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Redox Reactions at Cu,Ag/Ta,Os Interfaces and the Effects
of Ta,O;5 Film Density on the Forming Process in Atomic

Switch Structures

Tohru Tsuruoka,™* Ilia Valov, Stefan Tappertzhofen, Jan van den Hurk,

Tsuyoshi Hasegawa, Rainer Waser, and Masakazu Aono

Cu and Ag redox reactions at the interfaces with Ta,O5 and the impact of
Ta,O; film density on the forming process of Cu,Ag/Ta,Os/Pt atomic switch
structures are investigated. Cyclic voltammetry measurements revealed that
under positive bias to the Cu (Ag) electrode, Cu is preferentially oxidized to
Cu?*, while Ag is oxidized to Ag* ions. Subsequent negative bias causes a
reduction of oxidized Cu (Ag) ions at the interfaces. The diffusion coefficient
of the Cu and Ag ions in the Ta,O; film is estimated from the results from
different bias voltage sweep rates. It is also found that the redox current is
enhanced and the forming voltage of the Cu/Ta,Os/Pt cell is reduced when
the density of the Ta,Os film is decreased. This result indicates the impor-
tance of the structural properties of the matrix oxide film in understanding

current complementary metal-oxide-sem-
iconductor fabrication processes, in addi-
tion to its superior characteristics such as
fast operation,”! low power consumption,
and potentially excellent scalability.l’] This
type of ReRAM is generally referred to as
an electrochemical metallization (ECM)
cell*’! or a conductive bridge memory
(CBRAM) cell.®l Because of its similarity
to the “gap-type atomic switch’ switching
mechanism, in which resistance across
a nanometer gap between a mixed con-
ductor electrode and an inert counter
electrode is controlled by the formation
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and controlling resistive switching behavior.

1. Introduction

Owing to significant efforts in the engineering of flash memo-
ries, this memory technology is approaching its physical down-
scaling limit. The prospects for continued downscaling of these
memory devices are uncertain, because of reliability issues
and cross-talk limitations.!! Accordingly, alternative emerging
memory technologies have attracted much attention in recent
years. Redox-based resistive switching memory (ReRAM), based
on cation migration in thin film metal oxides, is considered to
be a promising candidate for next-generation nonvolatile mem-
ories. This is due to metal oxides being highly compatible with
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and dissolution of a metal bridge under
bias voltage sweeping,”] we refer to cation-
migration-based ReRAM as “gapless-type
atomic switch.”®) Ag/Ta,Os-based, gapless-type atomic switches
displayed conductance quantization, thus demonstrating the
formation of a single point contact in a thin oxide film, which is
similar to what occurs in gap-type atomic switches.[1¥
Oxide films formed by any physical vapor deposition method
typically exhibit nanoporous structures, with densities lower
than the bulk state,!!! which can absorb moisture from the
ambient atmosphere. In previous work, we examined the
switching characteristics of Cu/Ta,0s/Pt and Cu/SiO,/Pt cells
as a function of ambient water vapor pressure.'? It was found
that absorbed water forms a hydrogen-bond network at the grain
boundaries in oxide films and affects the migration of Cu ions
as well as the Cu anodic oxidation process. The strength of the
hydrogen bonds between hydroxyl groups and the surface of the
oxide grains may play a crucial role in determining switching
behavior. Recently, Tappertzhofen et al. made comprehensive
studies of the redox processes at Cu/SiO, interfaces using cyclic
voltammetry (CV) techniques.'>!*l The current peaks observed
in CV curves were identified with partial redox electrochem-
ical reactions of Cu at the interface. This research group also
reported that an open-circuit voltage (i.e., electromotive force,
emf), generated by chemical and electrochemical processes
and charge distribution during the operation of ReRAM, has
a strong impact on the dynamic behavior of nanoscale memo-
ries, including anion-migration-based valence charge memory
(VCM) cells.™ The origin of emf in Cu/SiO,/Pt cells was found
to arise from a counter reaction that generates charges by the
reduction of moisture at the SiO,/Pt interface, in parallel with
the creation of metallic cations at the Cu/SiO, interface.*®!
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Compared to SiO,, the structural properties of deposited
Ta,0O5 and its impact on the resistive switching characteristics
of their atomic switches have not been intensively investigated.
Chu et al. reported the structural properties of Ta,Os films sput-
tered at room temperature under different radiofrequency (RF)
powers, and their resistance to corrosion by chemicals such as
an HF solution.l'” They found that the film becomes dense for
higher RF powers, which indicates that the structure of Ta,Os
films depends strongly on the deposition conditions. Here, we
report a detailed analysis of the redox processes of the inter-
faces between active metal electrodes (Cu and Ag) and a Ta,Os
film by means of CV measurements. In addition, we examined
the effects of the structure of Ta,Os films on the redox reactions
and on their atomic switch forming operations. The Ta,Os film
density varied as a result of the different deposition methods
employed and the different deposition conditions. We discuss
how the structural properties of the matrix oxide film affect the
redox processes in the atomic switch structure.

