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ABSTRACT: The local electronic properties of tantalum
oxide (Tan, 2 < x < 2.5) and strontium ruthenate
(SrRu0O;) thin-film surfaces were studied under the
influence of electric fields induced by a scanning tunneling
microscope (STM) tip. The switching between different
redox states in both oxides is achieved without the need for
physical electrical contact by controlling the magnitude and
polarity of the applied voltage between the STM tip and the
sample surface. We demonstrate for TaO, films that two
switching mechanisms operate. Reduced tantalum oxide
shows resistive switching due to the formation of metallic

Ta, but partial oxidation of the samples changes the switching mechanism to one mediated mainly by oxygen vacancies. For
SrRuQ;, we found that the switching mechanism depends on the polarity of the applied voltage and involves formation,
annihilation, and migration of oxygen vacancies. Although TaO, and SrRuOj; differ significantly in their electronic and
structural properties, the resistive switching mechanisms could be elaborated based on STM measurements, proving the
general capability of this method for studying resistive switching phenomena in different classes of transition metal oxides.

KEYWORDS: resistive switching, strontium ruthenate, tantalum oxide, scanning tunneling microscopy, electric field effect

edox-based resistance switching random access memo-
ries (ReRAMs) are considered as the next-generation
emory devices to replace the present flash-based
technology.”” ReRAMs have a simple metal—solid electrolyte—
metal architecture, storing binary code information using the
change in the resistance induced by filament formation and
rupture, defining the low-resistive ON state (also denoted as
LRS) and the high-resistive OFF state (or HRS), respectlvely
High scalability, CMOS compatibility, switching times in the
subnanosecond range, excellent endurance and retention, and
low power consumption are key but otherwise difficult-to-
duplicate features of ReRAM devices.'* On the basis of the
principle operation mechanisms of resistive switching, ReRAM
devices are classified® into valence change memory (VCM),
electrochemical metallization memory (ECM), and thermo-
chemical memory (TCM) devices. Resistive switching in these
devices is well understood to rely on redox reactions and
migration of ionic species, causing either nanoconfined
electronically conducting filaments percolating between the

-4 ACS Publications  © XxXx American Chemical Society

electrodes or, alternatively, laterally homogeneous active
interfaces.””

In the past few years, a variety of oxide systems, e.g., SrTiOs,
NiO, HfO,, Ta,0s, or TiO,, were shown to be promising for
resistive switching,’ but a detailed underlying microscopic
picture, supported by a quantitative atomistic model, remains
lacking. This is largely due to physical and technical challenges
in analyzing the processes that take place locally at the atomic
scale during switching.” However, significant progress is being
made in that respect by use of high-resolution techniques such
as in situ transmission electron microscopy (TEM),”® 3D
tomography,” local conducting atomic force microscopy (LC-
AFM),"°™'¢ and scanning tunneling microscopy (STM).'7 7"
STM provides the ultimate lateral resolution and a noncontact
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Figure 1. (a) I-V curves on bright regions corresponding to LRS (ON state) and on unmodified regions corresponding to HRS (OFF state)
on TaO, thin films after annealing in UHV. (b—d) STM images (1000 nm X 1000 nm, taken with Vpp =—3.0 Vand I = 0.5 nA) of the UHV-
annealed TaO, film (b) before and (c) after scanning the marked area at the center with Vip = —5.0 V; (d) after additionally scanning the
marked area in (c) with Vy;, = +5.0 V. The arrows in (b), (c), and (d) show the features on the surface that are the same and, thus, used as

fiducial markers in the consecutive images.

option for electrical manipulation of resistive switching
materials. It facilitates high-resolution imaging of topographic
features and enables detection of the early stages of the resistive
switching process.'” Furthermore, STM in the spectroscopy
mode (STS) uncovers the electronic structure of devices,
characterized by tunneling current—voltage (I—V) measure-
ments. Use of STM for switching (i.e., atomic switch) or device
characterization has been largely restricted to samples with a
sufficiently high electronic conductivity, e.g., AgZS,18 CuZS,20
Nb-doped SrTiO3,*" or highly conducting regions on SiO,
However, recent studies have shown that STM can also be
applied to atomic switch experiments on ion conductors'” or
even on materials considered as macroscopic insulators.”* This
can be done by increasing the electronic conductivity of the
ionic conducting films, either by extrinsic doping or by thermal
reduction, enabling quantum mechanical tunneling without
significantly influencing the ionic processes. In this approach,
we directly use the switching time as a kinetic parameter that is
independent of the electronic properties’ (in contrast to the
current measured in two-electrode configurations).

In this work, we show combined STM/STS studies on the
switching mechanisms in VCM-type ReRAM materials
performed in a nondestructive and facile way. We chose the
wide band gap TaO, and the electronically conducting SrRuO;
thin films as models for two distinctly different classes of oxides.
TaO, is a common switching layer in ReRAMs, and SrRuO; is a
common electrode material. These oxides differ strongly in
their physical and electrical properties; TaO, can be considered
as a mixed ionic—electronic conductor at the nanoscale (but
macroscopic insulator), and SrRuOj is a highly electronically
conducting material. We successfully showed area-wise (nm-

scale) switching on both of these oxides (obtaining LRS and
HRS) under applied electric fields and analyzed the
corresponding electronic structures. We demonstrate that
sample history and the polarity of the applied voltage play
key roles in defining the dominant resistive switching
mechanism. Investigating these materials that differ in resistive
switching mechanisms represents the wide-ranging applicability
of STM in the field of resistive switching. Our approach and
results highlight the utility of in situ STM for studying the
mechanism of resistive switching for all classes of ReRAM
materials.

