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In this study, an Ag-Cu alloy was chosen as the electrode in conductive bridging random access

memory (CBRAM), with results indicating a significant decrease in forming voltage. In addition,

resistive switching characteristics as well as a retention test indicated better stability and a resistive

switching window of at least an order. The switching time of the Ag-Cu alloy CBRAM is shorter

than that of both Ag and Cu electrode CBRAMs under fast current-voltage (fast I-V). The experi-

mental result indicated that the mechanism was dominated by the galvanic effect. Active atoms

(Ag) captured electrons of inactive atoms (Cu) and generated metallic ions (Cu ions) in the alloy

electrode. Cu ions drifted into the insulator and generated a conductive path when applying voltage

bias. The use of this alloy as an electrode in CBRAM can significantly decrease forming voltage

and enhance CBRAM characteristics. Published by AIP Publishing.
https://doi.org/10.1063/1.5023527

Since flash memory faces limitation issues when scaling

down the device size, next generation memories have been

proposed.1–5 Among many candidates for next generation

memory, resistive random access memory (RRAM) is

regarded as the one with the most potential because of its

simple metal-insulator-metal structure, non-volatility, high

switching speed, and high capability for integration into the

complementary metal oxide semiconductor (CMOS) pro-

cess.6–10 Therefore, conductive bridging random access

memory (CBRAM), called a programmable metallization

cell (PMC), is one type of RRAM device with potential.11–16

The switching mechanism of CBRAM is dominated by the

drifting of metallic ions to form and interrupt the conductive

path between both device electrodes. A typical CBRAM

device uses a pure metal element as a source of metallic ion,

e.g., copper (Cu) or silver (Ag).17–21 In this study, a top elec-

trode of a Ag-Cu alloy was compared to pure Ag and Cu

electrodes in terms of resistance switching properties for a

SiO2-based CBRAM device. Through the galvanic effect,

the electron of the Cu atom is captured by the Ag atom in the

Ag-Cu alloy electrode. Cu ions can easily drift into the SiO2

layer to influence both the forming process and resistance

switching behavior.22–24 In addition, the retention test of the

Ag-Cu alloy CBRAM indicated stable storage capabilities

without failure at 85 �C. The switching time for the Ag-Cu

alloy CBRAM was shorter than that for both pure Ag and Cu

electrode CBRAMs under a voltage pulse.

Fabrication processes of the RRAM device are described

below and shown in Fig. 1(a). The bottom electrode of the

TiN film was deposited by atomic layer deposition (ALD) on

a patterned Ti/SiO2/Si substrate. The 36 nm-thick SiO2 film

as a switching layer was deposited by co-sputtering a pure

SiO2 target with argon (Ar) gas at a working pressure of 4

mTorr. We chose either Cu or Ag pure metals or a Ag-Cu

alloy as the top electrodes for CBRAM devices, all of which

were 200 nm thick. The Ag-Cu alloy electrode was fabricated

by RF-sputtering pure Ag and Cu targets with Ar gas at a

working pressure of 4 mTorr. A photoresistor (PR) was

lifted-off to complete the pure and alloy electrode RRAM

devices, with completed devices shown in Fig. 1(b). X-ray

electron spectroscopy (XPS) was utilized to verify the ele-

mental composition of the alloy and the insulator. Figure 2(a)

shows the XPS spectrum of the Ag-Cu alloy, which identifies

Ag 3d and Cu 2p. The XPS spectrum of the SiO2 insulator

includes Si 2p and O 1s, which is shown in Fig. 2(b). By cal-

culating the area under the XPS spectrum peak, the mole

fraction ratio of the Ag-Cu alloy and SiO2 insulator is found

to be Ag:Cu¼ 58%:42% and Si:O¼ 33%:67%, respectively.

More detailed information of material analysis is described in

the supplementary material. The cell size of the experimental

devices was 0.64 lm2, and electrical measurements were per-

formed using an Agilent B1500A semiconductor parameter

analyzer.

a)Electronic mail: tcchang3708@gmail.com
b)Electronic mail: chihuang@cityu.edu.hk
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We applied DC voltage to the bottom TiN electrode for

resistance switching, with the top electrode grounded. The

forming process proceeded with DC �10 V and a compliance

current of 10 lA on the bottom TiN electrode. Figure 3(a)

shows the I-V curves for the forming process for all three

different top electrode devices with the same via size, with the

forming voltage of the Ag-Cu alloy CBRAM being the small-

est. To further verify these results, statistics of ten random

forming voltages were conducted for the Cu, Ag, and Ag-Cu

alloy CBRAM devices. As shown in Fig. 3(b), the forming

voltage was about �7 V and �5.5 V for Cu and Ag electrode

CBRAMs, respectively. The Ag-Cu alloy attained a smaller

forming voltage (about �5 V) than the pure metal CBRAMs.

This experimental result suggests that the reaction is domi-

nated by the galvanic effect.

The DC voltage was applied to switch resistance

for the three different devices after the forming process.