2. Results and Discussion

Cu,Ag/Ta,O5/Pt cells were fabricated on a SiO,/Si substrate,
in which the Ta,Os film was deposited by electron-beam (EB)
deposition and RF sputtering. Here, we mainly discuss the
results for cells with EB deposited film, because these cells
could be measured most stably under a variety of conditions.
Figure 1 shows the typical CV curves of (a) Cu/Ta,0s/Pt and
(b) Ag/Ta,Os/Pt cells obtained for the first (blue curve) and
second (red curve) sweep cycles. The current depended on the
junction area, therefore, the current density is plotted in this
paper. The maximum sweep voltage for positive bias V, was
limited to avoid a forming process (the first SET operation
from a high-resistance (OFF) state to a low-resistance (ON)
state), which corresponds to the formation of a metal filament
between the top and bottom electrodes by the inhomogeneous
nucleation (or electrodeposition) of metal on Pt.181° If the bias
voltage was swept beyond 2 V for the Cu/Ta,Os/Pt cell and
0.3 V for Ag/Ta,0Os/Pt cell, the forming process occurred, and
resistive switching behavior was subsequently observed under
repeated sweeping of the bias voltage. Very low sweep rates
were required for the Ag/Ta,Os/Pt cell to observe the current
peaks clearly. Because an appropriate reference electrode is not
used in the measurements, it is difficult to precisely assign the
observed current peaks to specific redox reactions. Indeed, the
current peak positions changed from cell to cell, although the
shapes of the CV curves were almost identical. The current
peaks in the positive (negative) sweep direction are associated
with the oxidation (reduction) processes at the anode inter-
face.?% In general, we could clearly observe two oxidation cur-
rent peaks and two reduction current peaks in the Cu/Ta,Os/Pt
cell, and one oxidation current peak and two reduction current
peaks in the Ag/Ta,Os/Pt cell, as indicated by jp, ox1, Jp,ox2: Jpredts
and jp reqz in Figure 1.

In aqueous solutions, the standard redox potentials for Cu
are given as Cu*/Cu (E®! = 0.52 V), Cu**/Cu (E®2 = 0.34 V),
and Cu?"/Cu® (E*? = 0.16 V).2!l Since water is absorbed from
the atmosphere into the nanoporous structure of Ta,0s,[1?] the
residual water may involve redox reactions at the interface and
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Figure 1. Cyclic voltammogram obtained for the first sweep (blue curves)
and the second sweep (red curves) for a) CuTa,Os/Pt and b) Ag/Ta,0s/
Pt cells.