RESULTS AND DISCUSSION

Resistive Switching on TaO, Induced by STM Tip. The
TaO, films were locally switched and examined by STM
following two different treatment conditions: (i) annealing in
ultrahigh vacuum (UHV) at 500 °C for approximately 2 h and
(ii) exposure to ambient air following the procedure in (i).
These two pretreatment conditions lead to different types of
switching behavior at the surface of the films, as explained
below.

As-deposited TaO, (x = 2.5) films were highly insulating for
STM imaging (see Figure Slab in supplementary data).
Therefore, the films were reduced (formed) under a UHV
atmosphere in the analysis chamber prior to imaging by STM,
without exposure to ambient air. After the formation they could
be switched to LRS/HRS by applying a voltage to the STM tip
(Figure Slc).

It is important to note here that, in contrast to classical [-V'
measurements performed either with the aid of macroscopic
needles or by an AFM cantilever in contact mode, the [-V data
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Figure 2. (a) I-V curves on the bright regions corresponding to LRS and on the unmodified regions corresponding to the HRS on TaO, thin
films after annealing in UHV and exposing to the atmosphere. (b—d) STM images (1000 nm X 1000 nm, taken with Vpp =—3.0 Vand Iy = 0.5
nA) of the TaO, sample after exposure to the atmosphere taken (b) before and (c) after scanning the marked area with Vr;, = +5.0 V; (d) after

additionally scanning the marked area in (c) with Vy;, = —5.0 V.

from scanning tunneling spectroscopy do not represent the
whole bulk resistance. This is due to the nature of STM
measurements, where the current flow originates only from
tunneling processes between the tip and the surface. Given the
tunneling depth of electrons, only the first one or two atomic
layers contribute meaningful information to the spectra. To a
first approximation, the current reflects the degree of
occupation of atomic orbitals with a component perpendicular
to the surface, e.g., the d.? orbital of transition metal atoms or
the p, orbital of oxygen atoms. The distinction of macroscopic
I-V measurements from the STS measurements in this paper is
important to recall while interpreting the switching results
obtained here by STS both for TaO, and for SrRuQO; films.
To understand the switching mechanism in more detail we
have switched a larger area on the samples to ON and back to
OFF states and examined the electronic structure of the surface
in both LRS and HRS. The two states can be spatially
distinguished in the STM image and STS data (I-V curves)
due to variation in local electronic states. Figure la shows the
I-V curves taken on HRS (OFF state) and LRS (ON state),
which exhibit clear distinctions. I—V curves on LRS showed a
higher tunneling current than HRS. The invariable current as a
function of voltage at both polarities is due to the current
detection limit of our STS setup at approximately 330 nA.
Figure 1b—d shows nonintrusive imaging of the initial surface,
LRS, and HRS, respectively. The virgin surface (Figure 1b) was
reduced at —5 V cathodic tip bias locally on a 200 X 200 nm?”
area (Figure 1c). The contrast change in the STM image can be
directly correlated with the resistance change observed in the
I-V curve taken on a virgin surface area at voltages beyond —4
V (see Figure Slc). Similarly, application of an anodic polarity

(+5 V tip bias) changed the LRS (bright contrast region) to the
HRS; that is, the conductance of the initial virgin state of the
TaO,, surface is restored (Figure 1d). The reversible switching
of the surfaces between LRS and HRS exhibits the desired
characteristics of endurance and retention within the experi-
ment time frame. Applying directly an anodic voltage (+5 V tip
bias) onto the virgin state never leads to a switching (change of
image contrast).

Interestingly, we found a complete reversal of the switching
behavior when the TaO, films were exposed to the atmosphere
following the annealing in UHV. In that case, scanning with the
same cathodic tip potentials as on the UHV-annealed samples
(i.e, =S V tip bias) did not switch the sample to LRS. Instead,
LRS was achieved under +5 V anodic tip potential. As seen
from the I—V sweep in Figure 2a, the LRS and HRS states have
different band gaps (smaller for LRS) and tunneling currents
(larger for LRS). Now the sample can be switched back to HRS
under the —5 V cathodic tip potential. The areawise switching
on this TaO, film surface is shown in Figure 2b—d. The
switching behavior was repeatable and consistently observed by
STM on all samples exposed to the atmosphere after annealing
in UHV.

