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ABSTRACT

One of the main challenges in the development of conductive bridging random access memory (CBRAM) is the large stochastic nature of
ion movement that ultimately leads to large parameter variability. In this study, the resistive switching variability of CBRAM devices is
significantly improved by employing Co-Cu alloy as the active electrode. By comparing with Pt/Ta,Os/Co devices, the Co;,Cus, alloy
exhibited lower forming voltage (<2 V), lower SET voltage (<0.70 V), and faster response time (~70 ns). The filament stability indicated by
the distribution of SET/RESET voltage and high resistance state/low resistance state variation was significantly improved. Our experimental
results suggest the formation of Co filaments, and the proposed mechanism is governed by the galvanic effect. In addition, a comparison
between Co,oCuszo and CoszoCuyq alloys highlights that the relative proportion between Co and Cu plays an essential role in the device
performance. A physical model based on different electrochemical activities of the alloys has been proposed to explain the filament
formation and the improved switching uniformity in the Co,,Cus, alloy. This study not only develops a CBRAM with enhanced
performance but also advances the implementation of suitable alloy systems for the application of such devices.
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2€:/€:80 €207 Joquiaydas /z

With a simple metal-insulator-metal (MIM) structure, resistive
random access memory (ReRAM) has attracted great attention in recent
years, with the strong technological demand to develop next-generation
memory devices,” " reconfigurable logic circuits,”® and neuromorphic
computing applications.” * Among the various types of resistive switch-
ing devices, a typical conductive bridge random access memory
(CBRAM) consists of an electrochemically active electrode (AE) and an
inert electrode (IE), separated by a thin solid electrolyte layer."”'" The
reversible resistive switching mechanism of CBRAM is based on electro-
chemical metallization (ECM), which involves the nucleation and
migration of metal ions (e.g, Ag'”"” or Cu'*"'°) through the solid elec-
trolyte under an external electric field to form conductive filaments.'”"*
Due to its high k-dielectric constant and compatibility with the comple-
mentary metal oxide semiconductor (CMOS) fabrication process,
Ta,Os is considered as one of the most promising solid electrolytes for
CBRAM."”*" Among the various pure metal-based electrochemically
active electrodes, Cu is a preferred material due to its abundance, low
cost, and relatively low solubility with the electrolyte layer.” ** More

recently, Co-based CBRAMSs have been reported, with the advantages in
low operating current, excellent retention, and CMOS-compatible fabri-
cation capability.”””” Nonetheless, the pure metal-based CBRAM still
exhibits large switching variability and performance degradation due to
its large stochasticity of the ion movement, which inhibits further tech-
nological development of this memory technology.””**” The stochastic
nature of the conductive filament formation and dissolution in CBRAM
plays a significant role in the device performance.”””" ITn comparison,
electrode alloying provides a new degree of freedom for controlling elec-
trochemical activity, nucleation sites, ion migration, and filament forma-
tion.” ** By employing an Au-Ag alloy electrode, the forming voltage,
resistive switching stability, and speed were reported to be significantly
enhanced due to the galvanic effect between Au and Ag.”” * Using the
Ag—Cu alloy electrode, the switching performance was also improved
through the formation of Cu filaments, with the composition identified
by transmission electron microscopy (TEM).”*”” However, there has
not yet been an investigation of how the Co-Cu alloy influences the
resistive switching properties of CBRAM.
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In this work, we investigated the resistive switching behavior of
the MIM device structures consisting of Pt/Ta,Os/AE, where AE is
varied with different active electrode materials, namely, Co, Cu,
Co70Cuszp, and CozCuyo. The Co,oCus, alloy electrode CBRAM
exhibits reduced electroforming voltage along with smaller SET/
RESET voltages variation, improved resistance states uniformity, and
faster response time. The morphological analysis of the Co-Cu alloy
surface revealed that the resistive switching improvement can be
attributed to the preferential oxidation of Co within the Co—-Cu alloy
system, also known as the galvanic effect. A physical model based on
the galvanic effect is proposed to explain the origin of the different
resistive switching performances.

