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Abstract

Memristive devices are promising candidates for the implementation in more than Moore applications. Their function-
alities, electrical characteristics, and behavior, such as high scalability and stability at extreme conditions such as low/
high temperatures, irradiation with electromagnetic waves and high-energy particles, and fast operation are required
for solving current problems in neuromorphic architectures. Electrochemical metallization (ECM)-based memristive
devices are among the most relevant in this scenario owing to their low power consumption, high switching speed,
showing high HRS/LRS resistance ratio in digital mode, and as well multilevel to analogue-type performance, allowing
to be used in wide spectrum of applications, including as artificial neurons and/or synapses in brain-inspired hardware.
Despite all the advantages and progressing industrial implementation, effects of materials selection and interactions
are not sufficiently explored, and reliable design rules based on materials approach are still to be formulated by the
correct choice of structures and materials combinations to ensure desired performance. In this work, we report on the
effects of impurities in the copper active electrode on the electrical characteristics of Cu/Ta,O5/Pt ECM devices. The
results demonstrate that Cu impurity is modulating the electrochemical behavior and switching speed due to different
catalytic activity and redox reaction rates. In addition, stability and variability are improved by decreasing the num-
ber of foreign atoms. Our results provide important additional information on the factors needed to be considered for
rational device design.

Introduction

Memristive devices have been demonstrated to be suitable
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synaptic and neuron functions [8, 9], fading memory [5],
and discrete quantum effects [7]. Several classes of mem-
ristive devices were reported, where among all, these based
on redox reactions [10], ferroelectric effect [11], magnetic
field [12], and phase change materials [13] are considered
most promising. Redox-based resistive devices include
electrochemical metallization (ECM) devices, where
redox reactions and cation transport play essential role and
valence change mechanism (VCM) devices, where resistance
change is based predominantly on anion motion, but cations
can still be involved in the mechanism [14—16]. ECM devices
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show advantages in terms of scalability, HRS/LRS resistance
ratio, multilevel switching, and low power consumption [17,
18]. The crucial challenge toward implementation in indus-
trial applications of this class devices is the high functional
variability induced by several intrinsic system factors such
as the catalytic activity of the electrodes [19], the materials
combination of the stack and capping layers [20], the strong
electric field in the switching layer and related field acceler-
ated reactions, and ion dynamics [21]. Nevertheless, extrin-
sic factors such as presence of impurities and/or moisture or
protons in the stack can also influence the system properties
and behavior [22-25]. Despite the fundamental understand-
ing, research, and applications of memristive devices that
are intensively progressing, several questions remain open.
For instance, the influence of the impurities within the active
electrode material on electrochemical processes and device
functionalities have not been considered. The importance
of the composition of the active electrode has been realized
by Yeon et al. [26] revealing the strong influence of elec-
trode composition on the resistive switching characteristics,
showing that instead of using only Cu or Ag metal as active
electrode, the use of Cu-Ag alloy with a proper Cu(Ag) con-
centration can improve not only device to device uniformity
but also device stability and electrical performance. However,
the concentration of doping/alloying phase was in the range
of several percents. Luebben et al. [24] demonstrated that the
presence of foreign components in SiO, switching layer even
in ppm range can significantly modify the electric potential
distribution within the nanodevice and thus influence resis-
tive switching kinetics and performance.

In this work, we discuss the impact of impurities in the
active electrode on the electrochemical processes and resis-
tive switching characteristics in Cu/Ta,Os/Pt ECM memris-
tive devices. We performed cyclic voltammetry, I-V sweeps,
and pulse measurements to study electrochemical behavior,
resistive switching characteristics, stability, and SET kinet-
ics. The results demonstrate an improvement in electrical
stability and uniformity by using higher-purity Cu as active
electrodes. Our results are of importance to improve the
knowledge on the rational material-based design of ECM
devices with optimal performance.