the general trend of redox potentials also holds in our cells.
According to the standard redox potentials, oxidation from Cu*
to Cu?* is thermodynamically the most favorable. However, no
Cu ions exist in Ta,Os in the initial state. As the bias voltage
is swept from 0 V to the positive sweep direction, Cu should
be first oxidized to Cu®*. Therefore, the current peak j, o in
Figure 1a is attributed to this reaction. Oxidation from Cu to
Cu* should take place after j, .. The current peak for this reac-
tion may be beyond the maximum sweep voltage in positive
bias V, (2 V), but this was difficult to observe due to a rapid
increase of the electronic contribution. When the bias voltage
is subsequently swept back to the negative sweep direction,
the reduction from Cu* to Cu first occurs because of its lowest
reduction energy, and the current peak j; .q; can be assigned
to this reaction. As the bias voltage was swept further to the
negative sweep direction, a second current peak j, ;.q, appeared,
which is identified as the reduction from Cu?" to Cu. The Cu?*
ions may also be reduced to Cu* ions after j, req;. In the subse-
quent sweep cycle, the Cu* ions can be first oxidized to Cu?*
ions, because a portion of the generated Cu* ions remain in
the Ta,Os layer after the first sweep cycle. Thus, the current
peak j, o corresponds to this reaction. The peak jj ., always
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Figure 2. Typical CV curves measured in different voltage sweep ranges
for a) Cu/Ta,Os/Pt and b) Ag/Ta,Os/Pt cells. All the curves were obtained
from the second sweep cycle.

appeared after the second sweep cycle, as seen in Figure 1a,
which supports the assignment of this current peak. Similar
CV curves were also observed for Cu/SiO,/Pt cells.['314]

To determine the validity of the above peak assignments,
the CV curves were measured by changing the voltage sweep
range, as shown in Figure 2a. V, was increased from 0 to 1.5 V
in increments of 0.5 V, while V_ was fixed at -2 V. All the CV
curves in Figure 2 were taken from the second sweep cycle.
When the voltage sweep range was between —2 and 0 V, no
current peak was observed, indicating that almost no reaction
takes place in the negative bias sweep alone. As V, was grad-
ually increased, an oxidation current peak j, o, (Cu* to Cu?*)
appeared and, in response to this, a reduction current peak
Jpredz (Cu?* to Cu) appeared, as indicated by the solid arrows.
This suggests that Cu is preferentially oxidized to Cu’* for
smaller bias voltages. As V, was increased further, more Cu*
ions were generated by oxidation from Cu to Cu®. In response
to this, a ji, ea1 (Cu* to Cu) reduction current peak appeared, as
indicated by the dashed arrows. The behavior of the CV curves
in Figure 2a fully supports the above current peak assignments.

The standard redox potentials for Ag in aqueous solutions are
given as Ag*"/Agt (E®! = 1.98 V) and Ag'/Ag (E?? = 0.8 V).I2I
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Ag-related redox reactions have higher (more positive) equilib-
rium potentials compared to Cu-related redox reactions. This
means that Cu would be more easily oxidized than Ag in posi-
tive bias while Ag would be more easily reduced than Cu in
negative bias. As the bias voltage was swept from 0 V to the
positive sweep direction, Ag was oxidized to Ag" owing to its
lowest oxidation energy. Therefore, the current peak j, o in
Figure 1b can be attributed to this reaction. Because the poten-
tial for the oxidation from Ag" to Ag?" is much higher than
that for oxidation from Ag to Ag*, the former reaction may be
negligible under the voltage sweep range used. When the bias
voltage was swept back from V, to the negative sweep direction,
the current peak j, .41 appeared. Figure 2b depicts CV curves
measured with varied voltage sweep ranges. V, was increased
from 0 to 0.2 V in increments of 0.1 V, while V_ was fixed at
—0.6 V. The current peak j, ..q1 increased with increasing V,, in
response to the increase of the oxidation peak j, ., (Ag to Ag*).
Thus, the peak jj..q; is assigned to the reduction from Ag*
to Ag. As the bias voltage was swept further to negative bias,
another current peak j, ., appeared. It is difficult to attribute
this second peak to the reduction from Ag?" to Ag®, because
only Ag* ions are generated in the positive voltage sweep and
no peak corresponding to the oxidation from Ag?* to Agh was
observed, unlike in the Cu/Ta,0s/Pt cell. The origin of this
second peak is not well understood, and further investigation is
needed to identify it.