We have performed X-ray photoelectron spectroscopy (XPS)
to understand the possible chemical changes leading to such
distinctly different switching mechanisms between the two
samples: one sample set that was annealed in UHV versus the
one exposed to the ambient atmosphere after annealing in
UHV. Figure 3 shows the changes in Ta 4f photoelectron
spectra under different UHV annealing conditions or with aging
history. Annealing under UHV conditions reduced the Ta
oxidation state, and this effect is more pronounced at higher
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Figure 3. Ta 4f photoelectron spectra at different temperatures in
UHYV and after exposure to ambient air for different times. Binding
energy positions that correspond to Ta**, Ta*, Ta?*, and Ta’ are
marked.

temperatures as expected. The reduced Ta valence states
remained after cooling the sample from 500 °C to room
temperature (RT) in UHV. However, these states essentially
recovered to the as-received more oxidized state upon exposure
to ambient air, both after long-term aging (~weeks) as well as
after only ~10 min of exposure. A more detailed peak-fitting
analysis of the Ta 4f spectra is summarized in Figure S2 in the
supplementary data. We found that the Ta in the TaO, thin
film had mixed valence states of Ta®, Ta*, Ta>', and Ta’
Therefore, four sets of Ta 4f doublets were necessary to obtain
satisfactory fitting results for the Ta 4f spectrum envelope.”**
From the fitting results we conclude that the proportions of
reduced Ta* and Ta®' increased after UHV annealing,
indicating an oxygen deficiency introduced in the TaO, thin
film (Figure S3). After exposure to air, the proportions of the
reduced Ta valence states changed back roughly to the initial
concentrations, within the detection limits of this technique.
There are changes in the O 1s peak as well during UHV
annealing and after atmosphere exposure (Figure S4). The
samples exposed to the atmosphere do not need another UHV
annealing step for enabling STM measurements in spite of
having a higher proportion of oxidized Ta. Approximately 63%
of the collected electrons come from the top 1 nm of the ~2.5
nm thick TaO, films in this experimental configuration. This
indicates that the films reoxidized near the surface while
remaining reduced within the bulk of the film, thereby
maintaining sufficiently high electronic conductivity for STM
after re-exposure to the atmosphere.

The drastic changes in the switching behavior of TaO,,
induced by changes in the sample preparation conditions,
indicate a rather complex resistive switching mechanism, with
more than one defect species participating in the resistive
switching process. Different processes related to oxygen ion/
vacancy movement and/or reactions influencing the cell
behavior were reported for binary oxides.” In our experiments,
on the basis of the tip polarity and the corresponding influence
on charged defects, the switching behavior of TaO, films can be
described by the following half-cell reactions.

Under cathodic tip potentials (Figure 4a), two reduction
reactions can theoretically take place at the TaO,, surface:

Ta*" + xe” — Ta (a)

b

ey
J{OZ' TTa’“ lTa*’TOZ'
TaO, | J TaO,
.

Figure 4. Schematic model of the proposed resistive switching
(SET) mechanism of TaO, thin films under (a) cathodic (reduced
samples) and (b) anodic tip potential (air-exposed samples).

1 - 2—
202 +2 —> O (b)
Reaction a shows the possibility of the low-resistance state by
the reduction of Ta*" ions at the surface. On the other hand,
reaction b depends on the oxygen vacancy availability (site
balance) to incorporate oxygen ions into the lattice. It is clear
that reaction b increases the resistance of the surface by
consuming oxygen vacancies.

Similarly, at the bottom electrode (at the interface between
TaO, and Ta metal) the above-mentioned reactions take place
in the opposite direction:

Ta — xe” — Ta"*t (0

2— — 1
O 2e” — 2O2 (@
Oxidation of Ta metal at the interface (or oxidizing the lattice
Ta to higher oxidation states) is possible via reaction c. This
reaction would increase the resistance of the oxide near the
interface. Reaction d creates oxygen vacancies starting at the
metal—oxide interface and could lead to lowered resistance of
the oxide film if vacancies percolate through the film. However,
this reaction would be expected to be hindered given the good
contact/adhesion between the Ta bottom electrode and the
TaO, film, limiting the ability of oxygen gas to evolve and lead
the solid phase into the gas phase. Such an evolution would be
expected to result in gas bubble formation, which was not
observed in our experiments.

Under anodic tip potentials (Figure 4b), reactions c and d are
theoretically possible at the surface, and reactions a and b at the
TaO,/Ta metal interface. The switching mechanism of this
binary oxide is mainly determined by the dominant defect that
is contributing for the HRS and the LRS. Next, we reason and
explain the switching mechanisms based on thermodynamic
arguments, as well as evidence from STM/S for both of the
samples that we examined above: the UHV-annealed state and
following exposure to the ambient atmosphere.

Switching Mechanism on TaO, after Annealing in
UHV. On the UHV-annealed TaO, films, when measured in
UHYV, the switching to LRS (SET) is observed by applying a
large cathodic tip potential (VTiP < —4 V) with reversal to HRS
(RESET) taking place upon application of a large anodic tip
potential (Vr;, > 4 V) (see Figure Slc). As described above,
under a cathodic tip potential, Ta*" reduction at the surface
(reaction a) and oxygen vacancy creation at the interface
(reaction d) are most likely reactions for creating an LRS. The
dominant switching mechanism should therefore be defined by
the dominant and/or the fast diffusing defect species, i.e., Ta
ions or oxygen vacancies. Reactions b and c rather increase the
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Figure S. Normalized differential conductivity (dI/dV) spectra measured on TaO, thin films after exposure to the atmosphere on (a) LRS and
(b) HRS. The dashed line represents the average over 10 individual spectra collected at different locations, and the solid line corresponds to a
representative dI/dV data set at a single point. The marked band gap values are an approximate measure from the as-collected spectra with

dr/dv < 0.02.

resistance of an n-type nonstoichiometric oxide”” and mainly
contribute to HRS under an anodic tip potential.

