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Operating current regime is found to play a key role in determining the synaptic characteristic 1 

of memristor devices. Conduction channel that is formed using high current compliance prior to 2 

the synaptic operation results in digital behavior; the high current stimulus forms a complete 3 

conductive filament connecting the cathode and anode, and the high electric field promotes 4 

abrupt redox reactions during potentiation and depression pulsing schemes. Conversely, the 5 

conduction can be reconfigured producing filamentary-homogeneous hybrid channel by utilizing 6 

low current stimulus, and this configuration enables the occurrence of analog behavior. The 7 

capabilities of memristors showing programmable digital-to-analog or analog-to-digital 8 

transformation open a wide range of applications in electronics. We propose a conduction 9 

mechanism to explain this phenomenon. 10 
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Analog memristor technologies offer promising potential for in-memory computing 11 

applications.1 In-memory computing is a state-of-the-art computer architecture that envisages 12 

data processing in the memory unit and, thus, overcomes data latency between memory and 13 

central processing units.1 Memristor device has a facile top-electrode/metal oxide (switching 14 

layer)/bottom-electrode sandwich architectonic rendering ultra-high-density circuits;2 the recent 15 

effort has successfully fabricated cross-bar arrays having sub-15 nm cells.3 Moreover, such a 16 

small dimension and its low power operation could realize memristor-neuron coupling to enable 17 

silicon-brain interface.4,5 18 

Several physical and chemical mechanisms have been proposed to explain the electron 19 

conduction in the memory cell, such as based on metallic diffusion (electrochemical 20 

metallization), valence change, thermo-chemical, and interfacial coupling mechanisms.6–8 21 

Valence change memristor is controlled by an electric field that induces the formation and 22 

rupture of oxygen vacancies filaments to switch the device On (state 1) and Off (state 0), 23 

respectively, also called memristive behavior.9 The formation of the filament is initiated by the 24 

creation of oxygen vacancies by ionizing the oxygens from the lattice of the oxide switching 25 

layer, and these vacancies grow from cathode to anode while the oxygen ions drift to and are 26 

oxidized at the anode/switching layer interface; the electrons, then, can easily flow through this 27 

filament enabling the device in low resistance state (LRS, state 1).10 Conversely, the filament can 28 

be ruptured by re-ionizing the oxygens at the anode/switching layer interface to recombine with 29 

the vacancies creating a conduction gap between the electrode and remnant of the filament and, 30 

hence, switch the device to a high resistance state (HRS, state 0).10 31 

Furthermore, the formation and rupture of the filaments can be exploited by an electric 32 

stimulus having short pulses and small amplitude to exhibit multiple states (beyond 1 and 0 33 
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states); consequently, the device can perform an analogous gradual rise and fall of the 34 

conductance.11 The gradual rise and fall of the conductances are called potentiation and 35 

depression, respectively,  mimicking the mammalian brain's analogous synaptic weight 36 

response.12 However, the fabrication of analog memristors requires careful design and 37 

optimization, which makes the manufacturing process is still a great challenge; this is because 38 

the memristor devices often show digital behavior instead of analog, where the conductance 39 

change occurs abruptly.13   40 

Various designs have been proposed to achieve a reliable synaptic response, but mostly focus 41 

on programming the pulse scheme11 and engineering the switching materials such as bi-42 

layering,14 doping,15 embedding with nanocrystals,16 and surface modification.17 These methods 43 

indeed could improve the synaptic response; however, the fundamental question of the 44 

relationship between the electron conduction and the structure of the filaments determining such 45 

analog and digital in memristor devices is still less examined. In this work, we investigate the 46 

conduction channel configuration at the interface responsible for dictating the analog and digital 47 

response of the memristors.  We explain the occurrence of digital-to-analog transformation in the 48 

device, and the conduction mechanism is also proposed by studying the phenomenon observed in 49 

the devices having different thicknesses. 50 

The device architecture and measurement setup are depicted in Figure 1(a) and (b), respectively. 51 

