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Novel Electroforming-Free Nanoscaffold Memristor with
Very High Uniformity, Tunability, and Density

Shinbuhm Lee, Abhijeet Sangle, Ping Lu, Aiping Chen, Wenrui Zhang, Jae Sung Lee,
Haiyan Wang, Quanxi Jia, and Judith L. MacManus-Driscoll*

Dynamical tuning of the concentration of defects in oxides pro-
vides a route to controlling new functionalities.'! The chemical
potential to capture the functionalities driven by mobile ions
and defects can be one of the key control parameters (as well
as electric field, magnetic field, and stress) for tuning the func-
tionality of complex oxides.l'! Interesting signatures related to
oxygen vacancies have been explicitly observed in widespread
physical applications, including solid oxide fuel cells,/?l cata-
lysts,l optoelectronics, and electronics.~14

In the virgin state of most single-phase oxides (either binary
or ternary oxides), the concentration of oxygen vacancies (V,"
in the notation of Kréger and Vink®) is probably not enough to
give ‘lonotronic’ (ionic + electronic) behavior. Depending on the
device structures and applications, different approaches have
been proposed to increase the V,” concentration of oxides in
virgin samples. For example, irreversible electroforming is usu-
ally required to generate percolating oxygen deficient phases
with application of a high electrical stimulus to single-phase
oxides (Figure 1a).'>1® Since this electroforming is random
and uncontrollable, the variation of device performance across
the chip and from-chip-to-chip has been a formidable technical
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challenge.l'l In addition, since electroforming is destructive, it
frequently damages or even kills the devices,!' and presents
very serious obstacles for practical devices. Another method to
increase V," in single-phase oxide materials is partial substitu-
tion (Figure 1b) with dopants (e.g. Y-doped ZrO, and Gd-doped
Ce0,).?l This method has been mainly used in oxide electro-
lytes working at very high temperature for solid oxide fuel cells
and oxygen sensors. Higher mobility V" has been reported in
lateral multilayers (Figure 1c).l'”] Oxygen disorder is observed
at the lateral semicoherent heterointerfaces of dissimilar struc-
tures, thus providing large concentrations of V" distributed
throughout lateral interfaces. However, it is difficult to adapt
the lateral multilayers to circuit elements because the current
flows in lateral directions, which results in inherently poor inte-
gration density. The artificial engineering of V," in ionotronic
devices working at room temperature is still in the early stages.

Here, in very simple, self-assembled nanoscaffold films con-
taining nanocolumns with ~10-nm-radius and ~10-nm-interco-
lumnar-spacing, we demonstrate electroforming-free reversible
electroresistance at room temperature. The nanoscaffold films
(Figure 1d) are very easy-to-grow, since they self-assemble to
give vertical heterointerfaces with V,” channels along the inter-
faces. The structure has a clear advantage over conventional
multilayers in multifunctional device nanoengineering.” 121
Our strategy is to design vertical interfaces using two structur-
ally incompatible oxides, which are likely to generate a high con-
centration V,". The resistance variations exceeded two orders
of magnitude, with excellent uniformity and tunability. Using
electron energy loss spectroscopy, we find oxygen deficiency at
the vertical heterointerfaces of nanocolumns and matrix, arising
from structural incompatibility. Using conductive atomic force
microscopy, we find that high conductivity is confined at vertical
heterointerfaces, potentially leading to terabit integration den-
sity. Using numerical simulations, we explain the electroresist-
ance in nanoscaffold films by the Joule-heating-accelerated drift
of oxygen vacancies localized at vertical heterointerfaces.

We grew nanoscaffold films of SrTiO;-Sm,03, BaTiO3-Sm, 03,
and Bag St 4Ti03-Sm,0; onto (001) Nb-doped SrTiO; substrates
using a simple one-step process of pulsed laser deposition. The
cubic bixbyite Sm,0; is an ideal material because it substitutes
only minimally into alkaline earth titanate perovskites.['>-2!l
Figure 2a shows the nonvolatile resistance (R) switching as a
function of voltage (V) in nanoscaffold SrTiO;-Sm,0; films,
whose electrodes are circular Pt with 50-um-radius. For all the
electrical measurements, we grounded the Nb-doped SrTiO;
substrate and applied the voltage to the Pt electrodes. The films
were highly resistive (~10 MQ) in their virgin state. To switch
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Figure 1. Schematic diagrams of conventional methods to generate V,".
a) Irreversible electroforming with application of a high electrical stim-
ulus to single-phase oxides. b) Conventional single-phase oxide film frac-
tionally substituted with dopants. c) Conventional multilayer film causing
oxygen disorder at the lateral heterointerfaces of dissimilar crystal struc-

tures. d) Nanoscaffold film causing oxygen vacancies at the vertical het-
erointerfaces of dissimilar crystal structures.

