atomic diffusion,
it usually requires an insertion of a thin tunneling layer to
maintain the high selectivity of the threshold switch. HfOx/Cu-
based structures have been reported as to exhibit both
memristive and threshold switching properties within one
structure. This technique was implemented to alter the
memristive property of the device into volatile threshold
switching characteristics.44 However, the temporal response of
the device has not been discussed.
It has been reported that the compliance current (CC)

during the operation of DM plays an important role in
controlling the nature of metallic filament induced under
external electric field.26,35,45 Relatively higher CCs have been
observed to result in nonvolatile memory switching behavior,
while the lower CCs lead to unstable metallic filament resulting
in volatile threshold switching characteristics. For the structure
investigated in this work, the ON state current target was set to
be 10 μA or higher, which was based on the common
switching current range reported for memristive devices. The
devices underwent direct forming by using a compliance
current of 10 uA or higher tend to form a strong conductive
filament, which resulted in nonvolatile switching behavior,
depicted in Figure 2
The electroforming process was performed by gradually

increasing the CC from 100 nA to 10 μA with a certain
subsequent CC ratio. Two critical parameters in the gradual
forming treatment are the starting CC value and the

Figure 1. (a) Top view of the crosspoint device under an optical microscope. (b) 3D view of the structure taken by atomic force microscopy.

Figure 2. Behavior of the devices underwent direct electroforming under 10 μA CC showed a mix of volatile and nonvolatile switching behavior in
between cycles (a), while the devices underwent gradual forming treatment exhibited pure volatile threshold switching characteristics (b).
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subsequent CC ratio. It was found that the optimized forming
condition to achieve stable volatile threshold switching
characteristics was with the starting CC of 100 nA and
subsequent CC ratio from 2 to 40. More detailed discussion on
the implementation of the gradual forming treatment can be
found in the Supporting Information.
During the gradual forming treatment, the devices had to

undergo long duration of voltage stress under DC sweep. Any
structural changes exhibited by the device during this forming
process is critical for the subsequent device operation. Thus, a
single run and multiple runs (50 cycles) of DC gradual forming
treatment for each CC value were conducted to investigate the
device structural changes during the forming process.
The gradual forming process allows more controllable and

localized metallic filament of ionizable Cu electrode into HfOx
dielectric, shown in Figure 3. A decreasing trend in the

threshold voltage (Vth) of the device was observed with
increasing CC value under DC IV sweep, as shown in Figure
4a,b. This is potentially attributed to the amount of Cu atoms
residing within dielectric and the effective thickness of the
oxide involve during the switching process, which is discussed
further in the following segment of the work. After the gradual
forming treatment was performed, the device under test was
connected to series resistor of 47 kΩ to facilitate subsequent
DC cycling and pulse measurements. The forming process was
able to successfully achieve stable threshold switching behavior
with more than 100 DC cycles (a few selected cycles are shown
in Figure 5).
The devices tested also preserved unidirectional character-

istics after forming and the subsequent cycles. The

unidirectionality of the switching is due to the asymmetrical
structure of the devices and the nature of the Cu filament
growth within the HfOx. There are two possible growth
mechanisms in Cu-based devices, i.e., filamentary growth of Cu
atoms from the active copper electrode toward the inert
electrode46 and filamentary growth in opposite direction.47

This suggests the localized filamentary growth of Cu atoms
from the active copper electrode toward the inert electrode46

rather than the localized filamentary growth in the opposite
direction during gradual forming of the device.47 Asymmetrical
structures exhibiting bidirectional volatile switching behavior
have only been reported in Ag-based devices.25,48,49 This is
consistent with reported literatures on the observation of Ag
filament growth.35,50 The Ag conductive filaments tend to
grow from the inert electrode toward the active electrode.
Thus, when the unstable filament formed during volatile
switching process, the rupture of the filament does not occur at
the furthest Ag atoms position from active electrode, which will
leave Ag atoms residue on the inert electrode. After the first
few switching cycles of the Ag-based DM devices, there will be
a sufficient amount of Ag atoms on both side of the dielectric
to achieve bidirectional volatile threshold switching behavior.
This asymmetrical structure will not be able to achieve
bidirectional selector behavior in as-fabricated devices.