A 15 nm TiN bottom electrode (BE) was deposited onto Pt/Ti-coated Si-wafer substrate 52 

employing atomic layer deposition technique. TiO2 switching layer films with thicknesses of 16 53 

and 25 nm were deposited onto the bottom electrode. Hereafter, TiN/Ti bilayer top electrodes 54 

(TE) having a diameter of 250 µm were patterned onto the TiO2 films using a metal shadow 55 

mask. The sheet resistance of the TiN electrodes is found to be less than 19 ohm/sq. The 56 
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thicknesses of TiN and Ti are 50 and 15 nm, respectively. The TiO2, TiN, and Ti films were 57 

deposited using a DC sputtering system from a Ti target in a mixture of Ar/O2, Ar/N2, and Ar 58 

ambient, respectively. The devices made with 16 and 25 nm thick TiO2 films were denoted as 59 

D16 and D25, respectively. The electrical characteristics were investigated using an Agilent 60 

B1500A semiconductor analyzer. A voltage bias was applied to the top electrode while the 61 

bottom electrode was ground; a current compliance (CC) was used during the positive bias 62 

voltage sweep to avoid permanent breakdown.  For DC sweep, a negative bias of -1.4V was used 63 

for all devices to switch the device Off. In the case of synaptic measurement, AC pulse schemes 64 

were used to induce the response by applying pulse amplitudes of -1.2 and 1V for depression and 65 

potentiation, respectively, with a pulse width of 20 µs. Meanwhile, the pulse read was conducted 66 

using an amplitude of 0.1V with a width of 1 ms. An epoch consists of 500 pulses of depression 67 

(D) and 500 pulses of potentiation (P). Note that the synaptic response test was conducted after 68 

several switching cycles. The element profile and defect were measured using x-ray 69 

photoelectron spectroscopy (XPS, PHI Quantera SXM).  70 

D16 device requires an electroforming process with a CC of 10 mA to activate the memristive 71 

behavior by switching the pristine resistance state to a low resistance state (LRS, On) with a 72 

positive bias of 2.7 V, as depicted in Figure 1(c). Hereafter, the device can be switched to a high 73 

resistance state (HRS, Off) and low resistance state (LRS, On) by sweeping a negative bias 74 

voltage (called as RESET) and a positive bias of approximately 0.9V (called as SET). The 75 

synaptic behavior of the devices was initiated with a depression scheme after the devices were 76 

switched to the On state. It is found that the conductance of D16 is abruptly decreased during the 77 

first pulse, from approximately 8 to 1 mS, and the conductance value saturates at approximately 78 

1 mS regardless of the continuous pulses (inset of Fig. 1(c)); similarly, the conductance is 79 
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abruptly increased to approximately 9 mS during the first pulse of potentiation scheme, and 80 

conductance saturates at this level. Note that the pulse amplitudes of -1.2 V for depression and 1 81 

V for potentiation are the minimum voltages to exhibit such conductance changes in D16.  The 82 

abrupt conductance change indicates that the D16 device shows digital behavior and is unable to 83 

perform an analog synaptic response (denoted as D16CC10). However, the synaptic response can 84 

be observed after we carry out the switching process at a lower operating current (employing CC 85 

of 2 mA for the SET process prior to the synaptic response test, denoted as D16CC2), as shown 86 

in Figure 1(d). Figure 1(e) shows that D16CC2 is able to show analogous gradual conductance 87 

changes performing 9 stable epochs (a total of 9000 pulses) with a dynamic range of 88 

approximately 3.6 times.  89 

The above results brought us to question why a device that was initially operated using a high 90 