Experimental details

The ECM cells (see cross-sectional view in Fig. 1a) were
prepared on thermally oxidized one-inch SiO,/Si wafer.
The 10-nm Ti and 30-nm Pt layers were deposited onto
the substrate. The use of Ti helps to improve the adhesion
between the Pt bottom electrode and the wafer. The Ta,O5
switching layer with a 10-nm thickness was deposited on
bottom electrode Pt by radio frenquency (RF) reactive
magnetron sputtering using a Ta target (99.5%). Optimized
deposition parameters are 150 W of power, 0.04 mbar of
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pressure, 12 sccm of Ar flow, and 8 sccm of oxygen flow.
The device area was defined by optical lithography and
lift-off processes. A photoresist layer was spin-coated and
patterned through UV photolithographic pattern transfer.
Cu active electrode with a 30-nm thickness was sputtered
by RF magnetron sputtering (at 10 W, 0.004 mbar, 15 sccm
Ar flow sputtering condition) and covered with a 30-nm
Pt capping layer (at 80 W, 0.005 mbar, 15 sccm Ar flow
sputtering condition) to prevent Cu oxidation. The final
top electrode patterns were obtained through acetone lift-
off. The effect of active electrode impurity was studied by
fabricating Cu/Ta,O5/Pt samples in two classes, by vary-
ing Cu target purity: a 99.99% (4N) low-purity (LP) target
(EVOCHEM), and a 99.9999% (6N) high-purity (HP) (JX
Metals). The main impurities in the metal targets were
provided by the producer as Ag, Al, As, Bi, Ca, Fe, S, Sb,
Na, and K, with 70 ppm Ag. The individual impurities
were not controlled, and their concentrations may vary
within the defined total impurity ratio. Device configura-
tion, active device area, and other compositional and layer
deposition parameters were kept constant.

Electrical characterization and statistical analysis were
performed on 13 low-purity samples and 25 high-purity sam-
ples with Pt bottom electrode grounded and electrical poten-
tials applied to Cu top electrodes. All measurements were
conducted at temperature 23 °C +3 °C and relative humidity
22%+4% on devices with 25X 25-um? area. Keithley 6430
source meter was used for cyclic voltammetry and I-V sweep
measurements (Fig. 1b). Pulse measurements were conducted
by using a Wavetek 395 waveform generator and current
responses were read by a DPO 7254C oscilloscope. Redox
reactions were investigated with pristine devices through
cyclic voltammetry (CV). The voltage range during CV
sweeps was set from —2.1 V to 2.2 V to avoid electroforming
process (first SET), otherwise voltage swings from—2.9 V to
2.9 V. In all cases, current range of the source-meter was set
to 1.6 nA. For each sweep rate, three devices were measured
for both high- and low-purity samples. For each sample, 30
devices were measured. After the cyclic voltammetry, elec-
trical characteristics under /-V sweepings were recorded.
Current compliance during I-V sweep measurement was set
to 1 mA for SET processes. Before starting the statistical
analysis, 20 I-V cycles were performed for ensuring device
stabilization. From successive cycles set voltage (Vggr), reset
voltage (Vggsgr), high resistive state (HRS), and low resis-
tive state (LRS) were analyzed from the obtained IV curves.
The HRS and LRS resistance were read at 0.2 V. Statistical
approach was used by extracting quantiles of 60 IV curves,
being the minimum observed population ensuring statistics
convergence. For SET kinetics measurement, rectangular
voltage pulses were applied to the top electrode with magni-
tudes of 0.7 V,0.95V, 1.2V, 1.45V, and 1.7 V (Fig. 3a). For
each SET voltage, the measurement was repeated for 20 and



Journal of Solid State Electrochemistry (2024) 28:1735-1741 1737
@ T (b)
Pt IMETER RWIRE
T Cu
Cu
Ta,05 | C_ Vsource Ta,0
Pt Pt
Ti 2 4
sio, —\/\
- RWIRE
2
e
( ) Oxidation: Cu—Cu#*
1} + f
Cu—Cuz- CU—CU
<
c
= Of
c
o
5
O -1 l
— 1t Cycle 1t Cycle
ond Cycle U Cu ond Cycle Reduction: Cu#—Cu LP
2L rd | rd [
2 CuaCu 3" Cycle oo 3" Cycle HP
-3 -2 -1 0 2 3-3 -2 -1 0 1 2 3-3 -2 -1 0 2 3
Voltage (V) Voltage (V) Voltage (V)

Fig. 1 Schematics of a device structure and b the method for cyclic voltammetry and /-V sweep measurements. Exemplary cyclic voltammo-
grams in low-purity device (c), high-purity device (d), and direct comparison of respective second cycles (e)

32 times and the SET time (fgzy) Was acquired by calculat-
ing the time difference between the half rising edge of SET
voltage pulse and SET current response.