the resistance value, we applied sequential voltage pulses, with
amplitude increasing or decreasing with time. To read the resist-
ance value between each voltage pulse, +0.1 V was applied and
the current was measured. When we applied a small positive
voltage, the virgin state was switched into low-resistance state
(LRS). When we applied a small negative voltage, the device in
the LRS could be switched back into the high-resistance state
(HRS). Similar R—V curves were also observed in other nanoscaf-
fold Bag ¢St 4Ti03-Sm, 05 and BaTiO3-Sm,0; films (Figure S1).
It should be noted that we could obtain a broad range of
intermediate resistance states since the resistance switching
occurs gradually. The inner concentric loops in Figure 2a (black
to blue curves) show that the ratio of high and low resistances
can be finely tuned, depending on the amplitude of applied
voltage. For example, resistance ratios of LRS and HRS were
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~100 (black curve) and ~10 (green curve) when we applied |V|
of 10 V and 5 V, respectively. The phenomenon has recently
been attracted great attentions to realize multilevel data storage
memory (so-called memristor).[-13l

Interestingly, the nonlinear electroresistance occurs without
destructive electroforming in the nanoscaffold devices. Indeed,
the resistance of HRS (~10 MQ) is very similar to that of
the virgin state even after many repeated electrical cycles
(Figure S2). The resistance values of both LRS and HRS scaled
inversely with the electrode area, indicating that the conduction
pathways are uniformly distributed. On the contrary, electro-
forming was present in single SrTiO; and Sm,0; films, since
the current increased suddenly when we applied a voltage in
their virgin state (Figure S3).

The electroresistance in the electroforming-free nanoscaffold
films was superior to electroforming single-phase oxides in fol-
lowing aspects. First, the resistance variation with repeated elec-
trical cycles (i.e., endurance) is very uniform in our nanoscaffold
films. We applied sequential voltage pulses of +10 V and -10 V
to switch the resistance state and +0.1 V between each voltage
pulse to read the resistance. The excellent uniform resistance
variations last for over 103-cycles, as shown by a black line
in Figure 2b. After one month, we found that the device had
retained the original resistance state without obvious degrada-
tion (long retention, Figure S4). As shown by the grey line, the
device still reveals excellent uniform resistance variations over
10° cycles with a similar resistance ratio. In addition, the uni-
form endurance and the nonvolatile R—V curves are reproduc-
ible from device to device (Figure S5). Second, the resistances
of HRS and LRS are tunable by varying deposition conditions.
Figure 2c and d show large variations of resistance with orders of
magnitude change when we varied either the film thickness or
the laser repetition rate during film deposition, respectively. We
can easily obtain a resistance corresponding to an optimum cur-
rent level (e.g., ~1 pA) for both low power consumption and reli-
able information sensing. As pointed out in other reports,!'222
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Figure 2. Electroresistance of SrTiO;3-Sm,0;3 nanoscaffold device. a) Multilevel R—V curves. b) Very uniform resistance variation with repeated electrical
cycles. ¢) and d) Systematic tunable resistances of HRS and LRS by varying film thickness and laser repetition rate.
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Figure 3. Formation of V," at vertical heterointerfaces due to the structural discontinuity of SrTiO; matrix and Sm,03 nanocolumn. a) “Nano-comb”-like
spontaneous phase ordering in cross-sectional-view of hanoscaffold SrTiO3-Sm,0O3, as revealed by cross-sectional STEM HAADF image. b) High-resolution
HAADF image of vertical interface of SrTiO; matrix and Sm,O3 nanocolumn in cross-sectional-view. c) Crystallographic modelling of vertical interface
between SrTiO; and Sm,0s. d) STEM HAADF plan-view image of SrTiO3; matrix and Sm,0; nanocolumn. e) Measured concentration profile of Sm (green
line), Ti (grey line) and O (blue circles) elements across the vertical interface using EELS. Shown in red circles is the calculated EELS signal of O element.

the simultaneous realization of the above-mentioned properties
in the same device was the most difficult problem in single-
phase oxide films due to the requirement of electroforming. To
the best of our knowledge, our nanoscaffold devices are the first
to give electroforming-free behavior in a simple device along
nano-engineered ionic channels.