The fabrication of the devices begins with inert electrode pattern-
ing onto a SiO, substrate via UV lithography. Following a Ti (2 nm)
adhesion layer deposition, Pt (10 nm) inert electrode was deposited via
direct current (DC) magnetron sputtering with 20 sccm Ar gas flow
rate at a working pressure of 2 mTorr and sputtering power 50 W. The
patterned Pt inert electrode is formed via a liftoff process.
Subsequently, the active electrode patterning was performed, followed
by a Ta,Os (7nm) electrolyte layer and Co-Cu alloy (50 nm) active
electrode deposition. The electrolyte layer is deposited via radio fre-
quency (RF) magnetron sputtering with 20 sccm Ar gas flow rate at a
working pressure of 2 mTorr, utilizing a 2 in. ceramic target of Ta,Os,
while the Co-Cu alloys are deposited via DC magnetron sputtering
with 20 sccm Ar gas flow rate at a working pressure of 2 mTorr. The
composition of the Co—Cu alloys was obtained by co-sputtering the 2
in. Co and Cu targets at varying power levels (Co;oCus0/144 W: 28 W
and Co3oCuy¢/61 W: 67 W) with a fixed deposition time of 400 s to
achieve the desired deposition rates. A Pt capping layer (5nm) was
deposited to protect the device. The chamber atmosphere during all
the sputtering processes of all the films consisted of 2 mTorr Ar gas
and the target-to-substrate distance was consistently maintained at
200 mm. The fabrication process is finalized by performing a liftoff
process to obtain the Pt/Ta,0s/Co-Cu alloy/Pt CBRAM structure, as
illustrated in Fig. 1(a).

Figure 1(b) shows the optical image of the fabricated CBRAM
device, where a 10 x 10 ,um2 cell size of the experimental devices is
formed. X-ray photoelectron spectroscopy (XPS) characterization
determined the nominal mole or atomic fraction (at. %) of the Co—Cu
alloy electrodes as Co: Cu=70%: 30% for the Co-rich alloy, and Co:
Cu=30%: 70% for the Cu-rich alloy. The XPS spectra are presented
in the supplementary material as Fig. S1, where Kratos Axis Supra
XPS system was used for analysis. To perform the electrical characteri-
zation of the Pt/Ta,Os/Co-Cu alloy CBRAM devices, a Keithley
4200A semiconductor parameter analyzer was utilized by grounding
the inert electrode and biasing the active electrode. In addition, Pt/
Ta,0s/Ag-Cu alloy CBRAM s are also fabricated as a reference.

Figures 1(c)-1(f) show DC-voltage (I-V) curves of the CBRAM
devices, with the compliance current (Ic) set at 1 mA. The resolution
of the voltage sweeping is 5mV per step. All the CBRAM devices in
the pristine state show an initial resistance value of ~10® Q with a
0.2V read voltage, indicating a good consistency between the Ta,Os
films. An electroforming process (0V — +3 V) is required before the
device can be reversibly switched between a high resistance state
(HRS) and a low resistance state (LRS). A bipolar switching character-
istic has been observed for all the devices. When a positive set voltage
(Vsgr) is applied, the device switches from HRS to LRS, and when a
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negative reset voltage (Vrgser) is applied, the device switches from
LRS to HRS. Among the pure metal-based CBRAM devices, a higher
electroforming voltage (Vgopming) is observed for the Co-based device
[Fig. 1(c)], compared to that of the Cu-based device [Fig. 1(d)]. This
can be ascribed to the different diffusion capability of Cu and Co ions
into the Ta,O5 insulator matrix, to form conductive bridges between
the active and inert electrodes. For the following resistive switching
operations (100 switching cycles), although relative smaller Vg and
Vrzeser values have been observed for the Cu-based device [Fig. 1(d)],
a wider switching distribution is observed, which indicates a great dis-
advantage in contrast to that of the Co-based device [Fig. 1(c)]. The
distribution of Vsgr, Vegsgrs and Vigpming for different devices is
shown in Fig. S2.