From a comparison between the results for two active elec-
trodes, it is found that Cu is oxidized preferentially to Cu?*, but
Ag is oxidized to Ag" under the positive bias voltages used. Cu*
ions are also produced at higher voltages, both in positive and
negative bias, and the CV curves after the second sweep cycles
clearly indicated the presence of Cu’. To construct a compre-
hensive theoretical model of the resistive switching, both ion
species (Cu?* and Cu*) should be considered in the Cu/Ta,Os/
Pt cell, but only Ag* ions may contribute to the formation of the
metal filament in the Ag/Ta,0s/Pt cell.

Figure 3 shows the typical variation of CV curves for a) Cu/
Ta,05/Pt and b) Ag/Ta,Os/Pt cells measured with different
sweep rates. Similar to standard redox systems, as the sweep
rate increased the current peaks became larger and the peak
positions shifted to the higher voltage side in both polarities,
as indicated by the dashed arrows. This suggests that an inhib-
ited charge transfer controlled electrode reaction takes place at
the Cu,Ag/Ta,0s interface.?!) In the case of an inhibited charge
transfer at room temperature, the reduction current density can
be estimated from the Randles—Sevick equation(?!]

2% ¢, -AJaDv 1)

2

Jp, =2.99%10° -

where D is the diffusion coefficient in cm? s7, ¢, the concen-
tration in mol cm™, z the number of electrons transferred in
the redox reactions, o the charge transfer coefficient (for sim-
plicity, we assume o = 0.5),13] and v the sweep rate in V s7!
Equation (1) suggests a linear relationship between j, and v'/%
Figure 4a plots the peak current density of j, .4 as a function
of v/2 for Cu/Ta,05/Pt (red open squares) and Ag/Ta,Os/Pt
(blue open circles) cells. The experimental results are in good
agreement with the prediction of Equation (1), as in the case of
Si0,-based cells."3

Adv. Funct. Mater. 2015, 25, 6374-6381
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Figure 3. Typical CV curves measured with varied sweep rates for a) Cu/
Ta,05/Pt and b) Ag/Ta,Os/Pt cells.

To retain the electroneutrality during anodic oxidation,
counter charge(s)/reactions are a principal requirement. Water,
absorbed into the Ta,Os films from the surrounding ambient
atmosphere, can undergo the following reductions at the
Ta,0s/Pt interface

%Oz +H,0+2e” — 20H" and/or (2)

2H,0+2e — 20H +H, (3)

as the counter reaction to the oxidation at the Me (Cu or Ag)/
Ta,Os interface

Me — Me*™ + ze~ 4

Therefore, the concentration of metal ions (Cu®" or Ag") and
hydroxide ions (OH") must contribute to ¢, in Equation (1).
Recently, Tappertzhofen et al. found that the latter reduction
process (Equation (3)) is more probable for SiO,-based cells,??!
and we believe that it is also applicable for Ta,Os-based cells.
Based on this assumption, ¢, was estimated from the CV
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measurements. First, the total generated charge during anodic
oxidation was estimated by integration of the current in the
positive voltage regime of the first sweep cycle. Then, a mean
value of ¢;,, was calculated by taking into account the cell geom-
etry (50 pm x 50 pm X 20 nm). The calculated ¢;,,, was plotted
as a function of v in Figure 4b. It was assumed that most of
the generated ions in the first sweep cycle (Figure 1) are Cu?*
(z=2) and Ag* (z = 1) for each cell. We see that ¢, decreases
with increasing v for both Cu?" and Ag". This can be explained
by the time available for the anodic oxidation. At lower sweep
rates, more ions can be generated thanks to a longer bias
voltage application time. As v increases, the effective oxidation
times become shorter, resulting in the decrease of ¢;,,. The con-
centration of Ag* is two or three times lower than that of Cu?*
in the observed sweep rate range.

