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ABSTRACT Resistive switching memories (ReRAMs) are the major candidates for replacing the

pH,0

state-of-the-art memory technology in future nanoelectronics. These nonvolatile memory cells are

based on nanoionic redox processes and offer prospects for high scalability, ultrafast write and read
access, and low power consumption. The interfacial electrochemical reactions of oxidation and
reduction of ions necessarily needed for resistive switching result inevitably in nonequilibrium states,
which play a fundamental role in the processes involved during device operation. We report on
nonequilibrium states in Si0,-based ReRAMs being induced during the resistance transition. It is
demonstrated that the formation of metallic cations proceeds in parallel to reduction of moisture,
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supplied by the ambient. The latter results in the formation of an electromotive force in the range of up to 600 mV. The outcome of the study highlights the

hitherto overlooked necessity of a counter charge/reaction to keep the charge electroneutrality in cation-transporting thin films, making it hard to analyze and

compare experimental results under different ambient conditions such as water partial pressure. Together with the dependence of the electromotive force on

the ambient, these results contribute to the microscopic understanding of the resistive switching phenomena in cation-based ReRAMs.
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o face the upcoming challenges of

future information technology, new

nonvolatile memory concepts are
inevitable to replace conventional flash
technology.'” Resistive switching electro-
chemical metalization (ECM) cells based on
redox processes in nanoscaled insulators
(e.g., silicon dioxide) attracted high atten-
tion due to their low power consumption
and high scalability.>~° Typically, an ECM
cell consists of a working electrode (WE)
such as Cu or Ag and a counter electrode
(CE) such as Pt separated by an insulating
thin film (e.g., SiO,). Here, the switching
effect is contributed by the electrochemical
formation and dissolution of a nanoscaled
Cu filament within the insulator, short
circuiting both electrodes.' In contrast to
Agl'" or Ag-GeSe,'? SiO, and many other
oxides used as resistive switching films (e.g.,
Ta,05'> or WO5') do not initially contain
mobile metal cations (e.g., Cu™), which are
responsible for the filament formation.
Thus, one needs first to electrochemically
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dissolve Cu ions into SiO, in order to oper-
ate the cell.”” In this case it is not sufficient
to simply apply a positive voltage to the
electrochemically active electrode.'® A
counter electrode reaction at the inert elec-
trode must proceed, thus supplying counter
charge and allowing the injection of cations
into the resistive switching film to maintain
the electroneutrality. Failing to ensure a
charge transfer reaction at the inert elec-
trode will result in blocking the electrochem-
ical oxidation of the active electrode and
will therefore prevent resistive switching.
Hence, an appropriate counter reaction/
charge is essential for cation-based resistive
switching memory (ReRAM) devices using
insulating solid films. Water reduction and/
or dissociation interacting with SiO,'” or
with Pt but also oxygen reaction on the Pt
electrode may supply the necessary counter
reaction (charge) to enable Cu oxidation.
Moreover, a distinctive open-circuit voltage
(i.e., electromotive force, emf) between the
WE and CE electrode was recently measured
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for various ECM material systems including SiO,'® and
also material systems based on the valency change
mechanism such as SrTiOs.'® The emf was found to be
generated by redox reactions involved in the resistive
switching process, and the observed effects are similar
to those in charging batteries. Being a fundamental
part of the redox processes, the discovery of a none-
quilibrium state(s) in resistive switches necessitates a
crucial amendment to the theoretical treatment of the
memristors and memristive devices based on nano-
ionic resistive switching memories.'®

