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Programmable, electroforming-free TiOx/TaOx

heterojunction-based non-volatile memory
devices†
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Electroforming-free resistive switching in memristors is essential to reliably achieving the performance of

high switching speed, high endurance, good signal retention, and low power consumption expected for

next-generation computing devices. Although there have been various approaches to resolve the issues

observed with the electroforming process in oxide-based memory devices, most of them end up having

high SET and RESET voltages and short lifetimes. We present a heterojunction interface of oxygen-

vacancy-defect-rich ultrananocrystalline TiOx and TaOx films used as the switching matrix, which enables

high-quality electroforming-free switching with a much lower programming voltage (+0.5–0.8 V), a high

endurance of over 104 cycles and good retention performance with an estimated device lifetime of over

10 years. The electroforming-free switching behavior is governed by migration of oxygen vacancies

driven by electric field localization that is imposed by the ultrananocrystalline nature of the TaOx film,

serving as the switching matrix, with the TiOx film serving as an additional oxygen vacancy source to

reduce the overall resistivity of TaOx and provide low-bias rectification. The ability to perform electro-

forming-free resistive switching along with excellent switching repeatability and retention capabilities for

various digital and analog programmable voltages enables high scalability and large density integration of

the cross-bar ReRAM framework.

Introduction

Memristors are becoming one of the pillars of the aspiring
futuristic nanoelectronic industry, and they are expected to be
soon used as a fundamentally new class of non-volatile
memory devices in adaptive electronics such as neuromorphic
circuits and artificial biological systems. Low power consump-
tion, fast switching speed, and high endurance and retention
performance are the basic requirements of any future non-
volatile memory devices.1–11 However, the irreversible electro-
forming step in the activation of the memristor remains one of
the major obstacles to achieving high-density integration of
this type of memory cell. In the past decade, filamentary
switching12–19 has been widely accepted as the switching
mechanism in metal–oxide-based memristors. This mecha-

nism involves the formation and rupture of a conducting fila-
ment (of an oxygen-deficient phase) in an insulating oxide
matrix20–22 between two metal electrodes, which is usually
initiated by an electroforming voltage of ±6–10 V.10,14,20,23 This
electroforming process is required in order to create, in effect,
an electric field sufficiently large to initiate a “soft” breakdown
of the dielectric material. Such a breakdown process, however,
does come with several notable disadvantages, including (a)
time-consumption, because each device must undergo the
electroforming step before commencing normal operation; (b)
high variance among the devices and unreliable endurance, as
the electroforming voltage could vary from sample to sample
over a large number of devices on the same chip; and (c) low
yield, because of the high probability of electroforming failure.
All of these drawbacks are primarily caused by excessive Joule
heating.17,24–26 In addition, with potential further oxygen evol-
ution in each cycle, the conducting channel could become
damaged in each write–erase cycle, resulting in low reproduci-
bility and short device lifetime. Electroforming-free switching
of the memristor is therefore essential to facilitate reliable,
non-destructive operation at low power with a long retention
time and ultimately high-density integration.20,27–30

In contrast to filamentary switching, the less explored inter-
face-type switching,21,30–33 also known as vacancy modulating
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conductive oxide (VMCO) resistive switching, could offer an
alternative mechanism for creating a stable electroforming-free
memristor. These devices use electrical modulation of the
defect profile to vary the conductance of the tunneling barrier.
Recently, several research groups have begun to use nano-
structure formation,28 doping,34 and multilayer stacking35–38

in the switching matrix to create an electroforming-free mem-
ristor. These efforts remain largely limited by the high switch-
ing voltages (>4 V) and by the short lifetime (endurance) and
retention capabilities. Here, we demonstrate the exceptional
performance of a VMCO cell based on a novel hybrid TiOx/
TaOx switching matrix that does not require electroforming.

With only the insulating Ta2O5 phase being the well-estab-
lished equilibrium phase and multiple conducting phases
(including TaO and TaOx),

39 tantalum oxide is a well-known
high-κ dielectric material commonly used in field-effect
transistors,40–42 and it is attracting a lot of interest for its use
in memristor technology.4,5,7,23,43,44 During the resistive
switching of Ta2O5 based memristors, the insulating Ta2O5

phase transforms into the conducting TaOx phase with the for-
mation of oxygen vacancies initiated by Joule heating at a high
applied bias.1,38 However, even with some improvement in
stability, their performance remains limited by the require-
ment of the irreversible electroforming process in its virgin
state (prior to the normal switching between the SET and
RESET states).