Figure 3. Gradual forming process of the device from the lowest
compliance current (a) to the highest one (c).

Figure 4. (a) DC IV sweep of gradual forming treatment. (b) Decreasing trend of threshold voltage with the increase of compliance current.

Figure 5. DC IV sweep with series resistor of 47 kΩ connected to the
DM device shows the unidirectionality of the DM devices. Ultralow
OFF state current about 100 fA and high selectivity of 107 was
observed under the V/2 operating scheme.
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■ TEMPORAL RESPONSE OF DM DEVICES
The underlying mechanism of DM utilizes the ionic movement
of the active electrode inside the dielectric. While it results in
an ultralow OFF current and high selectivity, it also leads to
the device having a finite delay and relaxation time during ON
and OFF operations, respectively. The reported values for
delay time vary from about 70 ns up to 70 ms, while the
relaxation time varies from 70 ns to 25 s.48 This temporal
response of the device is determined by the specific structure
used, applied electric field, and device operating temperature.
The focus of this study is on the influence of applied electric
field amplitude on the temporal response of the devices.
The time domain measurements were performed by sending

higher amplitude voltage pulse to turn ON the DM followed
by a “read” pulse of 0.1 V with 20 ms pulse width after a 1 μs
interval, while the current flowing through the device was
simultaneously measured. Figure 6b shows a complete ON−
OFF cycle of the device. The delay time of the device was
captured through the time domain measurement from the
moment “write” pulse implemented until the observation of
abrupt increase in cell current, as depicted in Figure 6a. On the
other hand, the finite relaxation time was measured from the
timestamp of the removal of the electric field until the sudden
drop in cell current was observed, as shown in Figure 6c.
Different pulse amplitudes were implemented from 0.3 to

1.0 V with 10 ms duration to measure the device delay time
dependence on external electric field. The delay time decreases
exponentially with an increase in external bias amplitude for
the different devices under two different forming treatments.
This correlation is supported by the field-induced nucleation
theory, depicted in Figure 7.7,51−53 Based on this theory, the
metallic filament within the dielectric under an external electric
field is caused by the growth of spheroidal metallic nucleus
from ionic movements of active electrode atoms inside the
dielectric. Stable spheroidal metallic nucleus can only be
established if the nucleation energy barrier, UN(E), is
overcome to allow the nucleus growth beyond the critical
radius, RN. This energy barrier is reduced with the presence of
external electric field and will return to its equilibrium value,
U0, after the removal of the field. It has been reported that the
nucleation leads to volatile switching characteristics if the
effective radius of the stable nucleus is lower than R0, while
resulting in nonvolatile switching behavior if it increases past
R0. The delay time of the device can be correlated to the
nucleation energy barrier height by the following equation:7
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ÅÅÅÅÅÅÅÅÅ
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Ö

ÑÑÑÑÑÑÑÑÑ
U E

kT
exp

( )
d 0

Nτ = τ
(1)

The temperature of the devices was kept constant at room
temperature throughout the experiment. τ0 is defined as the
characteristic delay time, which is unique to the active material
and dielectric used in the system. UN(E) is defined as
nucleation energy barrier height, which can be expressed by the
following:

U E U E
d
V

( )N 0 0
3/2α=

(2)