Here, for reaction c the standard equilibrium potential of the
Ta*"/Ta half-cell reaction is much more negative than that of
the oxygen redox reaction d.”* This means that the oxidation of
Ta is thermodynamically more favorable and will proceed first.
The Ta™" ions can then enter the TaO, lattice as interstitials.
Alternatively, they can be incorporated into vacant Ta lattice
sites or chemically react with oxygen ions from TaO,,
expanding the oxide.

Thus, at both the surface and the buried interface of the
TaO, film, the tantalum cations dominate the redox reactions,
but in opposite directions (reduction at the surface and
oxidation at the bottom interface). As a consequence,
enrichment of metallic tantalum at the surface region leads to
higher conductivity (LRS). In support of this explanation, we
have observed an ohmic I-V response in our STS experiments
(see Figure la) indicating no band gap for electron tunneling.
This is consistent with Wedig et al’s recent STM study on
TaO,, showing tantalum metal enrichment at the surface under
static tip conditions, resulting in a metallic contact to the STM
tip with quantum conductance.”

Under anodic tip potential (HRS), due to the high oxygen
affinity (equilibrium oxygen activity of 107'33)*® of metallic Ta,
it can easily oxidize and the HRS can be readily established
according to reaction c at the surface. At the interface between
TaO, and the Ta bottom electrode, reactions a and b are both
possible, but due to the low oxygen activity at the Ta/TaO,
interface, the reduction of Ta** to Ta is much more probable.
However, in this case the number of Ta ions that can undergo
reduction is limited as determined by the excess cations in the
TaO,. Although additional Ta formation by TaO, decom-
position at the surface in principle would be possible, that
would lead to destruction of the surface (topography changes
due to Ta metal), which has not been observed. Furthermore,
the field strength will be lower at the interface in comparison to
the surface leading to a lower driving force for reactions a and b
to take place.

Therefore, on the basis of phenomenological and exper-
imental evidence, we conclude that the STM-induced ON and
OFF states in the UHV-annealed TaO, films are due to a

process of formation/dissolution of metallic Ta, mediated by
Ta ions. This process is naturally supported by the oxygen
vacancy shift, having the same direction of movement. Thus, we
confirm our recent observations, showing a typical ECM type
of switching in TaO,-based devices, explained by Ta ion motion
and redox reaction.”>” Moreover, formation of Ta filaments,*
precipitation of Ta metal within TaO, upon cycling,*"** and
first-principles calculations confirm metallic Ta is formed and is
stable within the TaO, matrix, leading to metallic conducting
filaments.*

Switching Mechanism on TaO, after Exposure to
Ambient Atmosphere. Exposing the UHV-annealed TaO,
film to the atmosphere leads to instant oxidation of the TaO,
surface (Figure S3) and also absorption of moisture,” and this,
we believe, is the main reason for the change of the switching
mechanism. The samples exposed to the atmosphere showed
LRS after SET with anodic tip potential, i.e., reactions c and d at
the surface and reactions a and b at the interface. However, the
LRS can be achieved either by reducing Ta** at the interface
(according to reaction a) or creating oxygen vacancies at the
surface (according to reaction d). In order to know the fastest
diffusing species, tracer diffusion data are needed as a function
of stoichiometry. Another important factor is the effect of
electric field on defect mobility. However, we have addressed
this issue by using STS in differential conductivity mode (dI/
dV) via a lock-in preamplifier. The dI/dV curves provide
information on the local density of states (LDOS). The
signature of Ta metal atoms or atom clusters is different from
that of oxygen vacancies in the LDOS. In the latter, additional
defect states are expected in the band gap, while the former will
not have any band gap but exhibit an ohmic I-V shape (as
shown in Figure la). Figure S shows the dI/dV curves
measured before and after switching on an atmosphere-exposed
(previously UHV-annealed) TaO, film. It is clear that the band
gap decreased significantly in the dI/dV curves of the LRS area
(see Figure Sa) in comparison to the HRS area (see Figure 5b).
Despite a large error range in the measured band gap values
(£0.3 eV), we consistently found a lower band gap on LRS
compared to HRS. Further, an additional peak was observed
close to the unoccupied states (under positive bias on the
sample), indicating defect states in the band gap. Theoretical
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Figure 6. STM images (250 X 250 nm?, taken with Vi, = —0.5 V, I = 1.0 nA) of SrRuO; film measured (a, d) before and (b, e) after scanning
the marked area with Vy;, = +2.5 V and I = 1.0 nA. (c, f) STM images taken after additionally scanning the marked area with Vip=—25V
and I = 1.0 nA following the images shown in (b) and (e). STM images taken (g) before and (h, i) after scanning the marked area with Vi =
—2.5 V and I; = 1.0 nA. (h) Images taken immediately after and (i) taken 5 min after the attempted switching with Vy;, = —=2.5 V.