By comparing with the pure metal-based devices, an enhance-
ment of the device performance has been observed, when a CooCusq
alloy is selected as the active electrode material. Figure 1(e) shows I-V
curves of a Pt/Ta;0s/Co7oCusg device, with Vg pming at ~2'V, which is
significantly reduced compared to that of a Co-based device with
Vrorming at ~2.6 V [Fig. 1(c)]. More interestingly, an even more stable
switching characteristic is shown for the CooCus, alloy-based device,
with Vggr and Vigegr varying in a much smaller range. For compari-
son on the resistive switching performance of the Co-Cu alloy,
another device with Cos;,Cuy, as the AE has also been fabricated, with
the I-V curves shown in Fig. 1(f). A decreasing of the Co percentage
results in a further reduction of the Viyping [Fig. S2(d)]. However, a
degradation of the device performance is observed where both Vggr
and Vgpspr shift into a wider range from cycle to cycle, and an unsta-
ble switching characteristic is presented.

Figures 2(a) and 2(b) show the cumulative probability distribu-
tion of the Vgr/Vrpser and the resistance states during 100 continu-
ous DC switching cycles for the CBRAM devices shown in Figs.
1(c)-1(f). A boxplot of the resistance of the HRS and LRS of each
CBRAM device is shown in Fig. S3. For the CooCus, alloy-based
device, both Vg and Vipser and the resistance states (HRS and LRS)
show narrow distributions, indicating significant enhancements of the
resistive switching. The Vrgsgr and Vggr ranges are —0.94 to —0.51'V
and 0.44 to 0.88 'V, respectively, which are much narrower than those
of the other devices. The average/standard deviation (SD) of the oper-
ating voltages is —0.65 V/0.07 V (Vrgser) and 0.68 V/0.07 V (Vggr).
With the Cu-based device as an example, Vggspr ranges from —0.99 to
—0.18V (SD, 0.19V), and Vggr ranges from 0.18 to 1.22V (SD,
0.23V). The SD of the Vrgsgr and Vsgr is reduced by 69.9% and
63.2%, respectively, for the Co,oCus, alloy-based device, in compari-
son with that of Cu. Similarly, for the HRS/LRS distribution [Fig.
2(b)], a much narrower distribution is also observed for the Co,,Cus,
alloy-based device. Although the other CBRAM devices typically show
a larger memory window (or resistance switching ratio), the large vari-
ation of the resistance values (HRS) had a great disadvantage of these
devices for memory storage applications. Among the alloy electrode
CBRAMs, the resistive switching properties of Ag-Cu alloy-based
CBRAM have been extensively investigated, making it suitable as a ref-
erence stack for comparison.””*** Between the fabricated Ag-Cu
alloy-based CBRAM and Co-Cu alloy-based CBRAM, the Co;,Cus
alloy also shows the advantage on the uniformity of switching opera-
tions (see Figs. $4 and S5 for more details). Qiao et al.”® reported that
Cu filaments are formed in the Ag—Cu alloy-based CBRAMs, which is
attributed to the galvanic effect. The nature of the conductive filaments
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formed across the device is essential in the resistive switching perfor- R(T) = Ro[1 + (T — Ty)], (1)

mance for a CBRAM device.

Figure 3 shows the typical SET/RESET response time measure-
ments of the CBRAM devices. READ pulses (0.2 V/10 us) are applied
before and after each SET/RESET operation to indicate the resistance
states. The response time is obtained from the delay between the
response current and the input voltage. The schematic diagrams at the
top of Figs. 3(a) and 3(b) illustrate the voltage pulses used for SET and
RESET operations, respectively, while the lower portion of Figs. 3(a)
and 3(b) reveals the current change of the Co-Cu alloy CBRAM. A
comparison of the SET/RESET response time for different devices is
listed in Table I. Under a SET voltage pulse of 1.5V/5 us, the SET
response time is ~280 ns; under a RESET voltage pulse of —1.6 V/10
us, the RESET response time is ~620 ns. An improvement has also
been observed for the Co;,Cus, alloy-based device, with the SET/
RESET response times significantly reduced by up to 75%/51%
(~70ns/~480 ns), which is much faster than the Cu-based device
(Table I). While for the pure Co electrode-based device, much longer
response time is observed. The faster SET/RESET response time ren-
ders the Co,(Cus, alloy-based CBRAM devices to be more competitive
in terms of data processing and storage application.

