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Hybrid Tuning of Sub-Filaments to Improve Analog
Switching Performance in Memristive Devices

Pan Hu, Sushmit Hossain, Zerui Liu, Deming Meng, Yunxiang Wang, Tse-Hsien Ou,
Hao Yang, Buyun Chen, Zhi Cai, Yudi Shi, Mark Barnell, Qing Wu, Stephen B. Cronin,
and Wei Wu*

Memristive devices are promising candidates for analog computing
applications such as neuromorphic computation. Larger dynamic ranges and
more sufficient multilevel states can enable the significant development of
memristor-based utilizations. Herein, a method to improve the analog
switching performance of memristors through a hybrid tuning (coarse and
fine tuning) of two sub-filaments is demonstrated. The creation of
sub-filaments inside the dielectric switching layer is realized by deploying Pt
metal islands in the switching layer. Given the different material stack
configurations of the two sub-filaments, they exhibit different switching
properties to play the roles of coarse and fine tuning respectively in the
memristor. Based on the above mechanism, a Pt/Ta/Al2O3/Pt
island/Al2O3-x/TiOy/Al2O3-x/Pt memristor is proposed and fabricated.
Through the hybrid tuning of two sub-filaments, a combined dynamic range of
600 Ω to 50 kΩ is achieved. Compared to the reference Pt/Ta/Al2O3/Pt
memristors (dynamic range: 600 Ω to 8 kΩ), both dynamic range and
multilevel resistance states are increased significantly. Meanwhile, the energy
efficiency is improved because the resistance of tunable states can be set to
larger values. Furthermore, this mechanism can be incorporated into various
existing memristors to improve their dynamic range and multilevel states,
which extensively enriches the applications of memristors.

1. Introduction

Memristive devices with continuously tunable resistance states
possess tremendous potential for analog computing applications
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such as neuromorphic computing be-
cause the internal resistance states of
memristors can be adaptively changed
to emulate the biological synapses.[1–8]

It is generally accepted that the pro-
gressive resistance tuning of memristors
is associated with the charged dopants
in the switching layer, oxygen defi-
ciency (n-type), oxygen excess (p-type),
and metal cations can serve as dopants
in the memristors.[9–14] Under the exter-
nal stimulus such as voltage and cur-
rent, the directional motion of dopants
causes internal resistive switching due
to the chemical and phase changes
within the switching layer.[15–18] Once a
large enough bias is applied, a conduc-
tive dopant channel can be formed in-
side the switching layer and this chan-
nel is usually called filament which
has tens or hundreds of nanometers in
diameter.[19–21]

With the development of memristor-
based analog computing, there is an
increasing demand for memristors
with wide dynamic ranges and large
amounts of multilevel states because they

offer more programable states.[22–26] The memristors can be
tuned to multiple resistance states by manipulating the maxi-
mum applied voltage and current; the total number of tunable
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states heavily depends on the dynamic range.[27] Given a limited
dynamic range, the number of multilevel resistance states is dif-
ficult to be enhanced.[28] Meanwhile, even a large dynamic range
does not always lead to more multilevel states since a huge re-
sistance jump may happen between two neighboring states.[29]

The incomplete understanding of the complex switching mech-
anisms also obstructs the relevant studies. Many methods have
been implemented, such as doping or adding different metal ox-
ide films into the memristors, while the improvement is still
restricted.[8,30,31]

In this work, we report a new method to improve the analog
switching performance of memristors through a hybrid tuning of
two sub-filaments. One sub-filament takes charge of a coarse re-
sistance adjustment, and the other is responsible for a fine adjust-
ment. The two sub-filaments are created by deploying Pt metal is-
lands inside the oxide switching layer. Because of a stronger elec-
tric field strength near Pt islands under applied bias, the dopant
ions tend to move toward the metal islands. A complete fila-
ment is then cut into two sub-filamentary sections by the islands.
By selecting appropriate material stacks and thicknesses, two
sub-filaments exhibit different switching behavior to play diverse
roles (coarse and fine tuning). To experimentally demonstrate
the above mechanism, Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristors with Pt islands and ultra-thin Ti layer were fabri-
cated and characterized. This thin Ti layer is used to provide extra
dopants to lower the required voltage and current for the switch-
ing process. The hybrid tuning of two sub-filaments results in a
dynamic range from 600 Ω to 50 kΩ, such range is significantly
broader than the dynamic range (600 Ω – 8 kΩ) of a reference
Pt/Ta/Al2O3/Pt memristor without sub-filaments. It is notewor-
thy that large numbers of multilevel conduction states are uni-
formly distributed within this broad dynamic range. More im-
portantly, the mechanism of creating sub-filaments is compatible
with existing memristors, it can provide guidance for the future
research on large dynamic range and energy-efficient memris-
tors.