Results and discussion

Figure lc, d, e shows exemplary cyclic voltammograms
(CVs) for devices with low-purity (Fig. 1¢) and high-purity
(Fig. 1d) Cu electrode, with sweep rates of 370 mV/s. A
direct compassion of current responses is shown in Fig. le.
Both types of devices show pronounced redox current den-
sity peaks in the positive and negative voltage branch, indi-
cating the oxidation of Cu active electrodes and reduction
of Cu cations, respectively. The redox peaks observed on
the CV correspond to different half-cell reactions of oxida-
tion and reduction of Cu. We observed several redox steps
during the complete sweep, characteristic for the reactions
Cu* +e~ =Cu; Cu>* +2¢~ =Cu and Cu** +e~ =Cut,
respectively. The assignment of the peaks has been made,
based on the standard electrode potentials in aqueous
solutions. More detailed discussion on this can be found

in reference [27]. Low-purity devices show higher redox
currents, which is explained by the higher electrocatalytic
activity of the electrodes due to impurity inclusions, lead-
ing to accelerated redox reaction rates. The origin of the
higher reaction rate observed for low-purity metal can be
twofold—more noble metal inclusions in Cu (e.g., Ag or
Au) could form local galvanic elements that will increase
the rate of dissolution of Cu, thus leading to faster SET pro-
cess. In addition, less noble impurities such as Na, K, and
Al can also be dissolved, serving as local donors, and higher
concentrations will result in faster enrichment, and therefore
faster kinetics. Based on our experiments, it is difficult to
say at that stage whether both effects contribute equally, or
one dominates. The voltage positions of the redox peaks for
both reduction and oxidation processes show dependence on
the Cu active electrode impurity, indicating a charge trans-
fer limited processes. On the other hand, the current peak
intensity also depends on the Cu active electrode impurity.
Overall, the low-purity devices exhibit higher redox
currents, more intensive redox current density peaks at lower
voltage sweep potentials (Fig. 1e). Therefore, it is concluded
that the presence of impurities in the electrodes is increasing
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the catalytic activity of the electrodes towards the electro-
chemical processes, preceding the resistive switching, mini-
mizing the charge transfer resistance. In the case of SET
process, impurities are supposed to influence mainly the oxi-
dation/dissolution of a Cu active electrode. However, during
RESET, the parallel reaction of reduction of H,O molecules
can also be affected by the impurities.

SET and RESET transitions were studied and compared
for both systems by examining the /-V characteristics on
multiple individual devices but as well in means of cumula-
tive distributions for low-purity and high-purity devices. The
analysis of the variability was obtained by evaluating the
statistical distribution of individual device and by compar-
ing the cumulative distribution of all devices. The statisti-
cal distribution of SET and RESET voltages can be better
fitted to lognormal distribution (Fig. 2a, b). The fitting
of HRS and LRS resistances were performed on logarithm
values [17, 28]. The statistical distributions of Vggr, Vrgsers
HRS, and LRS resistance values are depicted in Fig. 2.
The upper panels in Fig. 2a—d show the device-to-device
variation, whereas the bottom panels show the cumulative
distribution. It can be observed that percentual variability
(5—95%) is always significantly lower in high-purity copper
devices. Furthermore, absolute variations are always greater
in low-purity devices due to the broader distribution curves,
particularly in the analysis of SET, RESET voltages, and

HRS resistance. As reported by Celano et al. [29], forma-
tion of multiple filaments with different morphology, which
alternately shortcuts the electrodes in different cycles, is a
basis phenomenon influencing the switching variability. The
presence of impurities may lead to different morphology and
thickness variations between filaments (due to different local
electrochemical activity). This effect would alter stochastic-
ity and stability of the formed metallic filaments, causing an
increase of the switching variability. Regarding measured
resistances, we assume that compositional/thickness varia-
tion would cause an additional resistivity difference between
the filaments. The presence of impurities can also catalyze
parallel redox processes—which introduces additional volt-
age variability, observed in our devices.

To further study the influence of active impurity in the
memristive switching, pulse measurement was conducted
to reveal the temporal current response under certain pulse
voltages stress. The waveform generators sent defined pulse
waveforms to the devices under test. The oscilloscope chan-
nel 1 (CH1) monitored the real voltage signals generated
by the waveform generator; concurrently, the current sig-
nals were recorded by monitoring the voltages drops across
the shunt resistors in channel 2 (CH2) and channel 3 (CH3)
of the oscilloscope. Figure 3a shows the schematic of the
experimental setup. Figure 3b shows exemplary resistive
switching cycle in pulse mode. Under the applied SET
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voltage (Vgpr), the device switched from HRS to LRS after
a time delay, after which the device current/conductance
increase abruptly. The SET time is defined by the inter-
val between the half rising edges of SET pulse and current
response, as indicated in Fig. 3b. After each SET event, the
device was switched back to HRS by the application of a
RESET voltage pulse.