As each layer could play a significant role in the switching
mechanism, heterojunction devices have been adopted as an
important class of device architecture for memristors.10,29,45–48

We present a memristive switching device based on, for the
first time, the TiOx/TaOx heterojunction. In this device, TaOx

in its metastable state serves as the reservoir for the oxygen
vacancies, while the switching occurs in the TiOx layer. The
first switching in this device is observed to occur at a much
smaller voltage of +0.8 V compared to previously reported
devices (see Table S-1† for better comparison).1,20,38,49 With
the subsequent 104 switching cycles also performed at simi-
larly low voltages, this device exhibits high performance found
in the top such devices reported in the literature. We further
show that the switching behavior of the device can be con-
trolled by careful optimization of the volume of the switching
matrix (e.g. by varying the thickness of the active layer). We
also demonstrate that once the heterojunction interface of the
switching matrix is activated, the SET/RESET voltages can be
tuned by programming the I–V measurement parameters such
as the compliance current, stopping voltage, and width of the
bias voltage pulse.

Results and discussion
Fabrication and characterization of the Pt/TiOx/TaOx/Pt device
architecture

In our recent work,3 we develop a single-layer TiOx based mem-
ristor that exhibits interface-type switching activated by a low
bias. The nanocrystalline nature of the oxygen-deficient TiOx

layer enables excellent endurance and retention capabilities in
our device with much smaller SET/RESET voltages than those
of the majority of devices reported in the literature. In the
present work, we build a new memristor device capable of
operating not only entirely electroforming-free but also at a
low bias (Fig. S-1†). This is made possible by introducing a het-
erojunction multilayer device architecture with the addition of
a tantalum oxide film in order to provide in-built oxygen
vacancies. As the crucial material for the top electrode (TE)
and bottom electrode (BE) for obtaining stable memory cells,
Pt is chosen because of its work function, with the Fermi level
in a near-perfect match with the defect states of TaOx. Our het-
erojunction memristor therefore has three different interfaces:
Pt/TiOx (top), TiOx/TaOx (middle) and TaOx/Pt (bottom), each
of which plays a significant role in the overall resistive switch-
ing event. A typical heterojunction crossbar device structure,
fabricated on a SiO2/Si substrate, is shown schematically in
Fig. 1a. The area of the active matrix layer, i.e. the TiOx/TaOx

layer, sandwiched between the top and bottom Pt electrodes
defines the junction size or cell size. The thickness of the TiOx

film is kept constant at 10 nm, while four different thicknesses
(10, 20, 40 and 60 nm) of the TaOx film, obtained by employing
appropriate deposition times, are used. Fig. S-1a and S-1b†
show the SEM images and corresponding EDX maps of the
devices, while Fig. 1b shows the cross-sectional TEM image of
the memristor device with a junction size of 10 × 10 µm2,
along with the cross-sectional TEM-EDX maps (Fig. 1b, inset).
The top Pt layer appears slightly thinner than the bottom Pt
layer, which is due to sample preparation used for the cross-
sectional TEM analysis. The corresponding high-resolution
TEM images of the TaOx, TiOx and Pt regions shown in Fig. 1c
clearly indicate the nanocrystalline nature of all three films
(with ultrasmall crystallite sizes <4 nm).

The glancing-incidence X-ray diffraction patterns for TaOx

films (separately deposited over a large area on Pt-coated SiO2/
Si substrates) with different film thicknesses are shown in
Fig. 1d. The predominant XRD features of the 10 nm thick
TaOx film correspond only to the underlying nanocrystalline Pt
film, with a crystallite size of 4–5 nm (as estimated by the
Scherrer analysis). Appearing as shoulders of the nearby Pt fea-
tures, the TaOx (220) and other features are found to be con-
siderably weaker, which suggests that the 10 nm thick TaOx