2. Theoretical Demonstration of Dynamic Range
Improvement by Sub-Filaments

For a conceptual explanation of how the insertion of metal is-
lands improves the dynamic range of Pt/Ta/Al2O3/Pt/Al2O3-x/
TiOy/Al2O3-x/Pt memristors, a schematic of sub-filaments struc-
ture is shown in Figure 1a. Based on a Pt/Ta/Al2O3/Pt memristor,
ultra-thin Pt and Ti layers are deposited inside the Al2O3 switch-
ing layer to form a Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
structure. Pt acts as metal islands to divide each filament into two
sub-filaments,[32] and Ti provides extra dopants for the switch-
ing process (more details of Pt and Ti roles are discussed in
Results and Discussion section). Pt island stays in the mid-
dle of the switching layer and blocks the diffusion of dopants
across it. Then two sub-filamentary sections are formed and
separated by the Pt island, the island can be regarded as the
bottom electrode of the upper sub-filament as well as the top
electrode of the lower sub-filament. Therefore, the entire mem-
ristor can be assumed as a series connection of two individ-
ual sub-memristors. The upper sub-memristor has an identi-
cal material stack to Pt/Ta/Al2O3/Pt memristors, the electri-
cal characterization of Pt/Ta/Al2O3/Pt memristors indicates that

continuously tunable states can be achieved in the device. Si-
multaneously, due to a different material stack of the lower
Pt/Al2O3-x/TiOy/Al2O3-x/Pt sub-memristor, it behaves diversely
from the upper sub-memristor. Only two states, high and low re-
sistance states, were experimentally observed without any inter-
mediate tunable states in the control Pt/TiOx/Al2O3-x/Pt memris-
tors. In this case, the upper sub-filament works as a fine adjust-
ment for the resistance of the entire memristor and the lower
sub-filament is responsible for a coarse adjustment (More details
of electrical characteristics of upper and lower sub-memristors
are given in the Results and Discussion section). Compared to
the initial Pt/Ta/Al2O3/Pt memristor without metal islands, the
entire dynamic range of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristors is enlarged because of the hybrid tuning of two
sub-filaments.

However, there is considerable uncertainty in the forming lo-
cations of filament, not to mention that the metal islands are
also deposited at random positions. While in our design, metal
island must be exactly located in the path of a filament to di-
vide it into two sections. A Comsol Multiphysics simulation was
performed to validate that the filament tends to explicitly situate
at the locations of metal islands. As shown in Figure 1b, when
there is a Pt island existing in the Al2O3 switching layer under
applied bias (1 V), the electric field strength becomes stronger
near the top and bottom of the island. The resistive switching
process of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristors
is mainly driven by electric field, which is verified by its bipo-
lar switching behavior in the electrical characterization.[33] Mean-
while, the drift process of dopants has been proved to be primar-
ily affected by the electric field before the completion of filament
formation.[34] Hence, the dopants have the tendency to aggregate
near the metal island and compose a filamentary channel there
under applied bias.

3. Results and Discussion

3.1. Hybrid Tuning of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
Memristor

The fabrication approach of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/
Al2O3-x/Pt memristors is shown in Figure S1a–d (Supporting
Information). Al2O3 in the switching layer was grown at 80 °C
using atomic-layer deposition (ALD) that is able to control
film thickness at atomic precision.[35,36] One nanometer Pt and
2 nm Ti layers inside the switching layer were deposited by
electron-beam metal evaporator. Here 1 nm Pt is ultra-thin and
this layer can hardly been characterized by scanning electron
microscope (SEM) due to the limited contrast of SEM. Instead,
3 nm Pt was deposited on Si substrate for SEM characterization
and the corresponding SEM image is shown in Figure S1f
(Supporting Information). Discontinuous film topography is
captured on 3 nm Pt layer, hence 1 nm Pt is in island form and
such observation also matches other published work.[32,37] The
typical I–V curves of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristor are shown in Figure 2a,b. Different from normal
memristive devices that only exhibit a single relation between
voltage and current, two separate resistance tuning ranges can
be observed on each Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristor. One I–V curve is corresponding to the tuning range
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Figure 1. Schematic of hybrid tuning of sub-filaments. a) Schematic of sub-filaments in Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor. Two sub-
filaments are divided by Pt islands and the whole memristor can be considered as a series connection of two sub-memristors. b) Simulation of Electric
field distribution in Al2O3 switching layer when there is a spherical Pt island (2 nm diameter) inside. Electric field is stronger near the Pt island and the
dopants inside the switching layer tend to move towards the island.