V and d are defined as external voltage applied and effective
thickness of the dielectric involved during the volatile
switching operation. The effective thickness refers to smallest
distance between the Cu atoms to the Pt inert electrode across
the dielectric. U0 is defined as the nucleation barrier energy at

zero field, which is unique to the dielectric material in which
the metal atoms move within, e.g., HfOx (0.47 eV) and TiOx
(0.71 eV).7 In this work, the dielectric material used was the
same, i.e., HfOx. Thus, under the two forming treatments, the
value of parameter U0 did not change. E0 is defined in the
literatures as voltage acceleration factor or characteristic field.
This value is independent of the external field or temperature.
The acceptable value used in calculation is 1 MV/cm,7

regardless of the type of structures or systems. α is geometric
factor of spheroid nucleus. Its value ranges from 0.1 to 0.5, and
it was assumed to be 0.5 in the literature because it
corresponds to the highest nucleation barrier energy. This
value is dependent on the shape of the nucleus. Across

Figure 6. Complete ON−OFF cycle of the time domain measure-
ment of the device (b) to capture device delay time (a) and device
relaxation time (c).
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different dielectric materials, this value might be different, but
within the same dielectric material, this geometric factor can be
safely assumed to be identical.
The focus of this segment of the work is to investigate the

effect of external electric field (voltage) on the temporal
response of the device. Hence, to simplify the expression in
(1), another critical parameter ζ is defined to replace UN(E).

U E
d

kT0 0
3/2αζ =

(3)

Thus, eq 1 can be modified into the following:
Ä

Ç
ÅÅÅÅÅÅÅÅ
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ÑÑÑÑÑÑÑÑV

expd 0τ = τ ζ
(4)

Equation 4 was used to fit the experimental data obtained for
device delay time under different pulse amplitude, shown in
Figure 8. The experimental data fit well under field-induced

nucleation theory with a spheroidal-shaped metallic filament.
The device delay time varies from ∼5 ms to under 300 μs for
the single run forming treatment, while it ranges from 250 μs
to as fast as 44 μs for multiple runs forming treatment under
different voltage amplitudes. Two parameters could be
extracted from the fitting curves, i.e., τ0 and ζ. τ0 values
extracted from the fitting are ∼19 and ∼21 μs for devices that
underwent single and multiple forming treatments, respec-

tively. This is consistent in which the two forming conditions
are strictly comparing the same Pt/HfOx/Cu/Pt structures. On
the other hand, the extracted ζ values under two different
forming treatments exhibit a significant difference. Based on
the field nucleation theory, it is attributed to the change in the
effective thickness of the oxide layer involved throughout the
nucleation process. It was found that the value of ζ1 is about 4
times higher than ζ2. The devices that underwent single
forming treatment were assumed to have a very small change in
the effective thickness from the pristine devices, i.e., d ∼ 10
nm. The thickness of the HfOx layer in the pristine devices was
experimentally confirmed by TEM images of the multilayer
structure, as shown in Figure S3. This indicates the effective
thickness of the oxide was reduced significantly from ∼10 nm
originally to ∼2.5 nm.
The relaxation time of the device was also investigated under

different voltage amplitudes in the range 0.8−1.2 V with 10 ms
pulse width. From Figure 9, an increasing trend of relaxation

time was observed from about 1 to 7 ms with an increase of
voltage amplitudes. This trend is potentially due to the size of
the spheroidal nucleus generated under different voltage
pulses. The higher the amplitude of the pulse, the stronger
or larger metallic nucleus dimension formed. Thus, a larger
metallic nucleus will take a relatively longer time to rupture
after the removal of the electric field.
This observation is supported by the Rayleigh instability

model of the metallic filament rupture inside the dielec-

Figure 7. Parts a and b show the schematic of the Cu species arrangement within the HfOx layer during the OFF and ON state, respectively. Part c
illustrates the criteria of achieving volatile and nonvolatile switching characteristics based on field-induced nucleation theory.

Figure 8. Voltage amplitude dependence of device delay time under
single and multiple forming treatments. The extracted characteristic
time, τ, values are very close in value which indicates both relations
come from the same structure of Pt/HfOx/Cu/Pt.

Figure 9. Increasing trend of average relaxation time of the device
observed under increasing voltage pulse amplitude.