CC can be programmed to perform a digital-to-analog transformation by utilizing a low CC. To 91 

confirm the relationship between the operating current and switching transformation, whether 92 

such phenomenon can occur in the reverse direction (analog-to-digital) by increasing the CC, we 93 

conducted the same experiment on the device having a thicker switching layer (D25). A thicker 94 

switching layer film provides enough pristine cell resistance that allows us to activate the 95 

memristive behavior at a lower CC.18 D25 requires an electroforming at CC of 2 mA with a 96 

positive bias of 3.6V, and thereafter, the RESET and SET processes can be performed at this 97 

current level, as depicted in Figure 2(a) . The forming voltage of the D25 is higher than that of 98 

D16 due to the higher energy is needed to construct the filament across the larger gap between 99 

the BE and TE.18 The D25 device is able to perform an analogous synaptic response by 100 

exhibiting gradual fall (depression) and rise (potentiation) of conductance upon the repeated 101 

pulses, as depicted in the inset of Fig. 2(a) (denoted as D25CC2). Hereafter, for comparison, we 102 



 6 

raised the CC of the SET process to 10 mA, and the device switches at this current level, as 103 

shown in Fig. 2(b) (denoted as D25CC10). Similar to the D16CC10 case (Fig. 1(c)), the high CC 104 

leads to an abrupt conductance change (inset of Fig. 2(b)). The employment of the SET process 105 

with a high CC prior to the synaptic test degenerates the synaptic response in the D25 device; the 106 

conductance falls (during the depression) and rises (during potentiation) abruptly during the first 107 

few pulses, and their conductance level saturates thereafter (inset of Fig. 2(b)). This abrupt 108 

characteristic can be classified as digital behavior. The epoch endurance of the D25CC10 109 

exhibits highly nonlinear potentiation and depression with a larger dynamic range as compared 110 

to the D25CC2 device, as demonstrated in Figures 2(c) and (d), indicating analog-to-digital 111 

transformation phenomenon. 112 

Note that we notice the rise and fall of conductance in D25CC2 are rather steep; this is because 113 

the pulse amplitudes were too high for this device. The synaptic linearity can be adjusted by 114 

simply varying the pulse amplitude,11 as demonstrated in Fig. 3. The nonlinearity can be 115 

decreased to 42% employing pulse amplitude of -0.9 and 0.86 V for depression and potentiation, 116 

respectively. The linearity-dynamic range trade-off dilemma is commonly observed in analog 117 

synaptic memristor devices;19 when the pulse amplitudes decrease, the linearity increases while 118 

the dynamic range of the synaptic response decreases. Nonetheless, all of the pulse schemes 119 

perform robust epoch endurance for more than 9000 pulses. 120 

Several reports suggest that the thickness of the oxide material controls the switching 121 

characteristics of the device.20–23 However, in our case, we observed that the switching 122 

characteristic (digital or analog) is dependent on the applied current level (CC) to construct the 123 

filament (forming/SET), not the thickness. The CC level dictates the number of electrons that can 124 

flow through the cell24 and, thus, could determine the structure of filament (size and shape) in the 125 
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cell. We conduct curve-fitting on the LRS curves to elucidate the electron conduction mechanism 126 

in the devices, and the result is shown in Figure 4; the LRS curves were taken from the SET 127 

process. The electron conduction in the devices that endure a SET process using CC of 10 mA is 128 

dominated by Ohmic conduction (I 𝛼 V).25 Meanwhile, the ones using CC of 2 mA have two 129 

mechanisms; the low and high voltage regions are dominated by Ohmic and Frenkel-Poole (log 130 

(I/V) 𝛼 √V)25 emissions, respectively. The schematic of the band diagram is shown in Figure 4 131 