under relatively low device resistance (Figure 2a), while the other
happens when the device is maintained at higher resistance
(Figure 2b). Here low resistance dynamic range (LRDR) and
high resistance dynamic range (HRDR) are used to distinguish
these two distinct switching performances. The orange curve in
Figure 2a shows the I–V curve under LRDR (600 Ω to 19 kΩ), in
which the applied RESET bias should be controlled less than −2
V. In particular, the lower sub-filament is kept at low resistance
state because its RESET threshold voltage is not reached. After
applying a higher RESET bias (blue curve), the device can be
switched to a higher resistance (50 kΩ) state when the lower
sub-filament is reset as shown in Figure 2c. As this time, if
the compliance current (highest current limit) of SET process
is controlled correctly (≤2 mA), the resistance of the device is
merely switched to 19 kΩ instead of 600 Ω by the reason that
the lower sub-filament requires larger voltage and compliance
current to be set to low resistance state. Consequently, the
device can stay within HRDR (19–50 kΩ) as shown in Figure 2b.
Once larger voltage and compliance current are applied (orange
curve), the memristor can jump from HRDR back to LRDR
because the lower sub-filament is turned into low resistance

state as shown in Figure 2d. Depending on the required re-
sistance range, each memristor can be switched repeatedly
between HRDR and LRDR. While the resistance change is not
continuous between HRDR and LRDR because of the large
resistance shift caused by the switching of lower sub-filament.
More explanations of the resistance tuning discontinuity can be
found in Section 3.4. To investigate the multilevel states within
HRDR and LRDR, current pulses (130 ms) were used to tune
the memristor to various resistance states. The memristor was
switched to either HRDR or LRDR first and then the multilevel
states were measured within the corresponding dynamic range.
As shown in Figure 2e, a large amount of multilevel resistance
states can be obtained in both HRDR (blue curves) and LRDR
(orange curves). Under negative voltage sweeps (0 to −0.1 V),
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor shows linear
I–V curves at different conductance states as well (Figure S2a,
Supporting Information). The corresponding resistance tuning
characteristics are provided in Figure 2f, two separate tuning
curves coexist in a single memristor because of the unique
HRDR and LRDR, the overall resistance tuning range is from
600 Ω to 50 kΩ.
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Figure 2. Hybrid tuning of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt mem-
ristor. a) I–V characteristics of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristor within LRDR. The corresponding dynamic range is 600 Ω to
19 kΩ. b) I–V characteristics of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristor within HRDR. The corresponding dynamic range is 19–50 kΩ.
c) Switching from LRDR to HRDR by applying a higher negative voltage
(blue curve). d) Switching from LRDR to HRDR by applying higher positive
current and voltage (orange curve). e) Multilevel states within LRDR (or-
ange lines) and HRDR (blue lines). f) Relation between resistance and pro-
gramming current of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor
within LRDR (orange curve) and HRDR (blue curve).

3.2. Analog Performances of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/
Al2O3-x/Pt Memristor

As discussed above, the conductance tuning range of Pt/Ta/
Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor ranges from 20
to 2000 μS. To study the number of programmable states,
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor was set

