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 11 

The insertion of a metal layer between the active electrode and switching layer leads to 12 

the formation of a ternary oxide at the interface. The properties of this self-formed oxide are 13 

found to be dependent on the Gibbs free energy of oxide formation of the metal (∆𝐺!°). We 14 

investigated the role of various ternary oxides in the switching behavior of conductive bridge 15 

random access memory (CBRAM) devices. The ternary oxide acts as a barrier layer that can 16 

limit the mobility of the metal cations in the cell, promoting stable switching. However, too low 17 

(higher negative value) ∆𝐺!°  leads to severe trade-offs; the devices require high operation 18 

current and voltages to exhibit switching behavior and low memory window (On/Off) ratio. We 19 

propose that choosing a metal layer having appropriate ∆𝐺!°  is crucial in achieving reliable 20 

CBRAM devices. 21 
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Memristive technologies offer huge potential for future ultra-high density random access 32 

memory (RAM) applications.1,2 The switching mechanism of the memristive device is based 33 

on the reduction-oxidation (redox) process within the metal/insulator (switching layer)/metal 34 

cell.3,4 Based on the nature of the ions involved in the switching mechanism, memristive 35 

technologies can be classified into two classes; oxygen vacancy-RAM (OxRAM, also called 36 

valence change memory (VCM))5 and conductive bridge-RAM (CBRAM, also called 37 

electrochemical metallization memory (ECM)).6 OxRAM relies on the formation and rupture 38 

of oxygen vacancy filament to control the flow of electrons from the cathode to the anode;7 the 39 

oxygen vacancy defects are created by ionizing oxygen in the switching layer.8,9 Meanwhile, 40 

CBRAM technology utilizes the ionization of metal electrode atoms (Ag, Cu, Ni, or Te cations) 41 

to create a conducting bridge.8 The mobility of cations is higher than that of anions due to their 42 

smaller ionic size; henceforth, CBRAM technology could offer a faster switching speed than 43 

OxRAM.10 44 

The development of CBRAM, however, often suffers from switching instability. Many 45 

efforts have been conducted in order to control the diffusion and drift of the cation species in 46 

the switching layer and improve the switching stability. Some of the proposed methods are the 47 

employment of nanoislands electrode11 and graphene templates,12 utilization of nanorods 48 

layer,13 surface oxidation14 and irradiation,15 electrode alloying,16,17 and insertion of a metal 49 

layer below the active electrode.18 The insertion of a metal layer is the most practical method 50 

since the other methods require complex fabrication flow and are time-consuming processes. 51 

Nevertheless, the insertion of a metal layer is always followed by the formation of interfacial 52 

oxide, and the implication of this newly formed oxide in the switching characteristics are still 53 

overlooked. This paper studied the impact of different metal insertion layers in forming an oxide 54 

barrier layer and its implication to the resistive switching characteristics of CBRAM devices. 55 
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5x5 𝜇m cross-point devices were fabricated using a lithography technique, the architecture 58 

of the sandwich devices is illustrated in Figure 1. First, a 25 nm Pt bottom electrode (BE) was 59 

deposited on SiO2 substrate; 50 nm Ti adhesion layer was deposited prior to the Pt deposition. 60 

Hereafter, 60 nm ZnO switching layer was deposited from a ZnO target in Ar/O2 mixed ambient 61 

employing sputtering technique (radio frequency mode, Angstrom Engineering Inc.). The top 62 

electrode (TE) consists of Pt/Ag stack with a thickness of 10 and 30 nm, respectively. The Pt 63 

layer is used as a capping layer and to enhance the conductivity of the electrode. In order to 64 

study the effect of various barrier layer materials, a 3.5 nm Cr or Ti layer was inserted prior to 65 

the top electrode deposition. Devices without and with Cr or Ti metal insertion layer were 66 

denoted as NoBL, CrBL, and TiBL, respectively. All metal deposition was carried out using an 67 

e-gun evaporator system (Lab 700, Leybold Optics GmbH). The electrical characteristic of the 68 

devices was investigated using the ArCOne system (ArC Instruments); voltage sweep bias was 69 

employed to the TE while BE was grounded. All devices used a current compliance (CC) during 70 

the positive voltage sweep to avoid device breakdown and a -1.5V for the negative voltage 71 

sweep. Element profile distribution and oxidation state of the layers were examined using an 72 