(c-e).26–28 In Ohmic conduction, a number of electrons are generated due to thermal excitation 132 

and move in the conduction band, whereas in Frenkel-Poole conduction, the electrons can hop 133 

from the traps to the conduction band owing to the high electric field.25 The transition from 134 

single to double conduction mechanisms when the maximum operating current level of the 135 

device is changed from high (10 mA) to low (2 mA), or vice versa, indicates that the conduction 136 

channels (filament structure) of the two cases may be different. 137 

The defect concentration in the switching layer, especially at the interface region where the 138 

switching mainly occurs, plays a role in determining the formation of the conduction channels;29 139 

henceforth, we carried out XPS analysis to elucidate the oxygen vacancies (Vo) defect 140 

distribution in the device. Figure 5(a) shows the depth-XPS spectra of the TiN/Ti/TiO2/TiN 141 

(D25) stack. It is observed that the Ti layer scavenged some oxygens from the TiO2 layer. We 142 

analyzed the O1s spectra of the TiO2 at the top interface (near TE), middle, bottom interface 143 

(near BE) regions, and the result is shown in Figure 5(b). The spectra can be deconvoluted into 144 

two distinct peaks centered at 529.8 and 531.9 eV owing to the oxygen concentration in the 145 

lattice (fully oxidized) and non-lattice (oxygen-deficient) regions, respectively.30 The defect 146 

concentration was calculated by taking the ratio between non-lattice and lattice oxygens,30  and it 147 

is found that the Vo concentration near TE is high and it gradually decreases when closer to BE; 148 
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the Vo concentration at the top interface, middle, and bottom interface is 28.8, 21.3, and 14.9 %, 149 

respectively. 150 

Based on the above results, we propose a conduction mechanism to explain the electrical 151 

phenomenon in the device, as depicted in Figure 6. The pristine state of the TiO2 layer has a high 152 

amount of Vo (Fig. 5(b)), and most of these pre-existing Vo drift to the BE during positive bias 153 

sweep and form a filament that grows from BE to TE; however, the employment of low CC (2 154 

mA) is not sufficient to form a complete filament Fig. 6(a)(i). Nevertheless, the electron can still 155 

flow through the abundant Vo defects that scatter in the O-poor region at the Ti/TiO2 interface 156 

(Fig. 5(b)). Henceforth, we suggest that the conduction channel in a low CC scenario ((D16CC2 157 

and D25CC2) consists of an incomplete filament and a conducting bulk (homogeneous) 158 

configuration. At low voltage supply, a low number of electrons are injected into the cell, and the 159 

electrons can easily flow from cathode to anode following Ohmic conduction mechanism; 160 

however, at high voltage supply, the conducting bulk (homogeneous region) needs to 161 

accommodate the flow of a large number of electrons where most of the electrons hopping 162 

through the traps (Vo) following Frenkel-Poole emission mechanism (Fig. 4). This filamentary-163 

homogeneous configuration helps the occurrence of analog characteristics. During depression 164 

(Fig. 6(a)(ii)), the negative amplitude pulses gradually ionize the pre-existing oxygens in the Ti 165 

layer (
1

2
𝑂2 + 2𝑒− → 𝑂𝑖

2−), that were scavenged from the TiO2 (during the fabrication process), 166 

and then recombine with Vo defects in the O-poor region ( 𝑇𝑖𝑇𝑖
𝑥 + 2𝑉𝑜

2+ + 2𝑂𝑖
2− → 𝑇𝑖𝑂2) . 167 

Conversely, the potentiation process is followed by a continuous re-ionization of oxygen from 168 

the homogeneous region, and these oxygens drift back to the Ti scavenger layer. Note that only a 169 

small number of electrons can be injected into the cell at each pulse since the operating current 170 

level in the device is low; hence, this condition further assists the moderate oxygen ionization 171 
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and recombination processes. On the other hand, the employment of high CC (10 mA) to SET 172 

the device providing sufficient energy to repulse the Vo (including from the O-poor region at the 173 

top interface) towards the bottom electrode and forming a complete filament (Fig. 6(b)(i)); 174 

moreover, since the operating current level in the device is high, a high electric field is generated 175 