to different conductance states (Figure 3a) and the standard
deviation of tuning the memristor to an exact conductance state
is 0.89 μS. As a result, the number of programmable states
in Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor is 1112
states. As shown in Figure 3b, compared to Pt/Ta/Al2O3/Pt
memristor without Pt islands in the switching layer, the number
of conductance states of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristor is enhanced from 157 states to 1112 states because
of its extra conductance tunable range. The significant improve-
ment of programmable conductance states can be attributed
to the increased dynamic range as well as the higher state
density when the device is within the high resistance tuning
range. Although continuously tunable states are confirmed
on Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor, these
conductance states are required to be stable enough for prac-
tical analog computing applications.[38] The retention test of
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor is shown
in Figure 3c. The device is programmed to various conduc-
tance states and then reading pulses are applied on the device
every 10 s to record the conductance value of the device. The
device keeps good stability within at least 1200 s and the
conductance variation is always <5 μS. Different from the
switching endurance tests of normal memristors that only
demonstrate the switching between low conductance state (LCS)
and high conductance state (HCS), the switching endurance
of a middle conductance state (MCS) is uniquely provided for
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor because the
sub-filament switching of the device results in an extra con-
ductance state between the switching of HRDR and LRDR. In
the endurance test, Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristor can be switched reliably at least 300 cycles
among the three different conductance states as shown in
Figure 3d. Figure 3e shows the analog programming process
of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor under
voltage pulses with 0.7 V amplitude and 500 ns width. The
memristor is initially set to 2.82 kΩ within LRDR and a single
500 ns pulse is enough to program the device to another state
(2.17 kΩ), the device will keep stable in a final state (1.95 kΩ)
after 2 voltage pulses and the following pulses will not affect
the state anymore. To demonstrate that the memristor can have
even faster programming speed, 1 V voltage pulse with 100 ns
width was applied on Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristor. The experimental result can be found in Figure S2b
(Supporting Information). Due to the slow sampling rate of the
measurement setup, the resultant pulse shape slightly deformed.
While the memristor exhibits obvious resistance shift (5.38–0.88
kΩ) after applying one single pulse, such observation confirms
that Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor can
respond to a voltage pulse with less than 500 ns width and large
resistance change can be induced by one single voltage pulse.
Meanwhile, the switching energy consumption is merely 257
pJ. The switching energy consumption can be even smaller if a
narrower width pulse is adopted for the programming.

3.3. Engineering of Sub-Filaments

Creating sub-filaments can be realized by the deployment of Pt
metal islands in the switching layer, and different sizes of Pt
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Figure 3. Analog Performances of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt Memristor. a) Multilevel conductance states of Pt/Ta/Al2O3/Pt/Al2O3-x/
TiOy/Al2O3-x/Pt Memristor. b) Comparison of multilevel conductance states between memristors with and without Pt islands. The number of
conductance states of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor is enhanced from 157 states to 1112 states. c) The retention test of
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor within 1200 s. d) Switching endurance test of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor
during 300 cycles. e) Analog programming of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor under voltage pulses. Pulse amplitude is 0.7 V and
width is 500 ns.

islands may lead to diverse device performances. To demonstrate
the size effect of Pt island, Comsol simulation was performed as
shown in Figure S3a (Supporting Information). Compared to the
spherical Pt island with 2 nm diameter in Figure 1b, the lateral
dimension of Pt island in Figure S3a (Supporting Information)
is increased to 8 nm while the vertical dimension is kept at 3 nm
to indicate the curvature change due to aggregation of individ-
ual islands. The calculated strongest electric field strength is 0.89
× 108 V m−1 and this value is smaller than the calculated field
strength (1.25 × 108 V m−1) of the spherical island case. There-
fore, the electric force applied on the charged dopants becomes
weaker when thicker Pt layer is deposited and it tends to form
a film. Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor with
2 nm deposited Pt was fabricated to study the size effect of Pt
islands and its I–V curves are shown in Figure S3b (Supporting
Information). This device requires high voltage and current for
the switching process and such observation is corresponding to
the fact that induced electric field is weaker in the switching layer.
As a result, higher voltage and current are required for the switch-
ing.

A Thin TiOy layer is used to lower the required switching
voltage and current for SET and RESET processes through of-
fering more dopants for the switching process. Pt/Ta/Al2O3/Pt/
Al2O3/Pt memristors with 1 nm Pt layer were the initial de-
sign to achieve sub-filamentary sections in the switching layer.
Pt was selected due to its inert properties that avoid the unex-
pected reactions in the switching layer.[39] However, the required

switching voltage and current of Pt/Ta/Al2O3/Pt/Al2O3/Pt mem-
ristors are high enough to induce the electrical breakdown. The
required voltages for electroforming and following RESET pro-
cess can be found in Table 1, each value is calculated based on
an average value of ten devices. 12.78 V had to be enforced to
completely electroform the devices, which made the devices easy
to break down during the switching cycles. Considering the fact
that the dopants prefer moving towards metal islands due to a
stronger electric field there, and the existence of Pt islands ob-
structs the diffusion of dopants to affect the switching of the Pt
island/Al2O3/Pt bottom electrode part. As a result, large voltage
and current are necessary for the switching process of the mem-
ristors but such large voltage and current result in the compro-
mise of device reliability. Typical electroforming and RESET I-
V curves of Pt/Ta/Al2O3/Pt/Al2O3/Pt memristors are shown in
Figure S4a (Supporting Information).