The resistance switching characteristic is bipolar, with

negative SET and positive RESET operations. Figures

4(a)–4(c) present I-V curves over 1, 25, 50, 75, and 100

cycles for the three different devices. The Ag and Ag-Cu

alloy electrode CBRAMs maintained LRS and HRS over

100 continuous DC sweeping cycles. However, for the Cu

electrode CBRAM, the HRS current continuously increased

with increasing numbers of sweeping cycles. Cumulative

probability showed the on/off current for the three devices at

a read voltage of 0.1 V, presented in Figs. 4(d)–4(f). The reso-

lution of the I-V curve is controlled at 10 mV per step. The

on/off ratio of both the Ag and Ag-Cu alloy electrode

CBRAMs was at least an order and variations in the HRS cur-

rent ranged over 5 times the lowest value. In contrast, in the

Cu electrode device, the current of HRS clearly increased by

about 15 times the lowest value. A retention was applied to

test the resistive switching stability for the three different

electrode CBRAMs, shown in Figs. 5(a)–5(c). Both HRS and

LRS can be sustained over more than 104 s for all three

CBRAM devices with a read voltage of 0.1 V at a high tem-

perature of 85 �C.

In addition, switching speed in the CBRAM is tested by

applying switching resistance with a voltage pulse. The pulse

was set as a triangular waveform (11 ls rising time and 1 ls

FIG. 1. (a) Device fabrication processes of the RRAM device are

described below: The TiN film as the bottom electrode was deposited by

atomic layer deposition (ALD) on the two patterned Ti/SiO2/Si substrates.

Then, a 36 nm-thick insulator of SiO2 was deposited for the RRAM devi-

ces by RF co-sputtering SiO2 targets. Finally, 200 nm-thick Cu or Ag

metals or Ag-Cu alloy layers were deposited as the top electrode for the

CBRAM by DC-sputtering. A photoresistor (PR) was lifted-off to com-

plete the pure and alloy electrode RRAM devices. (b) Schematic diagrams

of the pure and alloy electrode RRAM devices.

FIG. 2. X-ray electron spectroscopy (XPS) spectra analysis of the elemental

composition of the alloy and insulator. (a) XPS spectra of the Ag-Cu alloy

show Ag 3d and Cu 2p peaks. (b) XPS spectra of the SiO2 insulator show Si

2p and O 1s. Calculating the area under the XPS spectra peak indicates that

the mole fraction ratio of the Ag-Cu alloy and SiO2 insulator was Ag:Cu

¼ 58%:42% and Si:O¼ 33%:67%, respectively.

FIG. 3. (a) I-V curves of the forming process showed forming voltage

clearly decreasing for Cu and Ag and Ag-Cu alloy CBRAM devices. (b)

Statistics of ten random forming voltages also showed a forming voltage

decreasing trend.

053501-2 Tseng et al. Appl. Phys. Lett. 113, 053501 (2018)



falling time) with a set voltage of 1.1 V for the set process in

the fast current-voltage (fast I-V) measurement. The R-T

(resistance-time) curve for the set process was used to deter-

mine switching time, which is shown in Figs. 5(d)–5(f). The

resolution of the fast IV measurement is less than 10 ns per

step. Resistive switching times were about 840 ns and 1.06

ls for Ag and Cu electrode CBRAMs, respectively, during

the significant change in resistance. However, the resistive

switching time of the Ag-Cu alloy electrode CBRAM was

70 ns for the same triangular waveform pulse. Thus, the

resistive switching time of the Ag-Cu alloy (70 ns) was sig-

nificantly faster than that of Ag and Cu (840 ns and 1.06 ls)

under the fast I-V measurement.

To explain this decreased forming voltage obtained by

using the Ag-Cu alloy as an electrode of CBRAM, we offer

a model, shown in Fig. 6. According to previous research,

pure metal atoms react with metal ions based on ionization

energy. In this study, Ag and Cu were used in an alloy elec-

trode and the ionization potentials of Ag and Cu are 7.57 eV

and 7.72 eV, respectively.25–27 This indicates that the Ag

atom is more active than the Cu atom. In Fig. 6(a), the Ag

atom captures the electron of the Cu atom, with the Cu atom

becoming a Cu ion in the Ag-Cu alloy electrode. After this

Cu ion is generated in the Ag-Cu alloy electrode, the ion

drifts into the SiO2 insulator and forms a Cu conductive path

with applied voltage bias. In the Set process, Cu ions are

generated from the Ag-Cu alloy electrode and a conductive

path is recovered, which is shown in Fig. 6(b). The Cu atoms

of the conductive path dissociate into Cu ions and the state

switches from on to off with positive bias in the reset pro-

cess, shown in Fig. 6(c).

In conclusion, though pure Ag and Cu metals are usually

utilized as electrodes of CBRAM, this study uses a Ag-Cu

alloy as the electrode and achieves a significant decrease in

forming voltage. In addition, resistive switching characteris-

tics as well as a retention test indicated better stability and a

resistive switching window of at least one order. Using volt-

age pulsing, the switching time of the alloy CBRAM is

found to be shorter than that of both pure Ag and Cu elec-

trode CBRAMs. The mechanism model is dominated by the

galvanic effect, with the active atom (Ag) capturing the elec-

tron of the inactive atom (Cu) and generating metallic ions

(Cu ions) in the alloy electrode. Cu ions drift into the insula-

tor and generate a conductive path with applied voltage bias.

Thus, this Ag-Cu alloy electrode can significantly decrease

forming voltage and enhance CBRAM characteristics.

FIG. 4. I-V curve of resistive switch-

ing over 1, 25, 50, 75, and 100 cycles

for (a) Ag, (b) Cu, and (c) Ag-Cu alloy

CBRAMs; (d)–(f) showed cumulative

probability of on/off current over 100

continuous DC sweeping cycles for the

three devices at a read voltage of

0.1 V. Resolution of the I-V curve is

controlled at 10 mV per step.
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See supplementary material for additional material anal-

ysis and electric characteristics for CBRAM.
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