film is largely amorphous. All other thicker TaOx films exhibit
sharper and more well-defined TaOx features with increasing
film thickness, all with a nanocrystallite size less than 2–3 nm.
The nanocrystalline structure in the thicker TaOx films is likely
induced by the underlying Pt layer, which provides the tem-
plate for the nanocrystalline growth with a longer deposition
time. Depth-profiling XPS analysis has been performed on the
60 nm thick TaOx film deposited on a Pt-coated SiO2/Si sub-
strate. The Ta 4f spectrum for the as-deposited film (Fig. 1e)
shows an intense Ta 4f7/2 (4f5/2) peak at 27.0 (28.9) eV and a
weaker Ta 4f7/2 (4f5/2) feature at 22.3 (24.2) eV, corresponding
to Ta2O5 and TaOx (1 ≤ x ≤ 3), respectively,20,50 the former of
which is likely due to surface oxidation in air. Upon sputtering
for 30–60 s, the Ta2O5 feature is evidently reduced, while the
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oxygen-deficient TaOx layer appears to increase in intensity.50

The TaOx peaks become quite intense upon sputtering to 300
s. After 600 s of sputtering, TaOx appears to undergo ion-
induced reduction to metallic Ta with the Ta 4f7/2 (4f5/2)
feature at 21.8 (23.8) eV.51,52 The corresponding intensity
change in the O 1s feature at 531.5 eV is consistent with the
initial removal of surface Ta2O5 in the first 60 s of sputtering,
followed by the more steady O 1s intensity after reaching the
TaOx layer upon sputtering for 300 s (Fig. 1f). The corres-
ponding depth-profiling C 1s and Pt 4f spectra are shown in
Fig. S-2.† The RRMS surface roughness of the oxide film
obtained from AFM analysis is found to be 0.84 nm for a 5 ×
5 µm2 scan area (Fig. S-3†).

Memristor performance and switching mechanism

In its virgin state (prior to the application of any electrical
bias), the Pt (TE)/TiOx/TaOx/Pt (BE) device remains in a high
resistance state (HRS) (∼MΩ), consistent with the oxygen
vacancies uniformly distributed in the bulk of the TaOx

film.17,53 As an intrinsic Schottky-like barrier exists between
the Pt BE and TaOx layer, the device exhibits an exponential
current–voltage behavior. The resistance of the device in the
virgin state can be determined by measuring the current (I) as
a function of the small applied voltage (V).

The resistance state can be tuned by applying a positive
bias voltage on the Pt BE, with the Pt TE grounded, to create a
sufficiently large electric field to drive these positively charged
oxygen vacancies from one electrode to another. Resistive
switching in the TiOx/TaOx heterojunction memristor can
therefore be understood in terms of drift of the in-built oxygen
vacancies (cationic ion transport) from the BE to the TE in the
TaOx layer followed by diffusion of these oxygen vacancies into
the more electronegative TiOx layer (relative to TaOx).

20 Such a
process is often known as valence change memory.6 In the
present case, electroforming-free resistive switching is
achieved because at the TiOx/TaOx heterojunction, the more
electronegative system TiOx with δ− charge tends to attract the
cations (containing the oxygen vacancies) while the electrons

Fig. 1 Device structure and physical characterization of the Pt/TiOx/TaOx/Pt heterojunction. (a) Schematic diagram of the multilayer architecture of
the Pt/TiOx/TaOx/Pt memristor device. The TiOx layer thickness is kept the same at 10 nm, while the TaOx layer thickness is varied from 10 to 60 nm
in order to observe the effect of the TaOx layer thickness on the electrical behavior of the memristor device. (b) Cross-sectional TEM image and the
corresponding EDX elemental maps of the device (inset) [color coding: blue for Pt, red for TiOx and green for TaOx]. (c) High-resolution TEM images
of the corresponding nanocrystalline TaOx, TiOx and Pt regions (insets show FFT images of the selected area in the corresponding TEM images). (d)
XRD patterns of TaOx films with four different thicknesses (10, 20, 40 and 60 nm), each deposited on a 60 nm thick Pt layer supported on a SiO2/Si
substrate, along with the reference patterns for tetragonal TaOx (PDF2 00-015-0244) and bcc Pt (PDF2 00-001-1311). (e and f) Depth profiling XPS
spectra of the Ta 4f and O 1s regions for the 60 nm thick TaOx film deposited on a 60 nm thick Pt layer (i.e., without the top Pt/TiOx layers), sup-
ported on a SiO2/Si substrate.
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are being attracted towards TaOx
δ+ even at a low bias. The

leakage current (the HRS current level at low voltage) remains
very low because of the high-κ dielectric nature of the TaOx

layer. The process in which the device goes from the HRS to
the low resistance state (LRS) is called SET, with the corres-
ponding voltage VSET. Similarly, RESET is the reverse process
when the device goes from the LRS to the HRS with the voltage
VRESET.