Ti is known as an oxygen-reactive metal and it can en-
rich the dopant density for switching process,[40,41] and hence
lower the switching and electroforming voltages of the memris-
tors. To demonstrate this, Pt/Ta/Al2O3-x/TiOy/Al2O3-x/Pt mem-
ristors with different thickness Ti layers were then fabricated
and tested. The resistances of all control memristors after
the electroforming-RESET cycle are summarized in Table 1
to act as dopant density indicators. It can be clearly seen
that the memristors without Ti layer have resistances large
than 103 kΩ after electroforming-RESET cycle, low dopant
densities can be expected in these memristors. However, the
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Table 1. Electroforming and RESET Characteristics of Control Memristors.

Memristor Structure Switching Layer Electroforming
Voltage [V]

RESET
Voltage [V]

Resistance after
Electroforming-RESET

Pt/Ta/Al2O3/Pt/Al2O3/Pt Al2O3/Pt/Al2O3 (8 nm/ 1 nm/ 8 nm) 12.78 −2.77 >103 kΩ

Pt/Ta/Al2O3-x/TiOy/Al2O3-x/Pt Al2O3-x/TiOy/Al2O3-x (8 nm/ 1 nm/ 8 nm) 7.54 −2.03 483 kΩ

Al2O3-x/TiOy/Al2O3-x (8 nm/ 2 nm/ 8 nm) 5.71 −2.21 31 kΩ

Al2O3-x/TiOy/Al2O3-x (8 nm/ 4 nm/ 8 nm) 4.97 −2.18 6 kΩ

Pt/Ta/Al2O3/Pt Al2O3 (8 nm) 3.6 −1.83 >103 kΩ

Al2O3 (16 nm) 5.93 −1.93 >103 kΩ

presence of Ti in the switching layer significantly reduces the
resistance of Pt/Ta/Al2O3-x/TiOy/Al2O3-x/Pt memristors after the
electroforming-RESET cycle (more information can be found in
Figure S4b,c (Supporting Information). Given the potential tran-
sition of Ti to its sub-oxidation states TiOx during the device fab-
rication process and electroforming process, the emergence of
more dopants in the memristors can be reasonably explained.
Near the Ti-rich region, the Ti sub-oxides are more stable than
Al2O3, it is possible for Ti to grab oxygen ions from Al2O3 near
the Ti-rich region.[42,43] Furthermore, the formation Gibbs free
energy of possible Ti sub-oxides such as Ti2O3 is very close to
or even lower than Al2O3 of −1582.3 kJ mol−1, the oxidation
of Ti is thermodynamically favorable in the switching layer.[44]

When oxygen vacancies (dopants) are formed, conduction elec-
trons are simultaneously released in order to maintain the total
charge balance.[19] Also, high resistance was observed on 2 nm
Ti film after deposition which confirmed its oxidation to Ti sub-
oxides TiOy. Different from Ti, Pt is known as an inert metal.
The introduction of Pt should impose negligible influence on the
dopant density. This is confirmed by the similar resistance be-
tween Pt/Ta/Al2O3/Pt/Al2O3/Pt memristors and Pt/Ta/Al2O3/Pt
memristors (Table 1) after the electroforming-RESET cycle. In
conclusion, oxygen-reactive Ti and inert Pt behave differently in-
side Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristors. Ti as-
sists in the production of additional dopants to lower the switch-
ing voltage and current, while Pt is aimed to create sub-filaments.