calculations on the hexagonal Ta,Os structure revealed that
occupied states mainly correspond to O 2p levels and
unoccupied states to Ta 5d and 6s levels.”*” Creating oxygen
vacancies in the structure leads to an extra peak in LDOS close
to the unoccupied states due to electron localization on Ta 5d
and 6s states.” > The extra peak found in our experimental dI/
dV data is consistent with this computational LDOS analysis on
Ta,O;, The characteristic peak close to the unoccupied states
and smaller band gap on LRS confirm resistive switching by an
oxygen vacancy mechanism in these samples different from the
UHV-annealed ones, which showed a clear metallic behavior
(Figure 1a).”* Similar to our results here, theoretical work on
Ta,O5 resistive switching as a function of oxygen non-
stoichiometry revealed also distinct mechanisms, i.e, by Ta
metal filaments in highly reduced TaO, and by electron
hopping on Ta-rich islands in slightly reduced TaO,.”* Similar
observations were reported in other oxides,*"*® where
perovskite oxide films always formed defect states below the
unoccupied states upon slight reduction, similar to that found
in our work.

Resistive Switching on SrRuO; Induced by the STM
Tip. Resistive switching induced by the STM tip bias in a
noncontact mode on SrRuOj; was investigated by imaging and
I-V measurements, in a similar manner to that described above
for the TaO, films. Figure 6 shows the STM images collected at

a tunneling set point of 1 nA and —0.5 V tip bias, without
modifying the initial resistance state of the sample. The set
parameters are chosen based on the I-V curves over the —3 V
to +3 V range, which helped us to define the SET parameters
for LRS switching with STM (Figure S7). Figure 6a,b shows
the STM image before and after scanning (switching) the
marked 50 X 50 nm? area with an anodic tip voltage of +2.5 V.
After scanning the virgin surface (a) under increased anodic tip
potential, the inner area became significantly brighter (in (b)),
corresponding to the surface switched to LRS. Unlike the TaO,
films, the brightening effect (LRS) on SrRuO; is irreversible
under UHV conditions; that is, even scanning with a highly
negative tip voltage did not recover the virgin image (HRS)
(Figure 6¢).

An advantage of STM compared to most other scanning
probe microscopy methods in inducing electrical switching is its
higher spatial resolution capability. This allows one to study
switching processes that are usually confined to nanoscale
dimensions on the surface of high-quality films. Figure 6d—f
shows scanning of a § X S nm? area under anodic tip potential.
The LRS (bright) area is around 10 X 10 nm? in size (including
the granular features), larger than the scanned S X S nm” area.
An interesting feature of this area is the uniform brightening of
granular features in Figure 6e and f. It is possible to further
reduce the scan size under very good imaging conditions, i.e.,
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Figure 7. PEEM and AFM data on the two STM-switched areas at the surface of the SrRuO; film (6.0 X 6.0 gm* and 7.0 X 6.0 pm?, Vryp = +4.0
V; Iy = 1.0 nA): (a) secondary electron contrast map; (b) tapping-mode AFM image (7.0 X 7.0 um?) of the area marked in (a); (c) work
function contrast map of the area shown in (a); (d) strontium 3d signal intensity inside and outside the switched regions.

clean surface areas with very low roughness and high tip quality.
An approximately 2 X 2 nm” size of switched area (Figure S8)
could be achieved, demonstrating the lower current limit of
lateral switching on our samples.

A qualitatively different behavior is observed upon applying a
negative tip voltage of —2.5 V to the virgin sample. As shown in
Figure 6h, scanning with —2.5 V resulted in the formation of
dark regions, inside and around the scanned/marked area that
were formerly unmarked (Figure 6g). However, unlike the
above case dealing with positive tip voltages, the surface
modification (dark area) is not stable and the virgin state is
recovered at the zero bias condition within approximately S min
(Figure 6i).

It can be speculated that the irreversible switching under
anodic tip potential may be the consequence of decomposition
of the SrRuOj; film caused by the strong electric field of the
STM tip (although, below, we will show that a phase
decomposition is not taking place here). The decomposition
and thermal stability of the StRuOj; film surface and bulk were
thoroughly investigated in the past.””~** These references
revealed that SrO formation at the surface is inevitable under
either reducing or oxidizing atmospheres. Under highly
oxidizing conditions, volatile Ru oxides (RuO,) leave the
surface SrO-rich (reaction e), and in extremely reducing
atmospheres, metallic Ru and SrO are formed on the surface
(reaction f). Under weakly reducing conditions, partial
reduction of SrRuOj; into oxygen-deficient SrRuO;; is also
possible according to reaction g. These reactions can be
represented as follows:

SrRuO; + O, — SrO + RuO,(g) ()

SrRuO; = SrO + Ru + O,(g) (f)