To gain more insight into the filaments formed in the Co-Cu
alloy-based CBRAM devices, the temperature dependent resistance
measurement is carried out for Co, Cu, and Co-Cu alloy CBRAM
devices (Fig. S6). With each device at LRS, the R-T plot can be fitted

by

TABLE I. Comparison of SET/RESET response time of Co, Cu, and Co-Cu alloy
CBRAM.

Active SET RESET
electrode Inert response response
(AE) Electrolyte electrode time (ns) time (ns)
Co Ta,0s Pt 130 920
Cu Ta,O5 Pt 280 620
C030CU70 Tazos Pt 220 410
C070CU30 Ta205 Pt 70 480

where R, is the reference resistance at temperature of Ty and o is the
temperature coefficient of resistance. The fitting results show a positive
coefficient of 7.37 x 10™* and 7.17 x 10™* K™ for Co and Co,,Cus
alloy CBRAM, respectively. This is consistent with the report by Yang
et al.,”” where a coefficient of 8.6 x 10 * K™ ! is obtained for the Co
nanofilament. As for the Cu and Co3,Cuy, alloy CBRAM, the fitting
results indicate a positive coefficient of 3.09 x 10> and 1.01 x 10>
K, respectively. Both coefficient values agree with the values
reported in literatures where the temperature coefficient of Cu nanofi-
lament ranges from 1.45 x 1072 to 4.5 x 107> K~ ! (Refs. 40 and 41).
In a Co-Cu alloy system, the standard electrode potential for Co>*/Co
is —0.28V, which is substantially smaller than that of Cu**/Cu
(0.34 V) and Co dissolve preferentially before Cu in the Co-Cu alloy.*
The galvanic effect occurs between Co and Cu clusters where Co
atoms will be oxidized into Co*" ions by Cu ions.**** Under the influ-
ence of an external electric field, the Co** ions migrate across the elec-
trolyte, and Co filaments are formed.

In addition to the galvanic effect, the interface roughness between
AE and the electrolyte also affects the filament formation process.**°
Near the ridges of the metal/electrolyte interface, the electrical field is
much stronger than the surrounding regions, resulting in an increased
propensity for filament formation. The surface and interfacial rough-
ness of the different AEs were investigated using atomic force micros-
copy (AFM) and x-ray reflectivity (XRR). Figure 4 shows the
interfacial roughness of the Co, Cu, Co;0Cusp, and Cos;oCuyq films
with Ta,Os5 film, and the AFM measurements are shown in Fig. S7.
The surface and interfacial roughness results are summarized in Table
1. Among all the films scanned, Cu has the highest roughness, from
which an abrupt interface may be formed between Cu and Ta,Os. For
Co and Co-Cu alloys, a typically smaller roughness is observed, with
Co,oCus the smoothest. The Co,Cus, film has the smallest average
(Ra), root mean square (Ry), and interfacial (o) values, that is, 0.30,
0.38, and 0.216 nm, respectively, which are much smaller than that of
Co (R,=0.39nm; Ry=0.49nm; ¢=0.373nm). Nevertheless, even
with a reduced roughness, the Co;,Cus, alloy-based device shows a
smaller Voming compared to the Co-based device [Figs. 1(d) and 1(e)].
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In other words, the galvanic effect leads to the observed decrease in
VEorming Detween Co7Cusg and Co-based devices.