The diffusion coefficient D was calculated using Equation (1)
and the results are plotted as a function of v in Figure 4c. At
low sweep rates, a higher ion concentration limits further oxi-
dation due to the slower diffusion of cations into Ta,Os. As v
increases, the anodic oxidation is limited and oxidized ions
can diffuse more rapidly in Ta,0s. As a result, D is increased
with the increase of v. This indicates that the Ta,O5 film acts
as a concentrating solution and an ion—ion interaction cannot
be neglected at higher ion concentrations. D falls in inverse
proportion to ¢, as shown in Figure 4d. The diffusion coef-
ficient D can be estimated to be =107* cm? s7! for both Cu?*
and Ag*. There are no available data on the diffusion coefficient
of Cu and Ag ions in Ta,Os. However, the estimated value of
D is about eight orders of magnitude higher than the extrapo-
lated diffusion coefficient of Cu ions, which was evaluated by
secondary ion mass spectroscopy for a 120 nm thick Ta,Os film
deposited by pulsed laser deposition on Cu.l?¥l The enhanced
diffusion coefficient may come from the downscaling of the
film thickness as well as the structural difference of the depos-
ited Ta,Os film. Figure 4d also suggests that Ag ions can diffuse
faster than Cu ions at the same sweep rate.

The incorporation of charges separated at both interfaces,
Cu**(Ag") at the Cu(Ag)/Ta,0Os interface and OH~ at the
Ta,05/Pt interface, leading to the formation of an emf within
the cell.™ The theoretical emf voltage V.,,r cannot be directly
measured due to the partial electronic conductivity of the cell.
The measurable cell voltage V. is given by

R
R'+RY

cell =

‘/emf (5)

where R, is the electronic resistance determined by a leakage
current and R; is the ionic resistance (the equivalent circuit
model is depicted elsewhere).>1% V. consists of half-cell
reactions at the two interfaces (Nernst potential Vy) and a diffu-
sion potential V4**!

— kgT
‘/emf = VN +Vd zVO + tion B_ln(cion) (6)
2ze

where V; is the standard potential, kz the Boltzmann con-
stant, e the electron charge, T the absolute temperature, and

tn the mean transference number of ions (o, = fyer + for)-
Figure 5a,d shows the time evolution of V. after the anodic
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Figure 4. a) Negative peak current J, .4 versus v'/2, b) ion concentration ¢y, versus v, c) diffusion coefficient D versus v, and d) D versus ¢;o,,, which

were calculated from the CV data and Equation (1).

oxidation for the Cu/Ta,Os/Pt and Ag/Ta,0s/Pt cells, respec-
tively. The emf measurement was performed, under open-
circuit conditions, immediately after the anodic oxidation
was taken by sweeping the bias voltage in the positive voltage
regime. V. initially increased for the first =70 s and then
decreased gradually over time. The increased sweep rates
resulted in higher ion concentrations (Figure 4b), and the
maximum value of V. became higher for higher ¢,,,,, as shown
in Figure 5b,e. A linear relationship between Vo and log(cion)
was obtained, and the transference number %, was estimated
to be 0.4 for Ag* from the pre-exponential term of Equation (6),
which is in good agreement with that estimated for Ag/SiO,/Pt
cells.! For the Cu/Ta,Os/Pt cell, %,, was calculated to be 1.6,
which may suggest that the assumption of Cu?" alone is not
appropriate. The maximum V. of the Cu/Ta,Os/cell is about
one order of magnitude higher than that of the Ag/Ta,Os/Pt
cell. This is because of smaller concentrations of generated ions
than in the Cu/Ta,Os/Pt cell, as seen in Figure 4b. Figure 5¢,f
schematically illustrates how V,,ris determined by metal ions
and hydroxide ions separated at the respective interfaces under
the bias application. The smaller concentration of charges

wileyonlinelibrary.com
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separated at the interfaces results in a faster decrease in V, for
the Ag/Ta,05/Pt cell, as seen in Figure 5d.