SrRuO; — SrRuO;_; + 6/20,(g) (g)
Among the three reactions, a change in nonstoichiometry
(reaction g) is reversible in the presence of oxygen gas (and
irreversible in UHV), and the surface can be recovered upon
oxidation treatment without impacting the surface morphol-
ogy.z'9 Ru metal or RuO, formation (reactions e and f) is
reversible as well in oxygen gas; however these processes can
change the surface morphology because of a phase separation of
metal or metal-oxide clusters.””*' In STM, it would be difficult
to resolve the effect of morphology change from the effect of
nonstoichiometry and electronic structure. To confirm whether
we induced SrO and Ru/RuO, phase separation (reactions e
and f) or an oxygen-deficient SrRuO;4 (reaction g) under
anodic tip potential, we analyzed the surface cation chemistry.
To deduce the cation composition at the surface, we
characterized the STM tip-modified sample surface (bright
region) by energy-filtered photoelectron emission microscopy
(PEEM) concurrent with AFM measurements. PEEM image
stacks of the before STM scanned areas were obtained in situ
near the photoemission threshold and at the O 1s, Ru 2p, and
Sr 3d core levels. Figure 7a shows the secondary electron
contrast of these two areas as bright regions (in grayscale),
which can be interpreted as a change in the electronic charge
density. The slightly lower contrast regions (medium bright in
grayscale) around the +4.0 V scans represent the previous
readout zones, i.e, areas scanned at a lower tip voltage of —0.5
V. No contrast change was observed on the untreated virgin
areas that were not exposed to the STM tip electric field (see
Figure 7a, dark region in grayscale). A work function map
obtained by fitting the photoemission threshold using an error
function® is shown in Figure 7c. The two preswitched areas
show slightly decreased work functions in comparison to the
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Figure 8. STM images (500 X 500 nm’ taken at Vi, = —0.3 V, Iy = 0.1 nA) on the SrRuO; film in an oxygen atmosphere of p(0,) = 20 mbar,
(a) before and (b) after scanning the marked area with Vrip = +2.5 Vand Iy = 1.0 nA; (c) after additionally scanning the marked area with Viip
= —2.5 V and I = 1.0 nA following the images shown in (b); (d) I-V data measured at two locations each for the virgin, LRS, and HRS areas
on (a), (b), and (c); (e) I-V sweeps taken on several positions (#1, #2, #3) at the virgin surface.

not switched areas. Comparing the Sr 3d core level peaks in
Figure 7d taken inside and outside the switched areas, no
significant differences in peak position or shape are exhibited,
excluding the possibility of SrRuOj; film decomposition during
switching under anodic tip voltages. Both O 1s and Ru 2p X-ray
photoelectron spectra for the same regions also do not indicate
decomposition (Figure S9). From these data, Ru/Sr ratios of
0.171 and 0.176 were calculated for inside and outside the
switched regions, respectively, essentially providing no
indication of phase separation. The Me/O ratios of 0.26 inside
and 0.34 outside the switched areas, respectively, can be
interpreted by either reaction f or g. However, the intensity
distribution of the O 1s peaks also indicates a cleaning effect of
the STM tip. Thus, the slight difference in work function
energies should be due to a change of the electronic properties
(correlated either to different adsorbate coverages or, more
likely, to the oxygen nonstoichiometry) caused by the STM tip
induced field. Apart from some bigger particles near the outer
borders of one of the switched zones in the AFM scans (Figure
7b), the surface morphology appears to be identical inside and
outside the switched areas. Therefore, the changes in work
function cannot be caused by a different morphology of the
anodic switched surface areas, which eliminates reaction f.
The STM and AFM images of the surface of SrRuO; films
look sharp both before and after the tip-induced switching (see
Figures 6 and 7) and are overall consistent with each other. The
AFM images on the STM-switched area revealed no top-
ography/depth changes due to the applied electric field at +4 V
tip potential. On the basis of the PEEM and AFM results, we
conclude that the contrast change found in STM (Figure 6)
after scanning with a high anodic tip potential is not due to
phase decomposition at the surface. It appears that a
nonstoichiometry change within SrRuOj;; is more likely, i.e.,
loss of lattice oxygen from SrRuO; under anodic tip potential

(reaction g) in UHV. The observed effect is then irreversible
under cathodic tip potential due to the unavailability of oxygen
molecules (Figure 6¢) to be reincorporated into the SrRuOs.5
film under UHV conditions. In order to verify this mechanism,
we have performed STM/S to investigate the switching
mechanism of SrRuO; under increased oxygen partial
pressures, pO,, within the reach of our instrument operating
conditions.

Resistive Switching on SrRuO; Induced by the STM
Tip under High-p(O,) Conditions. To investigate the
possibility of reversibly switching the SrRuOj; films, measure-
ments were instead repeated under 20 mbar p(O,) in the STM
chamber. Figure 8a shows the STM image of the virgin surface
at a tunneling set point of —0.3 V tip bias and 0.1 nA. It is
possible to resolve the atomic terraces in these films even under
such high-p(O,) conditions. Figure 8b shows the effect of +2.5
V anodic tip potential on the virgin surface, forming a bright
contrast (LRS) in the STM image. Figure 8a,b images are
comparable to the effects noticed under UHV conditions
described in Figure 6. However, in contrast to the results
obtained under UHV conditions, scanning the LRS area with a
cathodic tip potential of —2.5 V recovered the surface to its
virgin (HRS) state (Figure 8c). This shows that the availability
of oxygen at the surface is necessary to return the resistance
state from LRS back to HRS. The reversible switching
phenomena under these conditions are highly repeatable. To
explain our results more quantitatively, STS was performed on
the virgin state, after scanning with a high anodic and after
scanning with a high cathodic tip bias. Figure 8d shows the
initial low tunneling current (HRS) in the -V data of the
virgin state, the increase in tunneling current (LRS) on the
regions SET with an anodic tip bias (+2.5 V), and the decrease
in tunneling current (HRS) after RESET with a cathodic tip
bias (—2.5 V). I-V sweeps collected at various positions by
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turning off the feedback loop showed a typical memristive
hysteresis (see Figure 8e).