While a lower Vioping is observed for the CosoCuyg alloy-based
device, a more stable and uniform switching is obtained for the
Co70Cus alloy-based device. This difference can be explained by con-
sidering the corrosion potential that varies logarithmically with the
atomic percentage of Cu. The corrosion potential can be expressed as

Ecorr =k — b, 10g[SH]7 (2)

where Sy is the volume proportion and k and b, are Tafel constants."”
In a Co-Cu alloy system, due to the electrode potential difference
between Co and Cu, as the Cu concentration increases, the corrosion
rate of Co-Cu alloy increases. The acceleration of corrosion rate may
lead to more nucleation sites; consequently, more filaments are
formed. It has been reported that the randomness of filament

TABLE II. Comparison of average, root mean square surface roughness, and interfa-
cial roughness.

Average surface  Root mean square  Interfacial

Active roughness, surface roughness, roughness,
electrode (AE) R, (nm) Rq (nm) ¢ (nm)
Co 0.39 0.49 0.373
Cu 0.44 0.56 0.449
C030CU70 0.40 0.50 0.248
C070CU30 0.30 0.38 0.216

formation typically has a poorer stability of switching perfor-
mance.”*** By comparing with a higher Cu concentration of the
Co30Cuyy alloy CBRAM, fewer yet more robust Co filaments tend to
be formed for the Co,,Cus, alloy CBRAM as there are sufficient Co
nucleation sites for Co filament formation. Based on this, a physical
model illustrating the mechanism of Cu and Co filament formation is
shown in Fig. 5. The higher corrosion reaction rate, coupled with
increased roughness (see Table IT), leads to the formation of a greater
number of but less robust Cu filaments [Fig. 5(a), Co3oCus], in con-
trast to that shown in Fig. 5(b) for the Co,oCus, alloy-based device
where Co filaments formation are present. The relative concentration
between Co and Cu determines the corrosion rate and filament com-
position, which ultimately acts as an important role in the resistive
switching characteristics. According to the proposed model, it is
expected that optimizing the relative concentration of Cu in the
Co-Cu alloy holds the potential to enhance the performance of the
device.

In conclusion, the resistive switching characteristics of Co-Cu
alloy electrode CBRAM devices have been investigated. By utilizing
Co70Cus alloy as the active electrode, reduced Viomming (~2 V),
smaller Vggr/ Vreser distribution, narrower resistance states (HRS and
LRS) variation, and shorter SET/RESET response time (~70ns/
~480 ns) have been realized. These enhanced switching performances
are attributed to the formation of Co conductive filaments through a
galvanic effect, where the electrochemical oxidation of Co atoms takes
precedence over Cu atoms due to their respective electrode potentials.
Additionally, a comparative analysis involving Co3oCuy, alloy under-
scores the significance of appropriate alloy composition in
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FIG. 5. Schematic diagrams of filament formation in different Co—Cu alloy-based
CBRAM devices. (a) SET process of CozoCuy, alloy CBRAM where the elemental
composition of CFs are mainly Cu atoms due to the lack of Co atoms at the metal/
electrolyte interface. (b) SET process of Co7oCus, alloy CBRAM where the elemen-
tal composition of the CFs is mainly Co atoms. (c) Exchange of electrons between
Cu and Co due to the galvanic effect.

determining CBRAM performance. The proposed approach and
underlying mechanism not only develop a CBRAM with enhanced
performance but also suggest that optimizing the alloy composition
based on corrosion potential can achieve more uniform switching and
larger memory window characteristics. This technique hold promises
as a strategy for developing high-performance memory devices for
application in high-speed and lower-power electronics.

See the supplementary material for the results of XPS analysis of
Co-Cu alloy films, the boxplot distribution of Vsgr and Vggger for
size random devices with different Co-Cu alloy AEs, the HRS and
LRS boxplot comparison for each device stack with different AEs, the
I-V curves of Ag-Cu alloy-based devices, the boxplot distribution of
Vsgr and Vygspr for Ag-Cu alloy-based devices, the resistance-
temperature plot of Co—Cu alloy-based devices, and the AFM analysis
of Co-Cu alloy films.
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