A typical I–V curve for switching the TiOx/TaOx heterojunc-
tion device is shown in both linear and semilog scales in
Fig. 2a. The resistance of the device changes from the HRS
(low current region) to the LRS (high current region) at VSET
(+0.8 V), i.e. from the distinct binary state 0 (OFF) to the binary
state 1 (ON), when a positive sweep voltage is applied on the
TaOx/Pt interface (BE) side (with the TE grounded). During the
reverse sweep, the device follows the ohmic characteristic until
VRESET (−2.0 V), at which the device returns to the HRS. An
exponential I–V behavior is observed from VRESET to VSET
(forward sweep), while a linear I–V behavior is found from VSET
to VRESET (reverse sweep). The resistive switching from the HRS

to the LRS at low VSET, as demonstrated in the present hetero-
junction device, is highly desirable for the low-power-con-
sumption, high-performance CMOS technology. To demon-
strate the importance of these novel heterojunction devices in
achieving electroforming-free switching behavior, we compare
the present results with those obtained with just one active
layer, i.e. a 60 nm TaOx film, sandwiched between the top and
bottom Pt electrodes. In a separate experiment, we fabricate
such a Pt/TaOx/Pt memristor device (i.e. without the TiOx layer
and with all the other parameters the same). Evidently, the
corresponding I–V curve (Fig. 2b) shows that there is no clear
switching onset from the HRS to the LRS, over the same sweep
range of ±2.0 V, in marked contrast to the Pt/TiOx/TaOx/Pt
memristor that exhibits discrete ON and OFF states with VSET
at +0.8 V and VRESET at −2.0 V.

The electric field dominating switching mechanism of our
heterojunction devices is supported by the dependence of the
resistive switching behavior on the junction size. We have fab-
ricated our TiOx/TaOx heterojunction devices with four
different junction sizes. The corresponding current density vs.

Fig. 2 Switching characteristics of a TiOx/TaOx based memory cell. (a) I–V curve and log|I| vs. V curve (inset) of the Pt/TiOx/TaOx/Pt memristor with
a 10 × 10 µm2 junction size exhibiting bipolar resistive switching, where the SET process switches the device from the HRS (OFF) to the LRS (ON)
while the RESET process switches the LRS back to the HRS. (b) I–V curve of a Pt/TaOx/Pt memristor with the same dimensions as the Pt/TiOx/TaOx/
Pt memristor but without the TiOx layer. (c) Log|J| vs. V curves obtained for the Pt/TiOx/TaOx/Pt memristors with four different junction sizes (5 ×
5 μm2, 10 × 10 μm2, 20 × 20 μm2, 50 × 50 μm2) illustrating the junction size effect with very similar switching (SET) voltages. (d) Log|I| vs. V curve of
the device shown in (a) to illustrate its low power (300 nW) performance achieved for an ultra-low programming voltage of <50 mV with an ON
current of ∼10 μA.
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voltage ( J–V) curves (Fig. 2c) of all four junction sizes provide
clear evidence of their junction size dependence, where the
smaller junction size exhibits the larger (better) ON-to-OFF
current density ratio at almost the same VSET. This is because
as the dimension of the junction area becomes smaller, the
oxygen vacancies are more constricted to flow directly
(between the BE and TE) by the same applied electric field
(due to a higher electric field density). We also show that by
setting a smaller compliance current (∼10 μA in our case) our
device is observed to be switched with a much smaller pro-
gramming voltage (VSET < 50 mV) and the LRS current is in the
μA range (Fig. 2d). Fig. S-4a† shows the LRS current vs. voltage
for the device at different compliance currents where the LRS
current is found to be decreasing with smaller compliance
current. This behavior shows the potential of multistage
switching in our devices.