Switching Mechanism on SrRuO;. Based on the STM
studies performed both in UHV and at high oxygen partial
pressure, it is evident that oxygen vacancies play a vital role in
the electrical switching of SrRuOj; thin films. The resistive
switching mechanism can be described as follows:

(1) In case of an anodic tip potential (Figure 9a) and UHV
conditions, oxygen ions are oxidized at the surface,

a Pt-Ir b Pt-Ir
+ -
0,
Vad
lo- I
SrRuO, SrRuO; Vv

mesmoy -l Nesmo,
Figure 9. Schematic model of the proposed resistive switching

mechanism on SrRuO; thin films under (a) anodic and (b)
cathodic tip potentials.

forming molecular oxygen (reaction d), which then
desorbs into the vacuum and is irreversibly lost. The
electrical and structural properties of SrRuQ; are very
sensitive to the oxygen nonstoichiometry in the materi-
al.**~** However, the point defect chemistry of SrRuO,
has not been thoroughly studied to date based on an
examination of the available literature. Comparing
SrRuO; with other perovskite materials, we can expect
that oxygen-rich SrRuQj;, like in the case of our virgin
films, behaves as p-type conducting, showing an electrical
conductivity increase due to the generation of electron
holes associated with oxygen vacancy annihilation,
whereas oxygen-deficient SrRuO; ; films formed under
highly reducing conditions are dominated by n-type
conduction, increasing their electrical conductivity by the
generation of additional oxygen vacancies and electrons.
At intermediate oxygen partial pressure, the conductivity
should go through a minimum for conditions at which n
& p. Alternatively, the transition from p- to n-type
conductivity can occur abruptly driven by structural
lattice distortion (again driven by loss of oxygen). For
example, Lu et al.** explained the conductivity increase in
oxygen-deficient thin films (with the oxygen vacancy
concentration) based on the increase of orbital overlap of
Ru 4d and O 2p states, as found by density functional
theory calculations.

Thus, at anodic tip potentials, which evolve oxygen
from the SrRuQj lattice and increase the oxygen vacancy
concentration, we can expect the domination of n-type
conduction and observe an electronic conductivity
increase of our films (Figure 9a).

(2) Under cathodic tip potential, oxygen reduction reaction
(reaction b) or Ru reduction is possible at the SrRuO;
surface (Figure 9b). On the basis of our high-p(O,) STM
measurements and STS data (Figure 8), it is evident that
a RESET to HRS and, thus, reversible switching are
achieved only when there are oxygen molecules available
in the chamber, overruling the formation of Ru metal. In
the case of measurements under UHV, the unavailability
of oxygen in the chamber limited this reaction.

Exposing the more oxygen-rich and, thus, p-conduct-
ing virgin film surface to cathodic tip potential in UHV
showed a time-dependent disappearance of the dark
areas (Figure 6h,i). This is likely due to a redistribution
of the oxygen vacancies toward the surface under the
applied electric field (however, a charge-trapping effect
cannot be unequivocally ruled out). As soon as the
applied field is turned off, the vacancy concentration
redistributes to equilibrate across the film, recovering the
conductance of the virgin surface. A similar effect has
been reported for SrTiO;.*’ Such a behavior is also in
accordance with a recent work of Setvin et al, who
observed an enrichment of oxygen vacancies on the TiO,
anatase (101) surface under high cathodic STM tip
potentials.”” At temperatures above 200 K, the vacancies
redistributed very soon after the applied electric field was
turned off. Their explanation of “hot electron injection”
as a driving force for the vacancy movement may also be
valid for the virgin SrRuO; surface. However, the
dependence of the switching process on the oxygen
partial pressure supports more an explanation involving
the increase of the oxygen vacancy mobility caused by
enhanced oxygen depletion in the SrRuO;.”"

Lastly we note that it is of fundamental interest for the
community that a material like SrRuOj;, which is expected to act
as a purely electronic conductor in ReRAM electrodes, shows
resistive switching behavior based on anion motion. This may
have a significant influence on the device switching properties
impacted by the electrolyte—electrode interfaces.

CONCLUSIONS

We have used STM and STS to reveal the resistive switching
mechanisms in electronically distinct oxide systems. We
demonstrated local resistive switching of TaO, and SrRuO;
thin films with an STM tip, without necessitating a top
electrode in physical contact with the surface. STM and STS
together helped us to probe the bare surface and investigate the
mechanisms underlying the electronic switching in these
materials. Resistive switching in TaO, thin films strongly
depends on the nonstoichiometry that is affected by the sample
history. In the case of highly reduced TaO, films, the low-
resistance state is achieved under cathodic tip potential by
reducing TaO, locally to Ta metal. In contrast, reoxidized films
exposed to the atmosphere showed a low-resistance state under
anodic tip potential by creating oxygen vacancies. We could
correlate the electronic state in the LRS condition to the
presence of Ta metal or of oxygen vacancy defect states in the
density of states measured by STS. SrRuOj; thin films showed
resistive switching via oxidation/reduction and migration of
oxygen ions, and the reversibility of switching was achieved
only under high oxygen pressure. The irreversible switching of
SrRuO; under anodic tip potential in UHV conditions further
supports the role of oxygen vacancies for resistive switching. On
the basis of these two systems, we believe the nonstoichiometry
of the oxides determines the switching mechanism in valence
change memories. Although the investigated systems differ
strongly in their electronic and structural properties, the
combination of STM and STS measurements with other
surface science techniques allowed us to determine the
governing mechanisms behind the electronic switching in
these materials. This demonstrates the power of STM for
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elucidating resistive switching phenomena across a wide
spectrum of transition metal oxides.