Figure 4a, b shows the SET time of devices with high-
and low-purity electrodes as a function of applied voltage
in pulse regime. Low-purity Cu devices demonstrate at each
voltage faster switching, as shown in Fig. 4c. This result
corresponds to the enhanced reaction rates observed in CV
measurements (Fig. 1e). High-purity devices on the other

side show higher stability and lower variability (Fig. 4b),
consistent with the I-V sweep measurements (Fig. 2). We
have further analyzed the SET kinetics presenting the pulse-
mode data in tgg vs. V plots, following the model proposed
by Menzel et al. [30]. In this model, three different regions
are distinguished corresponding to nucleation, charge trans-
fer, and diffusion limited processes. For our samples, only
two regions were observed, and the fitted slopes are shown
in Fig. 4a—c. We have excluded nucleation as a factor since
it appears at much lower voltages and is characterized by
much steeper slope. Thus, we associated the first region
(0.7-1.2) V with charge transfer limitations. The kinetics
confirms the observations on higher speed for low-purity
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function of applied voltage for 10°F 10°r
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samples and lower slope Mypp, compared to high-purity
electrodes. Using the dependence Mygp =-aze/kgT, where
z is the number of transferred electrons, e is the electron
charge, kj is the Boltzmann constant, T is the temperature.
We have calculated the charge transfer coefficient a, which
is providing an information about the position of the energy
barrier within the electric double layer. A challenge in deter-
mining of « is the uncertainty in defining the number of
exchanged electrons z, related to the oxidation state of the
Cu-ions in the oxide matrix. In previous studies, it has been
shown that both Cu™ and Cu®* can be present and participate
in the reduction process [31].

Therefore, we have calculated and compared all three
possibilities, i.e., z=1, 1.5, and 2, respectively. z=1.5 rep-
resents the case where statistically both 1 and 2 valence
states are equally involved. As it can be seen from Fig. 4d,
the charge transfer coefficient equals to~0.5 for a single
electron transfer reaction (corresponding to a barrier maxi-
mum situated in the middle of the double layer), which is the
expected value. However, for z=2, we obtain a~0.22, which
also has been reported for other electrode reactions [32].
Therefore, despite the results indicate that reduced ions are
Cu*, the participation of Cu>* cannot be ruled out. On the
effect of impurity concentration on «a that can be speculated,
Fig. 4 can be derived that low-purity samples have slightly
lower transfer coefficient for all z. However, this conclusion
needs additional confirmation. The second region observed
in the fgpr vs. Vplot at (1.2-1.7) V is associated with trans-
port/diffusion limited processes. As clearly seen in Fig. 4,
the difference between low- and high-purity samples is neg-
ligible and within the statistical error. Thus, we concluded
that the purity of the electrodes is not playing a role for the
switching at high-applied voltages.

The RESET kinetics also shows dependence on the purity
of the metal electrodes; however, less pronounced. Vgggpr
for high-purity Cu shows lower variability and lower volt-
ages within the statistical evaluation (Fig. 2b). We interpret
this effect as a result of the influence of impurity elements
on the parallel redox reaction of H,O molecules, which is in
this case competitive. Low-purity targets have higher reac-
tion rate of the competitive reaction and therefore slower
RESET kinetics. The RESET step is more complicated for
analysis and evaluation of the kinetic parameters, as it also
includes a thermally activated step, initially breaking the
filament, followed by electrochemical dissolution.

Conclusions

In this work, we reported the influence of impurities in the
copper active electrodes on the electrochemical processes
and following resistive switching performance in Cu/Ta,05/
Pt ECM memristive devices. Cyclic voltammograms, I-V
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sweeps, and pulse measurement have demonstrated the even
small number of foreign atoms in the electrode metal influ-
ence the redox reactions and switching characteristics and as
well the LRS and HRS states. Cu electrodes with low-purity
concentration show faster ionization/dissolution process than
that of high-purity devices, resulting in faster kinetics and
lower switching time. The electrode purity also is influenc-
ing the charge transfer at the electrode/electrolyte interface
and the transfer coefficient. On the other hand, low-purity
samples are characterized by higher switching variability.
The reported results are providing knowledge on the addi-
tional factor of metal (im)purity that needs to be considered
by materials choice, by designing memristive devices and
targeting specific performance, such as for example stability
and/or switching speed. This highlights the importance of
continuing the studies on the effects impurities in metallic
electrodes and expand these works to selective alloying with
small amounts of foreign components/dopants. Our results
are improving the current state-of-the-art knowledge on
the effects of materials and material design of memristive
devices on their characteristics and performance, contribut-
ing to better control and tuning the memristive properties in
different applications.
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