X-ray photoelectron spectroscopy (XPS, Thetaprobe ThermoVG). Microscopy analysis was 73 

conducted using atomic force microscope (AFM, Bruker Dimension Icon) and transmission 74 

electron microscope (TEM, JEOL JEM-2100Plus). 75 

Figure 2 shows the typical I-V curves and endurance performance of the devices. The device 76 

made without a metal insertion layer (NoBL) can show reproducible switching employing CC 77 

as low as 10 𝜇𝐴. The No BL device requires a voltage (Vform) of approximately 1.7 V to switch 78 

its pristine state to a low resistance state (LRS or On), called as electroforming process. 79 

Hereafter, the devices exhibit counter-clockwise bipolar switching mode; the devices can be 80 

switched from the LRS to a high resistance state (HRS or Off, reset process) using a negative 81 

voltage sweep and, hereafter, a positive sweep to switch the device back to an LRS (set process) 82 

(Figure 2(a)). The reset (Vreset) and set (Vset) voltages are found to be -0.83 V and 0.34 V, 83 
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respectively. The Vreset and Vset were calculated based on an average of 100 switching cycles; 84 

a switching cycle represents a set and a reset process. The NoBL device demonstrates a high 85 

On/off ratio (4 order of magnitude) but poor endurance having high variation of HRS and many 86 

intermediate states during the consecutive 100 cycles (Figure 2(b)). Meanwhile, the devices 87 

made with an insertion metal layer require a higher CC to exhibit switching behavior, as 88 

depicted in Figure 2(c) and (e). The CrBL device requires a CC as low as 100 𝜇𝐴 to electroform 89 

the device and Vform of approximately 1.5V. Henceforward, the device can exhibit reset and 90 

set processes employing Vreset and Vset of -0.34 V and 0.37 V, respectively. The device 91 

exhibits good endurance for more than 100 cycles with an On/Off ratio of 42 times (Figure 92 

2(d)). On the other hand, the TiBL device requires CC of 500 𝜇𝐴 and a Vform of 2.4 V to have 93 

a complete forming. The device also needs a higher Vreset and Vset, which are -0.95 V and 94 

0.79 V, respectively. The TiBL device exhibits good endurance but with a much lower On/Off 95 

ratio (6 times) (Figure 2(f)).  The statistical distribution of the three devices is shown in Figure 96 

2(g), the coefficient of variation (standard deviation (γ)/average (μ))18 of the HRS significantly 97 

decrease after the insertion of the metal layer (the γ/μ of NoBL, CrBL, and TiBL is 42.9%, 98 

36.3%, and 10.5%, respectively) indicating a narrower distribution and indeed enhances the 99 

switching stability. However, it is also followed by several trade-offs: the increase of the 100 

minimum switching current and the decrease of On/Off ratio. Materials analysis was conducted 101 

to explain this phenomenon. 102 

Depth-XPS analysis was conducted to elucidate the element profile distribution in the stack 103 

films, as depicted in Figure 3(a). In the NoBL stack, the Ag is slightly diffused into the top 104 

region of the ZnO (Figure 3(a)(i)). Meanwhile, the insertion of the metal layer limits the Ag 105 

diffusion (Figure 3(a)(ii) and (iii)). The profile also shows that the CrBL and TiBL stack regions 106 

consist of Cr, Zn, and O species which could suggest the formation of CrZnOx and TiZnOx 107 

compounds, respectively. Note that high oxygen accumulation was observed in the CrBL and 108 