While in the literature most attention has been paid
to the active electrode, electrochemical reactions
at the inert electrode have been widely overlooked.
Only a few reports indicate the relevance of reactions
occurring at the counter electrode. For instance it has
been reported that the switching voltage for SiO,-
based cells during resistance transition from a high
resistive state (HRS) to a low resistive state (LRS)
increases by a decrease of the water partial pressure.?°
Tsuruoka et al. made comprehensive studies on the
switching kinetics®' and the impact of moisture on the
switching effect of Cu/Ta,0s/Pt and Cu/SiO,/Pt devices
and demonstrated the pronounced impact of ambient
moisture on the forming voltage and the switching
characteristics of SiO,-based ECM cells.?? The increase
of the switching voltage in a vacuum was attributed
to the removal of water from the nanoporous SiO,, and
the effect of moisture was due to the water-assisted
Cu oxidation as well as water-enhanced ion migra-
tion along grain boundaries in the oxide layer. How-
ever, even though resistive switching in SiO, has been
intensively studied?* 2> with special attention to the
switching kinetics,?® multibit functionality,?” or power
consumption,® the role of a potential counter charge-
(s) supplied by water or oxygen and their impact on
nanoionic-based nonequilibrium states have not been
analyzed yet.

Here we report on introducing nonequilibrium
states, i.e., chemical potential gradients in the Cu/
SiO,/Pt system, by operating the memory cells. SiO,
has been selected among several tested oxide-based
systems (e.g., Ta,Os, TiO,, WOs, and HfO,) showing
distinctive advantages as a model system: (i) the
system is a purely ECM system (no oxygen vacancy
mechanism reported in this operating voltage range)
and (ii) the moisture can easily desorb from SiO, in dry
air and/or vacuum conditions, thus allowing adjusting
the water partial pressure within the material (i.e., at
the Pt/SiO, interface). The nonequilibrium states are
affected by the ambient atmosphere and the change
of the Cu”" ion concentration at the Cu/SiO, interface.
As a sequence an electromotive force is generated,
strongly influencing the cell performance, and repeat-
edly renewed during SET/RESET cycles. We emphasize
that the effect of the counter charge(s) on the anodic
oxidation of Cu is a crucial factor determining the emf
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Figure 1. Resistive switching of Cu/SiO,/Pt. The ON resis-
tance strongly depends on the current compliance. In this
example di/dV ~ 1 MQ, dominated by tunneling effects.* If
the voltage amplitude is limited to +2 V, resistive switching
is avoided and redox processes can be analyzed by cyclic
voltammetry (sweep rate 1 V/s). A forming step is not
required for cyclic voltammetry. The current is proportional
to the electrode diameter. Cyclic voltammetry can also be
performed after electroforming. However, in this case, the
voltage amplitude needs to be limited to prevent resistive
switching.

and is a prerequisite for resistive switching. From X-ray
photoelectron spectroscopy (XPS) depth profiles we
were able to clearly identify the formation of oxidized
Cu species at the Cu/SiO, interface after electrode
polarization. Electromotive force measurements were
then performed to study the impact of water partial
pressure, revealing that a water reduction reaction
at the Pt electrode provides the counter charge
supply required for Cu ion formation at the Cu/SiO,
interface. Hence, this work significantly contributes
to the understanding of the complex mechanism of
resistive switching and more generally to the nano-
ionic redox phenomena involving strongly nonequi-
librated states generated by the electrochemical
oxidation of Cu.

RESULTS AND DISCUSSION

Resistive Switching and Anodic Oxidation of Cu”" lons at the
Cu/Si0, Interface. A detailed view of the resistive switch-
ing characteristics and cyclic voltammetry (CV) for
comparison is shown in Figure 1. In this context, CV is
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Figure 2. X-ray photoelectron spectroscopy depth profiles. (a) For simplification only the signal response around the binding
energy of Cu 2ps,, at the Cu/SiO; interface is shown (see zoom). (b) XPS spectra shown for the as-deposited sample and
(c) after electrochemical oxidation. A clear Cu?>*™ signal appears close to the Cu/SiO, interface after oxidation.

a current—voltage sweep method where resistive
switching is avoided by limitation of the bias voltage
to analyze electrochemical reactions prior to the resis-
tive switching effect. During the positive voltage
sweep anodic oxidation of the Cu electrode takes
place. Beyond V > 2 V the cell switches from the HRS
to the LRS and the current is dominated by the highly
conducting Cu filament and the current compliance,
lcc. By applying a negative voltage the filament is
dissolved and the cell is switched back to the HRS.
Resistive switching during the positive voltage sweep
can be avoided by limitation of the voltage amplitude,
revealing the unique opportunity to investigate the
redox reactions preceding filament formation (further
denoted as cyclic voltammetry experiments, CV). Thus,
during the following sweep in a negative voltage regime
the reduction processes of the previously oxidized
Cu ions close to the WE can be observed in detail.?°
Note, we were not able to observe redox reactions and
forming or resistive switching in anhydrous O, or N,
atmospheres.