METHODS

Sample Preparation. TaO, thin films of approximately 2.5 nm
thickness were deposited at room temperature on Ta (50 nm)/SiO,/
Si substrates via reactive sputtering. In the initial step, a 50 nm thick
tantalum film was sputter-deposited on a SiO,/Si wafer from a metallic
target with 30 W power in a pure argon atmosphere at a partial
pressure of 7 X 107 mbar. To achieve thin Ta,Os_, films on an
existing Ta film, the chamber pressure was increased to 3.5 X 1072
mbar by releasing O, (75% Ar and 25% O,) and lowering the
sputtering power to 20 W. A Pt stripe was deposited by a lift-off
process on one side of the device contacting the Ta metal to serve as
the bottom contact for STM studies (Figure S10). The as-deposited
TaO, samples were insulating (Figure S1), and the surface
conductivity was increased by preannealing under UHV conditions
(~107"" mbar) at approximately 500 °C for 2—3 h prior to the STM
investigation.

SrRuOj thin films of 10 nm thickness were grown epitaxially on Nb-
doped SrTiOj; substrates by pulsed layer deposition with a laser energy
of 0.6 J/cm? at a 10 Hz repetition rate. During deposition the substrate
was maintained at 650 °C in an oxygen partial pressure of 0.13 mbar.
After deposition the sample was slowly cooled to room temperature
under a higher oxygen partial pressure of 0.5 mbar. The conductive
substrate (Nb-doped SrTiO;) served as the bottom electrode or
ground for the STM measurements.

Scanning Tunneling Microscopy. The STM and STS experi-
ments were performed at room temperature in an Omicron VT-SPM
system operated at 5 X 107'° mbar base pressure. For high oxygen
partial pressure (~20 mbar) studies, the chamber was isolated from
the vacuum system and O, was released into the chamber. For imaging
and current—voltage spectroscopy mechanically cut or electrochemi-
cally etched Pt—Ir tips were used. For differential conductivity (dI/dV)
measurements, a lock-in preamplifier was used to increase the signal-
to-noise ratio. The STM data were analyzed with the SPIP program
from Image Metrology.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spec-
troscopy on TaO, thin films was utilized to determine the Ta valence
state at elevated temperatures under UHV conditions and after aging
in air. An Omicron EA 125 hemispherical analyzer and an Omicron
DAR 400 Mg/Al dual anode X-ray source were used to perform XPS
measurements (Al anode used in this work). CasaXPS software was
used for peak fitting and quantification. The as-received films had been
originally annealed under vacuum conditions and were then stored for
several weeks in air before usage. Ta 4f and O 1s spectra were acquired
at room temperature and then at elevated temperatures (200, 400, and
500 °C) in situ in UHV (base pressure ~ 6 X 107 mbar), with an
emission angle of 60°. The inelastic mean free path of the Ta 4f
photoelectrons is ~2.2 nm, and approximately 63% of the collected
electrons come from the top 1 nm. After vacuum annealing at 500 °C
the sample was cooled to RT in UHV and another spectrum was
acquired to understand the effect of UHV annealing on the Ta
oxidation state. In order to understand the effect of aging in an air
atmosphere, extra XPS measurements were performed on another two
samples. The first sample was aged in an air atmosphere for about 2
weeks and then transferred into the UHV chamber for XPS
measurements at RT. The second sample was first annealed in the
UHV chamber, then exposed to air for a very short period of time
(~10 min), and finally transferred back into the UHV chamber for
measurements.

X-ray Photoelectron Emission Microscopy. XPEEM was used
to examine the chemical composition of the SrRuOj; films.
Measurements were performed with a NanoESCA (Omicron
Nanotechnology GmbH, Taunusstein, Germany) operated in
aberration-corrected energy-filtered imaging ESCA mode with Al
K alpha X-ray illumination. The lateral resolution for core level
imaging was estimated to be 0.4 um. The total energy resolution
determined from both the spectrometer broadening (the pass energy

100 eV and the entrance slit 1 mm) and the photon bandwidth was
400 meV for photoemission spectra. A series of images were taken at
increasing binding energies of Sr 3d, Ru 3p, and O 1s core level
photoelectrons with steps of 0.1 eV. The respective photoemission
spectra were extracted from the resulting image stack in different
regions of interest. The image stacks were analyzed, and spectra were
extracted using the IGOR Pro Software.

Atomic Force Microscopy. The AFM measurements were
performed at room temperature and under ambient conditions using
the Cypher atomic force microscope from Asylum Research (Santa
Barbara, CA, USA) operated in tapping mode. For the measurements
silicon cantilevers from Nanoworld (ARROW-NCR-50) with a spring
constant of 42 N/m were used.
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