To explore the possible origin of the intriguing, new non-
linear electroresistance phenomenon we have observed in the
nanoscaffold films, we investigated the atomic structure at the
vertical interfaces. Figure 3a is a scanning transmission electron
microscopy (STEM) high-angle annular dark-field (HAADF)
image of nanoscaffold SrTiO3-Sm,0; films in cross-sectional-
view, showing spontaneous phase ordering. The 100-nm-long
bright nanocolumns are very straight. The dark and bright
contrast regions of ~10-nm-width are alternatively separated
like a “nano-comb’. Due to atomic number Z-contrast nature
of HAADF imaging, the dark and bright areas in the image
correspond to the SrTiO; and Sm,0;, respectively. The result
was further confirmed by energy-dispersive x-ray spectroscopy
(EDS) (Figure S6). The epitaxial Sm,0; phase grows on the
Nb-doped SrTiO; substrate with a 45° in-plane rotation to mini-
mize their lattice mismatch,12!1 which was also proven by
an x-ray diffraction phi-scan (Figure S7). The reciprocal space
maps also reveal that the (048) Sm,0; peak of SrTiO3-Sm,05
nanoscaffold films is much narrower than that of single Sm,0,

© 2014 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

films (Figure S8). This indicates that, in the nanoscaffold film,
both Sm,0; and SrTiO; are well crystallized and their lattice
constants are uniform through the thickness of the film.[19-2!]
Now, we consider structural incompatibility at the vertical
interfaces of SrTiO3; and Sm,0s. Figure 3b shows a high-resolu-
tion HAADF image of the vertical interfaces in cross-sectional-
view. This atomic resolution image indicates sharp interface
between SrTiO; and Sm,0;. According to schematic crystallo-
graphic modeling in Figure 3c, every 11" Sm atomic plane can
match with the SrO layer of every 8 consecutive SrTiO; unit cell
because 10x @smor= 7x @smo, (=27 A), where @smo:(=2.7 A) and
asio, (=3.9 A) correspond to interplanar spacing of the Sm,0;
(004) and SrTiO; (001) planes, respectively. This partial lattice
matching is energetically favorable because the residual strain
could be significantly reduced.?!! However, between matching
planes, the vertical interfaces should be structurally incompat-
ible due to large lattice misfit and different atomic patterns of
SrTiO; (perovskite, Pm3m in the notation of the space group)
and Sm,0; (bixbyite,Ia3). Hence, misfit dislocations should
exist at the vertical interfaces, leading to higher density V,".12324
Considering the structural incompatibility at the vertical
interface of the SrTiO; matrix and the Sm,0; nanocolumns,
we propose that a large concentration of V," can readily form
there. To check this hypothesis, we measured the concentra-
tion profile of atomic elements across the vertical interface by
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the electron energy loss spectroscopy (EELS). Figure 3e shows
corresponding EELS signals along a red line across Sm,0s-
StrTiO; interface in STEM HAADF plan-view image of Figure
3d. As expected, the EELS signals of Sm (green line) and Ti
(grey line) elements are much stronger inside the Sm,0;
nanocolumn and the SrTiO; matrix, respectively. The most
important discovery from this measurement is the observa-
tion of oxygen deficiency right across the vertical interface.
For example, we observed that the EELS signals of Sm, Ti and
O (blue circles) change steadily within ~2-nm-wide interface
region. To check the oxygen deficiency, we calculated the EELS
signal of O using the EELS signals of Ti and Sm, assuming a
stoichiometric O condition, i.e., O/Ti = 3 and O/Sm = 1.5 for
SrTiO; and Sm, 03, respectively. The calculated O EELS signals
were fitted to the experimental O EELS signals in areas deeper
inside SrTiO; matrix and Sm,0; nanocolumn, respectively.
The calculated EELS signal of O (red circles) matches well with
the measured values deeper inside the nanocolumns and the
matrix in Figure 3e. However, close to the interface, the calcu-
lated EELS signal of O is higher than the measured value, indi-
cating oxygen deficiency at the vertical interface.