The formation of Cu ions during electrode polariza-
tion is clearly confirmed by XPS depth profiles of Cu/
SiO,/Pt cells in as-deposited state (Figure 2b) as well as
after electrochemical oxidation (Figure 2c). The spectra
clearly showed the presence of Cu?" ions underneath
the Cu electrode in the case of electrode polarization.
While cyclic voltammograms reveal the presence of
a small amount of Cu™ ions (z = 1) in addition to Cu®"
ions,?® we are not able to clearly distinguish the Cu™
signal from metallic copper in the XPS profiles due to
the small difference in the binding energies. In addi-
tion, the resolution and the sensitivity of the method
are not sufficient to detect small amounts (below ~ 1 at. %)
of Cu species, and thus, filament formation and/or
the existence of a low concentration of Cu ions at the
Pt/SiO, interface practically cannot be detected. How-
ever, the XPS results confirmed the conclusion
drawn on the basis of the cyclic voltammogram
analysis, where we were able to identify the pre-
sence of Cu?" ions.?? It has been recently reported

TAPPERTZHOFEN ET AL.

that according to X-ray absorption spectroscopy
measurements, Cu>"—02~ bonds in SiO, are much
weaker than the Cu™—0?" bonds, suggesting that
Cu" is more mobile in SiO,, thus dominating the
switching process.®° It is worth mentioning that the
thickness of the interface layer containing Cu?*" ions
is in the range of a few nanometers, limited by the
Cu?" mobility. The estimated relatively small pene-
tration depth indicates that during the switching
event Cu ions must be significantly accelerated by
the applied field in order to achieve switching times
in the microsecond regime or below.?'’

Impact of Moisture on the Cu”" lon Concentration and
Diffusion Coefficient. A counter charge(s)/reaction, e.g.,
electrons or OH™, must keep the electroneutrality dur-
ing device operation. OH™ ions can be supplied by
moisture from the surrounding ambient (reaction 2),
which is incorporated into SiO, because of its nano-
porous structure.?>*? Thus, during the CV sweeps the
half-cell reaction at the active electrode is assumed

Cu — Cu?t +2e~ M

and at the inert Pt electrode the required counter
reaction is given by

1
502+H20+2e7—>20H7 (2)

To study in detail the impact of moisture on
Cu redox processes, we performed CV measurements
at different water partial pressures, pH,O (Figure 3a).
Particularly, we analyzed the impact of pH,0O on the
concentration of ions (¢, generated during the
sweeping. It must be emphasized that the concentra-
tions of both Cu ions cc,, and hydroxide ions OH™
(con-) are contributing equally to cion.

The concentration ¢, can be estimated by integra-
tion of the current during the sweep and the cell
geometry. We assume that only one cation species
is dominating the switching effect with z = 2.3° In
previous studies'>?*? z = 1 was used for simplifica-
tion, resulting in a slightly higher diffusion coefficient.
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Figure 3. Impact of moisture on Cu*"/Cu redox processes. (a) Cyclic voltammetry in hydrated nitrogen atmosphere (pH,0 =1
to 23 hPa). (b) lon concentration (c;,,) dependence on pH,0 at constant sweep rates, respectively. The ion concentration was
adjusted by variation of the sweep rate®® and calculated by integration of the anodic oxidation current over time. The ion
concentration also depends on the water partial pressure during the anodic oxidation sweep. (c) Diffusion coefficient (D)
calculated by the Randles—Sevcik equation and depending on the water partial pressure. The effective diffusion coefficient is
decreased at high pH,0, which is attributed to ion—ion interactions due to high Cu ion concentration. Note, here we assume

only one dominating cation species with z = 2.