3.4. Sub-Memristors for Coarse and Fine Resistance Tuning

Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor can be
roughly considered as a combination of two sub-memristors
separated by Pt islands as shown in Figure 4a. Although the
switching characteristics of this combination may not be com-
pletely identical to the actual device, the study on sub-memristors
can still provide valuable information to identify their differ-
ent roles in the switching process. Therefore, we fabricated
Pt/Ta/Al2O3/Pt and Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristors
to study the characteristics of each sub-filaments. The upper
sub-filament possesses a Pt/Ta/Al2O3/Pt stack, which is also
the initial memristor architecture without metal islands. Nev-
ertheless, such sub-memristor has a shorter filament length
defined by the thickness of Al2O3 switching layer. To study the
effect of Al2O3 thickness on the final device performance, two
different Al2O3 thicknesses 8 nm and 16 nm were selected,
because Al2O3 thickness less than 8 nm makes the switching

process of memristors unstable (memristors are initially ON
without electroforming). A higher voltage is demanded for the
electroforming of 16 nm Al2O3 memristors compared to 8 nm
Al2O3 devices, and similar RESET voltages are observed on both
memristors as shown in Table 1. Their I–V curves after multiple
switching processes are shown in Figure 4b respectively, the
results indicate that two memristors have similar electrical char-
acteristics after several SET-RESET cycles. It is noticeable that
the variation of Al2O3 thicknesses in Pt/Ta/Al2O3/Pt memristors
results in a negligible change on the final resistance tuning be-
havior, both devices have comparable dynamic ranges between
600 Ω and 8 kΩ as shown in Figure 4b insert figure. Therefore,
Pt/Ta/Al2O3/Pt memristors with different Al2O3 thicknesses are
confirmed to have continuously tunable resistance states, the
resistance of upper sub-filament can be adjusted finely.

As mentioned earlier, the lower part of a Pt/Ta/Al2O3/Pt/
Al2O3-x/TiOy/Al2O3-x/Pt memristor can be approximately re-
garded as a Pt/Al2O3-x/TiOy/Al2O3-x/Pt sub-memristor with 2 nm
Ti in the switching layer. In our experiments, Pt/TiOx/Al2O3-x/Pt
memristors were fabricated to estimate the performance of lower
sub-filaments instead of Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristors
because Pt electrode has poor adhesion to Al2O3 layer. Figure 4c
shows the corresponding I–V curves of electroforming and fol-
lowing RESET processes, the device can be hardly electroformed
(average 7.81 V calculated from 10 memristors). Moreover, the
memristor is difficult to be switched OFF (average −8.93 V calcu-
lated from 10 memristors). No consecutively tunable resistance
states could be achieved, only high resistance and low resistance
states were observed on this memristor. In this case, the lower
sub-filament should be responsible for a coarse resistance adjust-
ment of the entire device.

3.5. Validation of Sub-Filaments Coexistence

Although unique resistance tuning behavior of Pt/Ta/Al2O3/Pt/
Al2O3-x/TiOy/Al2O3-x/Pt memristors can be reasonably explained
by the coarse and fine adjustments of sub-filaments, more ev-
idences are required to prove the existence of sub-filaments.
Through the study on the evolution of filament formation dur-
ing the switching process, valuable information can be ac-
quired to validate the coexistence of two sub-filaments divided
by Pt islands. During the electroforming and following SET
processes, gradually increasing current pulses (130 ms) were
applied on the memristor to induce the switching of internal
states. Every time after enforcing an increased current pulse, the
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Figure 4. Electrical characteristics of sub-memristors and Resistance evolution of sub-filaments formation. a) Structure of Pt/Ta/Al2O3/Pt/Al2O3-x/
TiOy/Al2O3-x/Pt memristor. It can be considered as a combination of two sub-memristors separated by Pt islands. b) I–V characteristics of Pt/Ta/Al2O3/Pt
sub-memristors with different Al2O3 thicknesses. The memristor requires relatively low voltage and current for switching. The insert figure is the
resistance tuning characteristics of Pt/Ta/Al2O3/Pt memristors with different Al2O3 thicknesses. c) I–V characteristics of Pt/TiOx/Al2O3-x/Pt sub-
memristor. The memristor requires high voltage and current for switching, no consecutively tunable resistance states can be observed on it. d)
The evolution of filament formation. The formation details can be studied by recording the resistance of SET process. e) First SET processes of
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor after electroforming. Two abrupt resistance drops can be observed. f) Following SET processes
of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor. With more SET-RESET cycles, the first abrupt resistance transition becomes smoother.

corresponding device resistance was measured to record the cur-
rent situation of filament because resistance values of memris-
tors are strongly related to the inner filament morphology.[45]

The resistance evolution of Pt/Ta/Al2O3-x/TiOy/Al2O3-x/Pt and
Pt/Ta/Al2O3/Pt memristors can be found in Figure S5 (Sup-
porting Information). In the first SET process after electroform-
ing, only one abrupt resistance transition is encountered in both
Pt/Ta/Al2O3-x/TiOy/Al2O3-x/Pt and Pt/Ta/Al2O3/Pt memristors,
which indicates the formation of one single filament in the
switching layer.