Fig. 3 shows a schematic diagram for the proposed switch-
ing mechanism based on the movement of oxygen vacancies.
These oxygen vacancies are uniformly distributed in both TiOx

and TaOx films in its virgin state (Fig. 3a) while the TiOx/TaOx

and Pt (TE)/TiOx interfaces remain in the HRS. When a posi-
tive voltage is applied to the Pt BE, the oxygen vacancies in the
TaOx film drift towards the Pt TE under the generated electric
field. Below VSET, however, the field is not strong enough for
the vacancies to diffuse through the TiOx layer to switch the
device into the LRS (Fig. 3b and c). With further increase in
the applied VSET to above a threshold value, these vacancies
make their way through the TiOx layer and reach the Pt TE

layer while the oxygen vacancies in the TiOx layer also travel
toward the TE under the generated field. In this SET process,
tunneling and diffusion of oxygen vacancies occur and the
vacancies could be pushed easily towards the Pt TE, thereby
switching the device to the LRS (Fig. 3d). In the reverse sweep,
the oxygen vacancies are pushed away from the top electrode
and the device goes back to the HRS. In this RESET process, a
no-vacancy zone in the TiOx layer is created54 (Fig. 3e). After
the first cycle, the SET and RESET processes could be repeated
by applying a similar set of VSET and VRESET voltages.

While investigating the effect of the TaOx film thickness on
the resistive switching performance of our Pt/TiOx/TaOx/Pt het-
erojunction device with a 10 × 10 μm2 junction, we observe
that the switching voltage for TaOx films thinner than 10 nm
is more than twice that of the thicker films. This switching be-
havior could be correlated with the crystalline nature of the
films with different film thicknesses where a 10 nm thick TaOx

film is largely amorphous while thicker TaOx films are largely
nanocrystalline (Fig. 1d). Unlike the other thicker nanocrystal-
line TaOx films that undergo switching below +0.8 V, the
device with the 10 nm thick amorphous TaOx film does not
switch and it does not undergo the SET process until VSET is
+1.7 V. In the negative sweep, the RESET process is achieved
when VRESET is more negative than −2.5 V. This behavior could
be caused by the depletion of conductive defects such as
metallic Ta or oxygen vacancies in the amorphous TaOx films,
in accord with the structural non-homogeneity in the amor-
phous film. The ON and OFF currents for devices with

Fig. 3 Schematic diagram of various states of the switching cycle for a Pt/TiOx/TaOx/Pt heterojunction memristor. (a) Virgin state under zero bias
conditions, where the oxygen vacancies in TiOx (green solid dots) and TaOx (red solid dots) are distributed randomly inside the respective layers. (b
and c) Oxygen vacancies in TaOx begin to drift towards TiOx upon applying a positive voltage VSET (below a threshold value) at the bottom electrode
(BE) with the top electrode (TE) grounded. (d) When VSET reaches a sufficiently high value, the oxygen vacancies can easily migrate to the TE, and the
device switches into the LRS. (e) When the voltage is swept back to VRESET, the oxygen vacancies are pushed away from the TE side and the device
switches back to the HRS.
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different TaOx film thicknesses are compared in Fig. 4b.
Although the 10 nm TaOx film shows a higher ON/OFF current
ratio, the devices with a 60 nm thick TaOx film and a 10 ×

10 µm2 junction size are found to have the best ON-to-OFF
current ratio (among all devices reported in the present work)
when the SET voltages (being much lower) are taken into con-

Fig. 4 Effects of TaOx film thickness in the TiOx/TaOx memristors with a 10 × 10 µm2 junction size on SET and RESET. (a) Resistive switching for
memristors with 10 nm and 60 nm thick TaOx layers. (b) The corresponding currents obtained at +0.5 V applied bias for the HRS (OFF) (red spheres)
and the LRS (ON) (blue spheres) of memristors with different TaOx film thicknesses.