ACS Applied Electronic Materials Article

DOI: 10.1021/acsaelm.9b00446
ACS Appl. Electron. Mater. 2019, 1, 2076−2085

2080

http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00446/suppl_file/el9b00446_si_001.pdf
http://dx.doi.org/10.1021/acsaelm.9b00446


tric.26,36,37,40 Rayleigh instability suggests that after a removal
of an electric field the metallic filament ruptures into a series of
spherical nanoclusters through the minimization of total free
energy of the system. With our earlier confirmation on
spheroidal metallic nucleus growth by looking at the device
delay time dependency on voltage pulse amplitude, the initial
filament shape before the removal of electric field is taken as a
spheroid, as shown in Figure 10. Thus, an analytical model was

proposed to better understand the evolution of filament
morphology. After the removal of the electric field, the
spheroidal nucleus is divided into N number of nanospheres.
This process is assumed to be due to the atomistic
rearrangement of Cu atoms, causing the total volume of the
shape to be constant throughout the process. The number of
Cu spherical nanoclusters (N) formed can be expressed as

N
R
D

3

3= ρ
(5)

where ρ is defined as aspect ratio of L/R, in which L and R are
the initial major and minor axis dimension of the nucleus,
respectively. D is defined as the average diameter of
nanoclusters formed in the OFF state of the device. This
phase transition is driven by the change in total free energy
consists of both surface and volume terms. However, with the
assumption of constant volume throughout the process, the
change in surface free energy will be the only terms
contributing into the system. By approximation of very thin
metallic filament (ρ ≫ 1), the change in free energy was
estimated by the following equation:

i
k
jjj

y
{
zzzG R

R
D 4

2πρΔ ≈ − π
(6)

Spontaneous evolution of the filament after the removal of the
electric field has been experimentally confirmed in the rupture
of Ag filament as per this literature.26 Thus, the change in free
energy should be less than zero, and the dimension of the
nanoclusters should follow the relation

D R
4>
π (7)

After longitudinal damped sinusoidal perturbation is applied
along the major axis of the spheroid, the surface perturbation
equation is given by

r z t R z t z kz( , ) ( ) ( ) ( ) sin2 1= + δ δ (8)

where k is the perturbation wavenumber along the z-axis and
δ1(z) and δ2(t) are the spatial and temporal dependence of the
perturbation amplitude terms, respectively. While the temporal
dependence of the perturbation amplitude has been frequently
reported,26,36,37,40 the spatial dependence of the amplitude was
added due to the spheroidal nature of the filament. If z = zN
was taken as the center point of one of the nanospheres, the
relaxation time of the device is determined by the following
equation:

D R z
z kz

( )
( )

( ) sin
N

N N
2 d

1
δ τ =

−
δ (9)

From this equation, it was concluded that the relaxation time is
mainly driven by initial filament profile, which is driven by the
current or voltage amplitude during the “write” operation.

■ RELIABILITY ASPECTS OF DM: DEVICE
ENDURANCE AND OBSERVATION OF RANDOM
TELEGRAPH SIGNAL (RTS)

The endurance test was performed on a device that underwent
multiple runs of forming treatment. By using the correlation of
pulse amplitude to the delay time of the device in Figure 8, the
endurance test was performed by sending 200 μs of 0.4 V pulse
to turn ON the device and 200 μs of 0.2 V pulse to measure
the OFF state of the device. The OFF state of the device was
beyond the measurement limit of the equipment. No
selectivity degradation was observed after more than 104

cycles, shown in Figure 11. The current distribution of the
ON state was observed to be lower than the current flow of 1-

Figure 10. Metallic filament dissolution process based on the
Rayleigh instability theorem.