Unlike above two types of memristors, the resistance evo-
lution of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristors
reveals interesting phenomena as shown in Figure 4d. After
electroforming, the device is reset to a resistance around 45 kΩ.
In the following first SET process, the device resistance is kept
≈45 kΩ for a moment and then reduced to 20 kΩ in a sudden
transition under 1 mA current (Figure 4e). A second abrupt
drop in resistance happens when the current is larger than
1.9 mA. There are totally two fast resistance drops occurring
in the first SET process. Given the fact that only one sudden
resistance shift is detected in Pt/Ta/Al2O3-x/TiOy/Al2O3-x/Pt and
Pt/Ta/Al2O3/Pt memristors, the presence of extra resistance
drop implies the existence of extra sub-filamentary section in
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristors. Remem-
ber that the only structural difference between Pt/Ta/Al2O3-x/

TiOy/Al2O3-x/Pt and Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristors is the extra 1 nm Pt layer, the incorporation of
this Pt layer introduces one more resistance drop for the
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristors. Thus, it is
reasonable to conclude that the two sub-filaments are separated
by Pt islands rather than Ti layer.

Moreover, the afterward SET-RESET cycles gradually
smoothen the sudden resistance drops from 45 to 20 kΩ in
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristors (Figure 4f).
The continuity in resistance transition simply suggests the tun-
able resistance states within this range. While the second drop
from 20 kΩ to 600 Ω is still abrupt even after ten SET–RESET
cycles, such difference further confirms the diverse electrical
responses of different sub-filaments. The resistance transition
from 45 to 20 kΩ indicates a construction of the first sub-filament
(f1) that contains consecutively tunable states within the 25 kΩ

tuning range. The other transition ranging from 20 kΩ to 600 Ω

reflects the formation of the second sub-filament (f2) with merely
low resistance (600 Ω) and high resistance (20 kΩ) states. Hence,
it is reasonable to assume that f1 is the filament section ranging
from top Pt electrode to the middle Pt islands in the switching
layer for the fine adjustment (Pt/Ta/Al2O3/Pt sub-memristor).
Meanwhile, there are only high and low resistance states in f2,
this sub-filament section plays a coarse adjustment role which
is consistent with filament section from middle Pt islands to the
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bottom Pt electrode (Pt/TiOx/Al2O3-x/Pt sub-memristor). It has
been discussed earlier that Pt/TiOx/Al2O3-x/Pt sub-memristors
require larger voltage and current to be switched ON compared
to Pt/Ta/Al2O3/Pt sub-memristors. Such observation also co-
incides with the fact that the voltage and current thresholds of
f2 are higher than f1. The resistance tuning of f1 should not
affect the internal resistance state of f2 if the applied current
and voltage are less than the thresholds of f2. It is worth noting
that above sub-filaments arrangement is corresponding to the
actual dynamic range of Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristor. The overall tuning performance of the memristor
can be roughly calculated as a resistance summation of f1 (0–25
kΩ) and f2 (600 Ω or 20 kΩ). When sub-filament f2 is kept at
low resistance (600 Ω) state, the dynamic range of the entire
memristor can be estimated between 600 Ω and 25 kΩ. This
range almost matches the LRDR (600 Ω to 19 kΩ). Once f2 is
maintain at high resistance (20 kΩ) state, the resultant tuning
range (20–45 kΩ) is also close to HRDR (19–50 kΩ). Here, the
slight mismatch between calculated tuning ranges and real
tuning range (LRDR and HRDR) can be attributed to the RESET
process variation because the device may be reset to a slightly
different resistance after each SET–RESET cycle.