It was found that the appearance of redox current peaks
depends strongly on the Ta,Os film deposition method. Thus,
we investigated the effect of the Ta,Os deposition method
(ie., the structural property) on the redox reactions of Cu
ions. Three Ta,Os films were prepared by EB deposition and
RF sputtering with different RF power conditions. The average
ratio of the number of Ta atoms and O atoms for all the depos-
ited films was estimated to be 0.41-0.42, while the density of
the films was found to vary from 6.2 (RF sputtered at 30 W),
7.1 (EB deposited), to 7.6 g cm™ (RF sputtered at 200 W). The
fact that the films had almost the same Ta/O ratios but different
densities suggests that the obtained Ta,Os films had nanopo-
rous structures with different densities. Figure 6a shows typ-
ical CV curves measured for Cu/Ta,0s/Pt cells with different
Ta,05 film densities. For the highest density of 7.6 g cm™,
only electronic current was observed, with almost no ionic cur-
rent contribution. As the film density decreased, current peaks
associated with redox reactions appeared. These ionic current
peaks became larger and shifted to the lower voltage side in

Adv. Funct. Mater. 2015, 25, 6374-6381
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Cion Was adjusted by a single sweep in the positive voltage regime with different sweep rates, as shown in Figure 4b. (b,e) depict the maximum value

of Vg plotted as a function of ¢, together with the fitted curves (red lin
determined by ion concentrations generated in the Ta,Os film.

magnitude for the lowest film density of 6.2 g cm~. This result
indicates that the redox reactions are significantly enhanced by
lowering the film density.

Film density has a considerable influence on both the redox
reaction and the forming process. The corresponding cell
forming behaviors are shown in Figure 6b. As the bias voltage
was swept beyond V., the cells exhibited a forming operation
from the OFF state to the ON state at a certain voltage, which is
termed the “forming voltage.” The forming voltage was found
to decrease from 4.3 to 0.44 V with decreased Ta,0s film den-
sity, as shown in the inset.

According to the obtained results, we infer the effect of
matrix material (Ta,Os) film density on the redox reactions
in an atomic switch structure, as illustrated in Figure 6¢. The
deposited Ta,Os films have a nanoporous structure in which
small amorphous grains with sizes of less than a few nanom-
eters are randomly piled up. Water molecules, absorbed from
the ambient atmosphere into Ta,0s, would form a hydrogen-
bond network in grain boundariesl!¥ and in distributed
defects such as dangling Ta—O bonds.**?’] When a positive
bias voltage is applied to the Cu or Ag electrode, these active
metal atoms are oxidized at the anode interface (Equation (4))
and the generated ions migrate along the grain boundaries, or
easier migration paths, toward the Pt electrode. At the same
time, in order to maintain the electroneutrality within the cell,