Figure 11. (a) Actual endurance cycle reading of the device with over 104 ON−OFF cycles. (b) Comparison of current distribution between 1-
DM-1Resistor and 1-Resistor under 0.4 V voltage amplitude.
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Resistor under the same voltage, which means the DM device
reached a comparable resistance value to that of the resistor as
expected. However, the distribution of the current of DM
device was noticeably asymmetrical and has broader variation
compared to 1-Resistor current.
The origin of the ON-state current variation is explained by

the presence of random telegraph signal (RTS) in DM devices.
RTS is defined a as random bimodal or multilevel fluctuation
of current or voltage during device operation. RTS has been
widely reported in memristive devices, especially oxide-based
devices utilizing the movement of oxygen ions and/or oxygen
vacancy-type defects modification for its operations. For these
types of devices, the origin of the RTS is believed to be from
the reversible movement of electrons between metal electrodes
and defects within dielectric layer which is also known as
charge trapping and detrapping activities.54 However, the DM
device structure and underlying switching mechanism mimic
those of electrochemical metallization cells (ECM). Thus, the
origin of RTS in DM devices is expected to incline toward
those similar types of devices in which very few studies have
been conducted. In Cu-doped Ge0.3Se0.7 devices, it is suggested
that the RTS presence in the device is potentially due to
thermally activated movement of Cu species within ionic or
redox “double-site traps”.55 Another report on GexSe1−x-based
devices showed the observation of RTS in ovonic threshold
switching mechanism after the forming process.56 Figure 12
shows different RTS observed in the DM structure during the
ON state of the device under 0.4 V voltage amplitude. Both
bimodal and multilevel RTS were observed within the same
structure but under different writing cycles. This demonstrated
the random and complex nature of the signal. The current
readings of the device ON and OFF states during the
endurance test were done by taking the average of the data
points at the same 10 μs window. Thus, with the time domain
variation of RTS, the cell current distribution would be larger
than the current distribution of the 1-R configuration.

Further investigation of the RTS behavior was performed
under different applied voltage amplitudes. Two different types
of RTS were observed in different voltage regimes, depicted in
Figure 13. The first RTS was more dominantly observed in the
low-voltage regime (≤0.6 V), resulting in random fluctuations
throughout the ON state of the device. It was the same type of
RTS causing the current distribution broadening during
endurance test at 0.4 V. This RTS became less apparent
with the increase of the external applied voltage. The second
RTS was observed in the high voltage regime of more than 0.6
V. This RTS was more likely to be observed in the early stage
of the ON state rather than throughout the ON state. This
could be attributed to the competing nature of the two
parameters, i.e., external electric field and Joule heating. A
higher electric field tends to result in a stronger filament, but at
the same time it will generate a larger Joule heating effect that
might rupture the metal filament. The current reading was
observed to stabilize after several current jumps. This could be
an indication of a stronger and larger filament had been formed
after several ruptures. This property must be taken into
consideration in the device implementation as a select device
in crossbar array, especially during the “write” operation of the
memory cell that requires a higher voltage amplitude. The
average time constant of this behavior was above 10 μs. Thus,
it will not affect the memory operation of the devices operating
in the faster regime in which most of the reported memristive
devices stand.

■ CONCLUSIONS
This work has provided a new technique, from a device
operation point of view, to achieve volatile threshold switching
behavior from the pristine Pt/HfOx/Cu/Pt structure via
gradual electroforming treatment. Excellent selectivity of
more than 107 and extremely low OFF current of 100 fA
were maintained with more than 104 ON−OFF cycles. An
insight into the structural evolution of the DM was discussed

Figure 12. RTS captured from different cycles operation of the device during the ON state under 0.4 V voltage amplitude. Unstable complex RTS
was observed exhibiting multilevel RTS nature.
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by analyzing the temporal response of the device under
different external electric fields in the frame of the field-
induced nucleation theory and Rayleigh instability model. This
analysis can be potentially used to extrapolate the device
degradation mechanism in which excessive amount of copper
species eventually reside within the insulating layer. The
reliability aspect of the device considering the current
distribution broadening observed during endurance test was
also discussed. It was caused by the presence of RTS
originating from thermally induced Cu ionic or redox
“double-site trap” activities in the structure. The RTS
dependence on external applied voltages was also investigated,
which gives an important insight into the time domain
behavior of the device under different voltage regimes.
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