Fig. 5 Endurance, retention capabilities, and programmable switching modes of the TiOx/TaOx memristor with a 10 × 10 µm2 junction size and a TaOx

film thickness of 60 nm. (a) Log|I| vs. V curves of over 104 cycles with expanded views of selected regions shown in the insets. (b) Currents obtained at a
READ voltage of 0.5 V for the HRS and LRS for over 105 s, illustrating the high retention capabilities of the device. Linear extrapolation of the retention data
projects the device lifetime to be over 10 years (inset). (c) RESET for different stopping voltages VSTOP (+0.5 to +2.5 V) with the corresponding SET voltages
VSET shown in the inset. SET and RESET can be manually programmed by using different stopping voltages. (d) Uniform resistance variation with repeated
electrical cycles for READ pulses of +0.5 V with a pulse interval of 0.5 s before and after the device has gone through the first SET process at 1.0 V.

Paper Nanoscale

18164 | Nanoscale, 2019, 11, 18159–18168 This journal is © The Royal Society of Chemistry 2019



sideration. These devices are used to further evaluate their
device stability and endurance.

We show, in Fig. 5a, the remarkable repeatability and
endurance in the I–V profiles of our memristor device with a
10 × 10 µm2 junction size and a 60 nm thick TaOx film for
over 10 000 cycles (following the first switching cycle), all
with similar VSET and VRESET. As the repeated cycling between
the HRS and LRS does not involve the formation of additional
oxygen vacancies and consequently corrosion due to Joule
heating, there is therefore no detectable degradation of the
device behavior. There is also no discernible difference
between VSET for the first switching cycle from the HRS to the
LRS and those for the subsequent cycles, which confirms that
a high-bias electroforming step is not required to initiate the
device operation. Furthermore, the device is found to main-
tain similar ON and OFF currents up to 105 s at a READ
voltage of +0.5 V (Fig. 5b). This indicates the high retention
capacity of our heterojunction memristive device, as one of
the best among other reported devices.1,36,45,55–60 There is a
small increase in the HRS current (Fig. 5b) that corresponds
to the slow and constant formation of oxygen vacancies
within the small voltage regime over a period of time.
Fig. S-4† shows the retention characteristics of the devices for
different read voltages, and the read-out current in the LRS is
found to be very stable after the long retention. Linear extra-
polation of the data provides the estimated lifetime of the
devices to be more than 10 years (inset of Fig. 5b). We also
fabricate over 300 memristor devices, each with a junction
size of 10 × 10 µm2, on the same chip (Fig. S-5†). All these
devices exhibit essentially the same switching voltage VSET,
which demonstrates the high reproducibility and robustness
of our fabrication process.

To program or tune the SET and RESET voltages of the
device, the stopping voltage (the maximum positive voltage
during the I–V sweep) is found to play an important role.
Evidently, VRESET becomes smaller with decreasing stopping
voltage during the SET process (Fig. 5c). The SET voltage is
also found to decrease in a similar fashion (Fig. 5c inset)
but the change is small when compared to that found for
the RESET voltage (Table S-2†). This is an important result
for the integration of programmable circuits, because the
behavior of the device can be programmed by simply setting
the stopping voltage. In addition to the analog switching
characteristics demonstrated above, uniform resistance vari-
ations with repeated electrical cycles in the virgin state and
in the switching state are observed at a READ voltage of
+0.5 V when applying DC electrical pulses of ±1.0 V on the
device. The interval between the electrical pulses is set to
be 0.5 s. Evidently, a stable ON-to-OFF current ratio is
obtained in both the virgin state and the switching state, as
shown in Fig. 5d. This memristive behavior is interesting
because it has been suggested that such a behavior is
similar to the behavior of synaptic connections between
neurons that can be made stronger or weaker through
polarity, strength and duration of the chemical or electrical
signals.10

Conclusion

Using a TiOx/TaOx heterostructure-based materials system, we
have successfully fabricated an electroforming-free non-volatile
memory device with a remarkably low programing voltage
(+0.5 V) and other notable device performances (such as
endurance up to 104 cycles and retention up to 105 s). The
nanocrystalline, oxygen vacancy-rich TaOx layer in our
memristor device is found to enable the bipolar interface-type
switching mechanism. By stacking a high-κ dielectric material
such as TaOx with a more electronegative TiOx layer, we
produce a hybrid active matrix for an excellent memory device
with much smaller SET voltages, extremely high repeatability/
endurance and stable ON-to-OFF current ratios. Our study
on the effects of different junction sizes and TaOx layer
thicknesses on the switching behavior of the devices further
shows that these device structural parameters can be used to
control the switching voltage and the ON-to-OFF current
ratios. More importantly, the programmable switching behav-
ior under both analog and pulsed signals makes these mem-
ristor devices potential candidates for advanced logic com-
ponents for computers and adaptive circuits. This study paves
the way to develop quantitative models to understand other
device architectures based on hybrid materials and to further
exploit the benefits of continued miniaturization by creating
even smaller junctions using advanced nanoscale lithography
techniques.