Adv. Funct. Mater. 2015, 25, 6374-6381 © 2015 WILEY-VCH Verlag G

es) calculated using Equation (5). (c,f) schematically illustrate how V. is

water molecules are reduced to OH™ ions at the cathode inter-
face as the counter charge (Equation (3)). The formed emf is
dependent on the amount of metal and hydroxide ions gener-
ated at the respective interfaces. When the film density is high
(such as 7.6 g cm™), the redox reaction is limited by a small
amount of residual water, resulting in a very small ionic cur-
rent contribution, as seen in Figure 6a. Only a small electronic
current was observed at higher bias voltages in both polarities.
The Cu ion generation rate is significantly lowered and hence
a high bias voltage is required for the forming operation. If the
film density is decreased, more water molecules are incorpo-
rated into the Ta,Os film, which may enhance the redox reac-
tions at both interfaces, as evidenced by the increased ionic cur-
rent in Figure 6a. The ionization of Cu at the anode interface is
enhanced by chemical oxidation via residual water,?! and the
reduction of water molecules at the cathode interface is also
increased by a larger volume of incorporated water. Therefore,
more metal ions can be injected into the Ta,Os film, and these
ions can migrate faster due to the increased migration paths, as
shown in Figure 6¢. Thus, the forming voltage is lowered for
lower film densities. This result indicates the importance of the
structural properties of the matrix film on both the redox reac-
tions and the forming process in the atomic switch structure.
The reduction of the electroforming voltage is desirable for
practical applications, because a higher forming voltage may
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Figure 6. Typical CV curves measured for a) different film densities and b) the forming operation of Cu/Ta,Os/Pt cells. The inset plots the forming
voltage as a function of the film density. ¢) Schematic illustration of the impact of Ta,Os film density on the forming process.

cause unwanted damages to oxide-based resistive switching
cells.l?®l The control of the film density (and the structural prop-
erty) would overcome this problem. The correlations between
the film structure and the resistive switching properties are
complicated because they are influenced by many factors such
as the deposition conditions of the oxide film and the ambient
conditions under measurement. Further detailed investigations
are underway to reveal the impact of the film structure on all
the characteristics of resistive switching.?’]

3. Conclusions

We have investigated the detailed redox reactions of Cu and Ag
at the interface with Ta,Os films by means of CV measurements.
It was found that Cu is preferentially oxidized to Cu?* while
Ag is oxidized to Ag* under positive bias. Subsequent negative
bias causes reduction of oxidized Cu (Ag) ions at the interfaces.
The diffusion coefficient of Cu and Ag ions in the Ta,Os layer
was estimated to be ~10713 cm? 571, which is much higher than
that estimated for Cu ions in thicker films. The CV results sug-
gest that Ag ions can migrate faster than Cu ions under the
same voltage sweep rate, and that the emf is much smaller for
an Ag/Ta,0s/Pt cell. It was also found that the redox current

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is enhanced and the forming voltage of a Cu/Ta,0O5/Pt cell is
reduced when the film density of Ta,Os is decreased. This result
indicates that Cu (and also Ag) is more oxidized at the inter-
face in a more porous Ta,Os film, which oxidation is assisted by
residual water absorbed by the Ta,Os film. The results contribute
to a detailed understanding and control of the resistive switching
behavior of oxide-based atomic switches and ECM cells.

4. Experimental Section

The Cu,Ag/Ta,0s/Pt cells were fabricated on a Si substrate covered with
SiO, (300 nm). All the layers were deposited at room temperature using
metal masks with different patterns. First, 5 nm thick Ti and 30 nm thick
Pt were deposited by EB deposition as the adhesion and the bottom
electrode, respectively. Then, a 20 nm thick Ta,Os film was deposited by
different deposition methods. One film was deposited by EB deposition,
with a deposition rate of 0.01 nm s™'. Two other films were deposited by
RF magnetron sputtering, using 30 and 200 W RF power, respectively.
The average ratio of the number of Ta atoms to O atoms for all the
deposited films was estimated from X-ray photoelectron spectroscopy
(XPS) measurements. The film density was evaluated from X-ray
reflection (XRR) analysis. Finally, 30 nm thick Cu or Ag and 30 nm thick
Pt was deposited as the top electrode and the layer protecting against
chemical oxidation in air, respectively. Each cell consisted of a cross-
point structure with a 50 pm X 50 pm junction area.

Adv. Funct. Mater. 2015, 25, 6374-6381



el
Mo View'S
www.MaterialsViews.com

The CV measurements were performed in air (at a relative humidity
of 20%-30%) at room temperature using a source meter with high
input impedance (Keithley 6430). A bias voltage was applied to the top
electrode and swept at a constant sweep rate. The sweep rate was varied
between 1.9 and 480 mV s™'. The bottom Pt electrode was electrically
grounded in all of the measurements. The cell forming behaviors were
also observed using the same experimental setup.
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