The diffusion coefficient D is derived as shown in ref 33
using the Randles—Sevcik equation:

Jo = (2.99 x 10°)2%/%¢ionVaDY 3)

Here, j,, is the reduction current peak density, v is the
sweep rate, and a = 0.5 the charge coefficient.?®
Increasing of pH,O during anodic oxidation results in
an increase of ¢y, (Figure 3b) because the introduction
of the counter charge at the Pt/SiO, interface seems
to be the limiting process for anodic oxidation.
This relation unequivocally reveals that hydroxide ions
are acting as counter charge rather than electrons.
At higher water partial pressures more OH™ can be
reduced at the Pt/SiO, interface and, respectively, a
higher amount of Cu”* can be dissolved. Since the
high local concentration of Cu ions leads to ion—ion
interactions, the thermodynamic factor d In a;/d In ¢;
(with the activity g; and the concentration c; of species i)
is reduced, and increasing the partial pressure of
water results in a decrease of the diffusion coefficient
D (Figure 3c) as in the case typical for concentrated
solution conditions.?® However, the estimated diffu-
sion coefficient for Cu ions is magnitudes of orders
higher compared to the extrapolated values in bulk
Si0, at room temperature.>* We contribute the higher
diffusion coefficient mainly to the nanoporous struc-
ture of the deposited SiO, layer.??3? The diffusion may
be additionally increased due to an impact of moisture
within the SiO, and an electric field enhancement.

The incorporation of charges separated at the both
interfaces, i.e, Cu”" at the Cu/SiO, interface (I) and OH™~
at the SiO,/Pt interface (ll), leads to the formation of an
emf within the ECM cell.

Electromotive Force Measurements. Figure 4a depicts
the equivalent circuit model of the Cu/SiO,/Pt cell.
The theoretical emf voltage is not directly measured
due to the finite electronic partial conductivity (i.e., the
mean transference number of ions is not tig, = 1).
This is represented by the electronic resistance (Re))
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determined by the leakage current and the ionic resis-
tance (R). Thus, the measurable cell voltage (Ve) is
given by eq 4:

R

R Ry Vemf (4)

Vcell = fion‘/emf =

On the basis of Hebb—Wagner polarization mea-
surements®>3® we found that the transference number
for ions is ti,, = 0.3. The cell voltage of up to V. =
600 mV strongly depends on the ion concentration
(Cion), @s shown in Figure 4b. Vo is determined by the
emf voltage (Vems), Which in turn is composed by both
half-cell reactions (Nernst potentials Vy contribution)
and a diffusion potential V."®

Vo=V + V=V + Ly o Con
emf N d 2¢

-
Ly [rdame )

. . 12
(e (o (eyodn € Tig

Vu A

Here \° is the standard potential, k the Boltzmann
constant, e the elementary charge, T the absolute
temperature, and t; the mean transference number of
species i. co, is the oxygen concentration (given by
pO,) and ¢y o the water concentration (given by pH,0)
at interface Il (SiO,/Pt). Note, all emf measurements
were performed under open-circuit conditions. Possi-
ble thermal effects (i.e., thermovoltages) due to high
currents during the measurements can be thus safely
neglected.

AS Cion = Ccue+ + Con- increases (by decreasing the
sweep rate),” the emf increases as well, and thus, a
higher value of Vg is measured. A linear slope can be
approached when V. is plotted versus log(cion)
(Figure 4c), as evident from eq 4. An emf can also be
measured after resistive switching and RESET of the
cell. However, the cell voltage is smaller in this case
(typically in the range V ¢ ~ 10—100 mV depending
on the sweep rate).