Materials and methods
Device fabrication

A maskless optical lithography system (Intelligent
Micropatterning Inc.) was used to fabricate crossbar memris-
tors on SiO2/Si substrates through three-layer photolithogra-
phical steps (Fig. S-1†). Shipley 1827 photoresist (MicroChem)
was spin-coated (at 3500 rpm for 40 s) onto the substrate, fol-
lowed by baking at 90 °C on a hot plate for 60 s.
Photolithography was then performed under the exposure of
UV light (434 nm). The written pattern was developed in an
MF-24 developer (MicroChem) for 60 s followed by rinsing
with filtered high-resistivity (18.2 MΩ) water. For the bottom
electrode, a 30 nm thick Pt layer was sputter-deposited on the
SiO2/Si substrate at room temperature in an I bar configuration
followed by a lift-off process. For the middle active-matrix
layer, a high purity TaOx layer (60 nm thick) was deposited at
room temperature using radio frequency (RF) magnetron sput-
tering of a Ta metal target (99.95% purity, ACI Alloys) in a
physical vapor deposition system (Mantis Deposition Ltd) with
a base pressure of 1 × 10−8 mbar, followed by RF sputter-depo-
sition of a high-purity TiOx (10 nm thick) layer from a Ti target
and then by a lift-off process. Finally, the Pt top electrode was
deposited in an I bar configuration oriented perpendicular to
the bottom electrode using the same procedure as that for the
bottom electrode. The film thicknesses of all the layers were
determined by using a profilometer (KLA Tencor P6). For
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physical characterization, the TiOx layer and the top electrode
were not deposited, and the TaOx films were deposited on Pt-
coated SiO2/Si substrates using the same parameters as those
used for the actual devices. Prior to the photolithography
steps, all the Si substrates used in the present work were
sequentially cleaned ultrasonically in HPLC-grade acetone, iso-
propyl alcohol, and filtered high-resistivity water. The SiO2/Si
substrates used for the aforementioned photolithography steps
were obtained by annealing Si substrates in an oxygen atmo-
sphere in a quartz tube furnace for 90 min and the resulting
native oxide layer was estimated to be ∼100 nm thick.

Characterization

The surface morphology and crystallinity of the metal and
metal oxide films of different film thicknesses in our memristor
device were characterized by transmission electron microscopy
(TEM) using a Zeiss Libra 200MC microscope, field-emission
scanning electron microscopy (SEM) using a Zeiss Merlin elec-
tron microscope, and glancing-incidence X-ray diffraction (XRD)
using a PANalytical X’pert Pro MRD diffractometer with a Cu Kα
X-ray source. An Bruker energy-dispersive X-ray (EDX) analysis
system coupled with the TEM system was used for elemental
mapping. The cross-sectional TEM samples (lamella) were pre-
pared using a Zeiss Auriga focused ion beam SEM system. In
order to characterize the chemical-state compositions of the
layers in the fabricated devices, X-ray photoelectron spec-
troscopy (XPS) was conducted in the depth-profiling mode
using a Thermo-VG Scientific ESCALab 250 microprobe
equipped with a monochromatic Al Kα X-ray source (1486.6 eV).
Argon ion sputtering was performed over a raster area of 3 ×
3 mm2 at an ion beam energy of 3 keV and a typical sample
current density of 110 nA mm−2. The XPS data were fitted using
the CasaXPS software after removing the Shirley background.
For the electrical characterization studies, the resistive switch-
ing behavior of the fabricated devices was measured in the I–V
sweep mode using a Signatone Series 1160 DC measurement
system coupled to an Agilent B1500 semiconductor analyzer.
Tungsten probe tips with a 10 µm tip size were used for con-
necting to the electrodes. All the I–V measurements were per-
formed at room temperature.
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