TiBL regions; this indicates that the formation of the ternary oxide compounds involves oxygen 109 
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absorption from the ZnO layer. Henceforth, we investigated the oxidation state of Cr and Ti 110 

elements in corresponding regions to confirm the occurrence of the oxygen absorption 111 

mechanism. Figure 3(b) shows the XPS spectra of Cr3p core level in the CrBL stack. The spectra 112 

are fitted with a single peak centered at 43.6 eV; this indicates that the Cr has 3+ oxidation 113 

state.19 Meanwhile, the XPS spectra of Ti2p core level in the TiBL stack is fitted with multiple 114 

peaks centered at 457, 458.7 (2p3/2), 460.3, 464.5 (2p1/2), and 455.2 eV (Figure 3(c)); these 115 

imply the existence of multiple oxidation states (2+, 3+, and 4+).20–22  The exhibition of a peak 116 

at the shoulder of the Ti2p3/2 at lower binding energy indicates the formation of a sub-oxide 117 

component.23 This result confirms that both Cr and Ti are in an oxidized state, and they absorbed 118 

oxygen from the ZnO layer to form the interfacial compounds between the top electrode and 119 

switching layer. We suggest that this is due to the lower (higher negative) Gibbs free energy 120 

oxide formation of Cr and Ti than that of Zn (Cr2O3 : -1058 kJ/mol, TiOx: -2317 – (-1434) 121 

kJ/mol, ZnO: -320.5 kJ/mol).24 Note that the TiBL has higher oxygen accumulation in the TiBL 122 

region, and the TiBL region is thicker as compared to the CrBL region. This is because the free 123 

energy formation of sub-oxide TiOx is lower than that of Cr2O3. 124 

AFM and TEM analysis were conducted to investigate the microscopic nature of the CrBL 125 

and TiBL regions, and the results are shown in Figure 4. There is no significant surface 126 

roughness difference between the bare ZnO film (Fig. 4(a) and after the barrier layer deposited 127 

onto it (Fig. 4(a) and (b)). However, the cross-sectional TEM images show that the CrBL region 128 

is thinner than that of TiBL, as depicted in Fig. 4(d) and (e), respectively; the thickness of the 129 

CrBL and TiBL is approximately 4 nm and 9 nm, respectively, which confirm the XPS analysis. 130 

Note that both of the CrBL and TiBL show a continuous film on top of the ZnO grains and there 131 

is no indication on the formation of nanoislands microstructure. 132 

We propose a switching conduction mechanism to explain the electrical phenomenon, and 133 

the schematic is shown in Figure 5. The ionization of Ag TE atoms initiates the formation of 134 

the conducting bridge in the CBRAM devices during a positive bias, and these Ag ions drift to 135 
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the counter electrode to get oxidized back to Ag atoms.25 These atoms create a bridge where the 136 

electrons can easily flow from the cathode to anode and switch the device to LRS (On).25 NoBL 137 

device has no barrier layer to control the Ag diffusion during the switching process (Figure 138 

5(a)(i)); hence, a high number of conducting bridges was formed during the electroforming 139 

process (Figure 5(a)(ii)). These bridges can consist of one or few complete bridge(s) and several 140 

incomplete bridges. During the reset process, most of the Ag atoms that make up the bridges 141 

can be ionized and drifted back to the top electrode and switch the device to HRS. Most of the 142 

bridges, if not all, can be ruptured during the reset process and leads to a large gap between top 143 

and bottom electrodes (Figure 5(a)(iii)) and, consequently, a high On/Off ratio (Figure 2(b)). 144 

The rejuvenation of the bridge follows a similar fashion as the forming process; however, the 145 

structure of the bridge is different in each cycle (Figure 5(a)(iv)). The location of the rupture 146 

and rejuvenation of the bridge is random. Thus, the bridge structure after reset and set processes 147 

can be varied, leading to the switching instability (Figure 2(b)). The insertion of a metal layer 148 

promotes the formation of a ternary oxide. This oxide acts as a barrier layer limiting an 149 

excessive Ag drift during the formation and rupture of the bridge (Figure 5(b) and (c)). Since 150 

the ternary oxide absorbs oxygen from the ZnO layer (Figure 3(b) and (c)), we can infer that 151 

the resistivity of the ZnO layer decreases. Note that ZnO has an abundance of intrinsic donor 152 

defects26 and extraction of oxygen from this film will decrease its insulating behavior.27 153 