The cell voltage has also been measured at dif-
ferent water partial pressures (pH,O) in a nitrogen
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Figure 4. Cell voltage (V) between the Cu and Pt electrode analyzed as a function of the ion concentration (c;,,). The water
partial pressure was kept constant to approximately 4 hPa. (a) Equivalent circuit of the Cu/SiO,/Pt cell. The cell voltage V), is
determined by the emf voltage Vs and the electronic partial contribution. (b) Transient measurements of V. at constant
pH,0 for different ion concentrations. Prior to the measurements the ion concentration was adjusted by a single linear anodic

oxidation sweep of different sweep rate. (c) V. dependence on ciop.
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Figure 5. Electromotive force measurement at a constant
ion concentration. (a) V.. dependence on the water partial
pressure in a nitrogen atmosphere. Each point corresponds
to a different pH,O value. The initial ion concentration
(indicated in the plot) was set prior to the measurements.
(b) Transient measurement of V. at constant ¢, and
pH,0. (c) V oy (red) response to the variation of the pH,0
(black). The V. response to pH,0 change is reversible. This
indicates that the concentration gradient of Cu remains
constant with time and pH,0 does not meaningfully in-
crease the mobility of Cu ions in the SiO,.

atmosphere, as depicted in Figure 5a. ¢;o, was adjusted
prior to the experiment by a single linear anodic
oxidation sweep. The ion concentration of both cations
and OH™ is believed to be constant during the experi-
ment. From eq 5 it is evident that the emf is influenced
by ch,0 (and, thus, pHy0) also when ccy.: and con

are constant. To ensure reproducible experimental
conditions, the oxygen partial pressure (pO,) was
monitored by an oxygen sensor simultaneously and
was found to be constant during the measurements.
The highest value for V¢ is measured in an anhydrous
nitrogen atmosphere. When pH,0 is increased, a de-
crease of V. is observed in accordance with eq 5. The
system requires at least 60 min relaxation as soon as
quasi-equilibrium for each partial pressure of water is
reached. Figure 5b shows that Ve remains constant
over hours. Vg can be reversibly tuned (increased or
decreased) depending on the particular water partial
pressure, as depicted in Figure 5c. Hence, pH,0 and,
therefore, the water molecules incorporated into SiO,

Figure 6. Schematic cross section of the Cu/SiO,/Pt cell
showing the penetration of moisture into the SiO, thin film.
By changing the water partial pressure (pH,0) moisture is
likely penetrating into the SiO, from the lateral sides. The
pH,0 equilibration can take several hours depending on the
change of ambient water partial pressure. No forming
process can be observed in dry atmosphere or in a vacuum
below approximately 12 V.

do not significantly increase the ion mobility (due to
solvent effects), and the Cu*" and OH™ ion concentra-
tion gradients and, respectively, the driving force for
Ve are not changed.

The results presented above underline the impor-
tance of a counter charge/reaction. Without a counter
charge/reaction no anodic oxidation can take place,
and thus, the resistive switching effect is not observed.
We have clearly verified that water is mainly supplying
the required counter charge(s) for anodic oxidation
and hence resistive switching rather than enhancing
the Cu”* ion mobility in SiO, thin films, which would
result in an irreversible decrease of Vo by increase of
pH,0. Electrons alone seem to play an inferior role as
counter charges required for maintaining the electro-
neutrality because anodic oxidation is not observed in
an anhydrous atmosphere.

By XPS depth profiling we observed a pronounced
increase of the Cu*™ concentration for the electrochem-
ically treated sample in the immediate vicinity of the
electrode, whereas the concentration within the SiO,
film is very small. Thus, we conclude that the half-cell

A ANTARNTF
TAPPERTZHOFEN ET AL. VOL.7 = NO.7 = 6396-6402 = 2013 @L%ﬂ\j {\) 6400

WWwWW.acsnano.org



potential at the working electrode interface (Cu/SiO,) is
defined by the Cu*" ion concentration, and at the
counter electrode interface (SiO,/Pt) the water redox
reaction is determining the electrode potential, thus
providing the counter charge needed for the Cu half-cell
reaction. Increasing the water partial pressure increases
the half-cell potential at the counter electrode but lowers
the absolute cell potential difference. As soon as water is
removed by decreasing pH,0, the cell voltage (Vey) will
increase again in accordance with eq 5.