To extract local information about the current flow path
through the nanoscaffold SrTiO;-Sm,0O; films, we recorded
a current-voltage (I-V) curve using conductive atomic force
microscopy with high lateral resolution. Unlike multilayers
where interfaces are buried (Figure 1c), in nanoscaffold structure
the interfaces are accessible from the electrical contact?” and so
we can easily probe the physical properties of the vertical inter-
faces. To distinguish between the interface and the nanocolumn
of the studied sample, we first acquired the surface topography,
as shown in the inset of Figure 4a. We then placed the Pt-coated
tip at positions on the interface and on the nanocolumn, and
swept the voltage from —10 V to 10 V in spectroscopic mode to
record [-V curves at each position. As clearly shown in Figure 4a,
the high conductivity is detected only at the interface (triangles),
while both nanocolumn (squares) and matrix are insulating.
In addition, we compared the conductance of the nanoscaffold
SrTiO3-Sm,03 film with that of single SrTiO; and Sm,0; films
in the 20 to 550 °C temperature range. As shown in Figure 4b,
the nanoscaffold SrTiO;-Sm,0; films (circles) show a markedly
increased conductance for the entire temperature range, com-
pared to the single SrTiOj; (triangles) and Sm,0; (squares) films.
Both results indicate that a high concentration of V," along the
vertical interfaces can result in local current flow paths. Con-
sidering the narrow interfaces of ~2-nm-width, the resistive
switching behavior illustrated in nanoscaffold structures can
potentially lead to a memory density of 40 Tb/in?.

To gain insights into the physical mechanism responsible
for electroresistance in nanoscaffold devices, we analysed the
dynamics of high-to-low resistance switching. We measured
the resistance variation R(t) by applying the voltage pulse with
a constant amplitude of V), linearly over time t. For example,
when we applied +0.5 V, the R(t) of HRS decreased gradually, as
shown in Figure 4c. Just as for other transient phenomena, 262}
we can fit R(t) nicely using a stretched exponential law, i.e.,
R(t)=R(0)exp[—(t/ T)a] , where o and 7 represent the numeric
exponent and the transient time, respectively. Figure 4d shows a
thermally activated behavior of 7 when we changed temperature
from 18 to 70 °C. It should be noted that the activation energy U
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of 7 was determined to be 1.1 £ 0.1 eV, based on an Arrhenius
plot of 1/7. The value of 1.1 eV agrees well with the activation
energy of V,"B2627] suggesting that the drift of V,” dominates
the high-to-low resistance switching in our nanoscaffold devices.

We found that 7 decreased by more than seven orders of
magnitude, when we increased V, linearly within 10 V, as
shown in Figure 4e. Different from the planar structure of
FLASH memory, the writing/erasing and reading can take
place in the same direction due to the vertical geometry of the
devices, possibly disturbing the data storage by the reading
operation. However, this so-called voltage-time dilemma can
be overcome when their operating times behave nonlinearly
to the operating stimuli.?’! The nanoscaffold device repre-
sents this case due to the significant nonlinearity of the V-t
relationship. Interestingly, the nonlinearity of the V-7 relation-
ship becomes much steeper with just a slight decrease of film
thickness. From the measured data of the 8-nm-thick device, we
found that 7 decreases by nine orders of magnitude within 6 V.
To understand this dependence quantitatively, we calculated ©
by considering the Joule-heating-accelerated drift of V," (see
Supporting Information for details). As displayed by the solid
lines, the calculated 7-values are in good agreement with the
measured ones. These results clearly show a significant role of
drift of V," on the electroresistance in the nanoscaffold devices.