Henceforth, the pristine resistance state of CrBL and TiBL devices is lower than that of NoBL 154 

device (Figure 2(c) and (e)). The CrBL and TiBL devices require higher CC to exhibit switching 155 

behavior because a lesser insulating CBRAM cell needs a higher CC (or operating current) to 156 

complete the conducting bridge formation.28 Both CrZnOx and TiZnOy barrier layers can limit 157 

Ag species involve in the switching process and avoid the occurrence of multiple bridge 158 

structures (Figure 5(b)(ii) and (c)(ii)). This indicates that the cations have lower mobility in 159 

these oxide regions, which could be due to a higher densely packed lattice than that of ZnO.29 160 

However, the thickness of the TiZnOy layer is excessively thick (Figure 3(iii)), which further 161 
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inhibit more Ag species drift back to the top electrode during the reset process and results in a 162 

small gap between the remnant bridge and the top electrode (low On/Off ratio, Figure 5(c)(iii) 163 

and Figure 2(f)). We also suggest that the thick TiZnOx layer is responsible for the higher 164 

voltage operation (Vform, Vreset, and Vreset) in the TiBL device (Figure 2(e)). 165 

We studied the impact of various metal films for making a barrier layer in the CBRAM 166 

device structure. The device made without any metal insertion layer suffers from severe 167 

switching non-uniformity. On the other hand, the insertion of Cr and Ti film below the Ag 168 

electrode leads to the formation of CrZnOx and TiZnOy ternary oxides, respectively, that act as 169 

a barrier layer to control the drift of Ag species during the switching process and induce stable 170 

switching. However, this enhancement is followed by several trade-offs: the requirement of 171 

higher current compliance and lower On/Off ratio. The formation of these ternary oxides 172 

involves the absorption of oxygen from the ZnO oxide, and their thickness varies depending on 173 

their Gibbs free energy of oxide formation. Nevertheless, the CrZnOx barrier layer is found to 174 

be sufficient to avoid the formation of multiple bridge structures and good On/Off ratio 175 

(approximately 42 times) without the necessity of a high operation voltage and current 176 

(approximately 0.3V employing current compliance of 100 𝜇𝐴) which beneficial to design the 177 

future low power data storage. This study emphasizes the importance of choosing suitable metal 178 

insertion film to form a reliable barrier layer in designing reliable low-powered CBRAM 179 

devices. 180 
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 240 

 241 

Figure Captions 242 

Figure 1. (a) Schematic of the CBRAM device structure and electrical measurement setup. (b) 243 

Optical micrograph of the fabricated devices. 244 

 245 

Figure 2. Typical I-V curves and endurance performance of (a, b) NoBL, (c, d) CrBL, (e, f) 246 

TiBL devices. A read voltage of -0.1V was used to extract the LRS and HRS states. (g) 247 

Cumulative probability of the devices. 248 

 249 

Figure 3. (a) Depth-XPS element profile of NoBL, CrBL, and TiBL device stack structure. 250 

XPS spectra of (b) Cr3p and (b) Ti2p core levels. 251 

 252 

Figure 4. AFM topography of (a) ZnO, (b) Cr, and (c) Ti -deposited onto ZnO films, 253 

respectively. Cross-sectional TEM image of (d) Ag/Cr/ZnO/Pt and (e) Ag/Ti/ZnO/Pt devices. 254 

 255 

Figure 5. Schematic of conduction mechanism during forming, reset, and set processes in (a) 256 

NoBL, (b) CrBL, and (c) TiBL devices. 257 
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