4. Conclusion

In summary, we have proposed and experimentally demon-
strated Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristors
with a hybrid tuning mechanism of sub-filaments for the
improvement of analog switching performance. By deploying
Pt islands into Al2O3 switching layer, an entire filamentary
channel can be divided into two sub-filaments. Owing to the
different material stacks between two sub-filaments, their
correlated properties are completely inconsistent. The sub-
filament ranging from top Pt electrode to Pt island exhibits
continuously tunable resistance range and is considered as a
fine resistance adjustment for the overall tuning range. The
other sub-filament that connects the Pt island and Pt bottom
electrode is responsible for a coarse adjustment because it
only possesses high and low resistance states. Compared to
Pt/Ta/Al2O3/Pt memristor whose dynamic range is from 600
Ω to 8 kΩ, the overall dynamic range is significantly extended
(600 Ω to 50 kΩ) in Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt
memristors. The coexistence of sub-filaments is confirmed
by investigating the resistance evolutions of switching pro-
cesses. Not only a broader dynamic range is achieved in
Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt memristor, but the
total amount of stable multilevel states is also increased. In
particular, the improvement of dynamic range and multilevel
states would be beneficial to the energy efficiency of memristors
as well. Our study demonstrates a new method to improve the
analog switching performance of memristors, we anticipate this
method can be used to enrich the applications of memristive
devices for analog computing.

5. Experimental Section
Device Fabrication: The Pt/Ta/Al2O3/Pt/Al2O3-x/TiOy/Al2O3-x/Pt

memristor was fabricated on a Si wafer with 300 nm SiO2 film. To

fabricate the bottom electrode, a layer of photoresist (AZ 5214, 3000 rpm
spin coating for 1 min and baking at 118 °C for 2 min) was coated on
the substrate and cured by UV light exposure (54.3 mJ cm−2) under a
photomask. Then the sample was immersed in the developer solution
(AZ 400K Developer) for 1 min. 2 nm Ti (adhesion layer) and 20 nm Pt
(bottom electrode) were deposited on the photoresist by e-beam evap-
orator (Kurt J. Lesker E-Beam Evaporator) at a growth rate of 0.5 Å s−1.
Afterward, a lift-off process was performed on the sample to remove
residual photoresist using ultrasonic vibration. The bottom electrode was
then covered by 8 nm Al2O3 grown by ALD process (Veeco Thermal ALD)
under 80 °C. Above 8 nm Al2O3 layer, 2 nm Ti, 4nm Al2O3, 1 nm Pt,
and 4 nm Al2O3 were deposited alternatively by e-beam evaporator and
ALD. In the end, 8 nm Ta and 20 nm Pt top electrode was patterned by a
second photolithography, e-beam evaporator and lift-off process through
the same recipe we used to fabricate the top electrode.

Characterization: The optical microscope image was taken using a
Nikon Eclipse LV150N microscope. DC electrical characterizations, multi-
level resistance state measurements, resistance evolution measurements,
retention test, and switching endurance test were all carried out with the
Keithley 4200A-SCS parameter analyzer system. In the multilevel states
measurements and resistance evolution measurements, the devices were
programmed to different resistance states by current pulses (130 ms), and
the resistance was read at 100 mV. For the calculation of programmable
states, the memristor was tuned to a conductance state and then mea-
sured its conductance states for 500 times. The standard deviation 𝜎 of
these 500 conductance values was calculated to indicate the standard devi-
ation of setting the memristor to an exact conductance state. The number
of states could be calculated using the conductance tuning range divided

by twice of standard deviation (N = conductance tuning range
2𝜎

). For the reten-
tion test, the devices were programmed to different resistance states, then
reading pulses with 100 mV were sent to the devices every 10 s to mea-
sure the conductance and the total test time was 1200 s. In the switching
endurance test, the devices were switched between LCS, MCS, and HCS
continuously for 300 cycles. The voltage pulse measurement was carried
out with Keysight B1500A, the devices were programmed to different con-
ductance states by 500 ns or 100 ns voltage pulses and their conductance
was measured after each pulse under 100 mV.

Computational Details: The electric field distribution within Al2O3
switching layer with a Pt island was investigated by Comsol Multiphysics,
the Electrostatics Model was adopted for the computation. The thickness
of switching layer was defined as 16 nm and the radius of Pt island was
assigned to be 1 nm. The material of the switching layer was set to Al2O3,
and the metal material of island was set to Pt (Al2O3 and Pt materials
chosen from Comsol Multiphysics Materials Library). A 1 V bias was ap-
plied to the top electrode and the bottom electrode was set to ground, the
calculated electric field within the switching layer is shown in Figure 1b.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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