Overall, the observed electroresistance in nanoscaffold film
can be explained by the modulation of the interfacial electronic
barrier due to the migration of V,". Due to the high concentra-
tion of oxygen vacancies, the SrTiO;-Sm,0; vertical interface
regions belong to the class of n-type semiconducting oxides.®1%
The contact of Pt and n-type semiconducting oxide typically
forms Schottky-like barrier due to high-work-function of the
Pt metals. The asymmetric [-V curves in Figure S2 supports
this Schottky-barrier formation. Since the bottom interface with
Nb-doped SrTiO; substrate in an Ohmic contact, the major
contribution for the electroresistance will come from the upper
interface. When V., produced at the SrTiO;-Sm,O; vertical
interfaces, are attracted toward the upper interface with applica-
tion of a negative voltage and are concentrated near the upper
interface, the remaining region becomes V,"-deficient.?82% As
the V,"-deficient region becomes wider, the interfacial elec-
tronic barrier is widened, causing the device to go into the
HRS. When V,” move away from the upper interface with
application of a positive voltage, the width of the V,"-deficient
region is narrowed and the interfacial electronic barrier is nar-
rowed, causing the device to go into the LRS.

In conclusion, we have developed easy-to-grow nanoscaffold
devices showing extraordinary field-dependent electroresistance
at room temperature, using V," localized at vertical heterointer-
faces. The resistance variations exceed two orders of magnitude
with very high uniformity and tunability. Using EELS, we found
that oxygen deficient regions are readily confined at the vertical
interface of the nanocolumns and the matrix, due to the struc-
tural incompatibility of dissimilar oxides. Regularly distributed
and spatially confined V," present in our films minimize the
stray conduction channels, which are responsible for non-uni-
formity and non-reproducibility in single-phase oxides. The V,”
engineering at the nanoscale by means of nanoscaffold structures
spatially confines the conduction channels at vertical interfaces
and gives better control over the device performance with high
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Figure 4. Local conduction of thermally activated V," at the vertical heterointerface of SrTiO3 matrix and Sm,03 nanocolumn. a) |-V curves at interface
(triangles) and inside nanocolumn (squares) using conductive AFM. The inset shows the surface topography. b) Conductance of nanoscaffold SrTiO;-
Sm,0; film (circles), single SrTiO; (triangles) and Sm,03 (squares) thin films for T-variation from 20 to 550 °C. c) Nonlinear transient times 7 for
high-to-low resistance switching. d) Thermally activated behavior of 7 for T-variation from 18 to 70 °C. e) Film thickness dependence of V,-Trelationship.

uniformity and reproducibility. Our experimental and theoretical
approaches provide the fundamental basis for understanding the
electroresistance in nanoscaffold devices. These capabilities for
exploring and controlling ionically active functionality should lay

© 2014 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the basis for ionotronic technologies, e.g. ionic transport, electro-
chemical phenomena and magneto-electric coupling, in vertical
oxide heterointerfaces which may find wide applications in uni-
versal devices and clean energy.
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Experimental Section

We deposited insulating SrTiO3-Sm,0; nanoscaffold films onto 1 at.%
Nb-doped SrTiO; (001) substrates by a simple one-step process of
pulsed laser deposition. Although we used a polycrystalline target
containing SrTiO; and Sm,0; of 50:50 weight ratio, the self-assembled
growth of SrTiO; and Sm,0; is expected, as schematically shown in
Figure 1d. The growth of SrTiO;-Sm,0; nanoscaffold films can be
modeled as a diffusion process.3% The multicomponent species come to
the film surface and phase-separate into nanoscaffold films. We used a
KrF laser (A =248 nm) with a fluence of 1.5 J/cm? and a repetition rate of
1-10 Hz. The films were grown at a substrate temperature of 800 °C and
an oxygen pressure of 0.2 mbar. Film thicknesses were in the range of
8-125 nm. The samples were post-annealed at 650 °C for 1 hour under
400 mbar O, to assure proper oxygen stoichiometry and to minimize
the oxygen vacancies inside films. Circular Pt electrodes of 50-ym-radius
defined by shadow masks were sputter coated onto the SrTiO3-Sm,03
nanoscaffold films. To fabricate nanoscaffold BaggSry4TiO3-Sm,0; and
BaTiO;-Sm,0; films, we underwent the same deposition procedure
using polycrystalline targets containing 50:50 wt.% mix. We also
fabricated single SrTiO; and Sm,0O; films under the same deposition
procedure using SrTiO; and Sm,0O; polycrystalline targets, respectively.

Supporting Information

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