We assume moisture is likely penetrating from the
lateral sides, as depicted in Figure 6. However, resistive
switching experiments?®?? indicate a pH,O equilibra-
tion in the complete SiO, thin film, even underneath
the top electrodes. This complies with our observation
that the V¢ equilibration can take up to several hours
depending on the change of ambient water partial
pressure.

METHODS

Platinized p-doped (100) orientated silicon substrates were
used for sample fabrication. A 30 nm thick SiO, thin film was
deposited by electron-beam (e-beam) evaporation at an eva-
poration speed of 0.01 nm/s. Cu top microelectrodes, 30 nm
thick with a diameter of 0.008 to 0.2 mm?, were prepared by
conventional UV lithography and e-beam evaporation of Cu
(evaporation speed of 0.025 nm/s). The Cu top electrodes are
covered by a 100 nm thick Pt layer to prevent chemical
oxidation of the electrode in air. The photoresist was finally
removed by lift-off in acetone, 2-propanol, and deionized water.
For cyclic voltammetry we applied triangular voltage sweeps
between —2 and 2 V at various sweep rates (15 mV/s to 2 V/s)
using a Keithley 6430 Sub-Femtoamp remote source meter. The
same parameters except from a voltage amplitude of —2to 5V
were used for resistive switching.'>>* A Keithley 617 electro-
meter with high inputimpedance (>200 TQ2) was used for open-
circuit measurements.

The ion concentration at the interfaces has been adjusted
by performing a single linear anodic oxidation sweep in a
voltage frame from 0 to 2 V. The value for the ion concentra-
tion was calculated by integrating the current over the time
taking into account the ionic transference number. The varia-
tion of the sweep rates between 5 mV/s and 2 V/s results
in a different charge and respectively ensures different ion
concentrations.

Steady-state emf voltage experiments were performed after
the concentration of ions has been adjusted prior to the
measurements. We have used a Keithley 617 electrometer
and additionally a Keithley 6430 Sub-Femtoamp remote source
meter (input impedance >10'* Q) for comparison. We used a
triaxial measurement setup and avoided any RFI effects”3®
Different water/oxygen partial pressures were achieved in an
enclosed measurement chamber using two MKS 179B digital
mass flow controllers admixing anhydrous N, with anhydrous
O, or hydrated N,. The total flow rate through the measurement
chamber was kept constant at 100 sccm. The absolute pressure
within the measurement chamber was also kept constant close
to the ambient absolute pressure using a pressure relief valve.
During the measurement the partial pressure of oxygen was
measured by a Zirox O,-DF 12.2 oxygen sensor. The partial
pressure of water has been measured using a Honeywell
HIH-4000 humidity sensor. The sample temperature (room
temperature) was simultaneously monitored.

The XPS spectra were measured at a constant incident angle.
For the depth profiling we used Ar sputtering at 3 kV with a
sputtering rate lower than T nm/min.

TAPPERTZHOFEN ET AL.

CONCLUSIONS

In this study we have clearly demonstrated by
electromotive force measurements that nonequi-
librium states are generated by operating ReRAM cells.
Without a counter charge/reaction, which is inevitably
required to enable anodic oxidation, no resistive
switching takes place. Moisture supplying this counter
charge/reaction is playing an important role during the
electrochemical oxidation of Cu ions, being responsi-
ble for the filament formation and, therefore, for
resistance transition in SiO,-based ReRAM cells. The
origin of the electromotive force and the impact of
pH,0 are attributed to a diffusion potential modu-
lated by the electrochemical half-cell reactions (Nernst
potential) at the Cu/SiO, and SiO,/Pt interfaces. The
understanding of these effects leads to a new inter-
pretation of the factors controlling the switching be-
havior in SiO,-based ECM cells.

Conflict of Interest: The authors declare no competing
financial interest.
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