in the cell, and it encourages the creation of new Vo defects (𝑂𝑜
𝑥 → 𝑉𝑜

2+ + 𝑂𝑖
2−) to accelerate the 176 

filament formation further, and thus, resulting some additional oxygens drift to the Ti scavenger 177 

layer. Henceforth, a single or few negative pulses (during depression scheme, Fig. 6(b)(ii)) are 178 

enough to ionize most of the pre-existing and additional oxygens in the Ti layer to rupture the 179 

filament resulting large gap between the top interface and the apex of the remnant filament. The 180 

reverse process occurs in potentiation (Fig. 6(b)(iii), a high injection of electrons with a single or 181 

few positive pulses can spontaneously rejuvenate the filament by re-ionizing the oxygens and 182 

repulsing them back to the Ti scavenger layer. The rupture and rejuvenation of the filament 183 

happen instantaneously (inset of Figs. 1(c) and 2(b)), and these processes result in large dynamic 184 

ranges (inset of Fig. 1(c) and Fig. 2(d)), which demonstrates digital characteristics. 185 

The potentiation and depression curves of D25CC2 device (inset of Fig. 2(a)) are steeper than 186 

that of the D16CC2 device (inset of Fig 1(d)), we assume this is due to the pristine resistance of 187 

the two devices is different (owing to the thickness effect) and, hence, the electroforming results 188 

in different filament dimension. As observed in the electron conduction analysis (Fig. 4(a) and 189 

(b)) of the slope of D25CC2 device in low voltage region is closer to the ideal ohmic relationship 190 

than that of D16CC2, this could be due to a wider filament was exist at the TiO2/TiN bottom 191 

interface of D25CC2. Thus, the electron injection into D25CC2 is slightly easier and makes the 192 

synaptic weight change is more responsive (nonlinear) to the electrical pulse stimulus. 193 
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Consequently, the employment of a pulse amplitude with a lower voltage (Fig. 3) for the 194 

synaptic operation helps to enhance the linearity of the potentiation and depression curves. 195 

Analog and digital memristors have different circuit functionalities due to their distinct 196 

electrical characteristics (operational speed, current level, voltage range, etc.). For example, 197 

digital memristors could be exploited for making content addressable memory, reconfigurable 198 

logic circuits and operations, digital gates, etc.; on the other hand, analog memristors could 199 

enable neuromorphic network, chaos circuit, variable gain amplifier, difference comparator, 200 

oscillator, etc.31 Henceforth, the realization of convertible digital-analog memristor could open 201 

broad opportunities in electronics, such as enabling simultaneously tunable and bypass-able 202 

filters,32 the design and implementation of mixed-signal circuits utilizing the same device 203 

technology. This technology could also allow for the implementation of a customizable balance 204 

between high-speed operation in the digital low resistive state and low power operation in the 205 

digital high resistive state.33  206 

In conclusion, the maximum operating current level determines the synaptic response of 207 

memristor devices. The devices that operate at high operating current exhibit digital behavior; 208 

conversely, the device exhibits analog when it operates at low operating current. The 209 

employment of high current compliance encourages the formation of a complete filament 210 

conduction channel that connects cathode and anode, and thus, the high electric field induces the 211 

movement of a high number of defects promoting instantaneous redox reaction during synaptic 212 

operations. On the other hand, a low operating current level results in the formation of 213 

filamentary-homogeneous configuration and induces analog behavior where each pulse stimulus 214 

can only ionize a small number of oxygens during depression and potentiation, which occur in 215 

the homogenous region. This study not only provides an insight to produce an analogous 216 
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synaptic response of memristor devices but also offer a technique to realize convertible digital-217 

analog memristors that could open broad capabilities in electronic circuit and system. 218 

 219 

ACKNOWLEDGMENT 220 

This work was supported by the Ministry of Science and Technology Taiwan (MOST 109-2221-221 

E-009-034-MY3), NCTU visiting research fellowship program, EPSRC Programme Grant 222 

(EP/R024642/1), H2020-FETPROACT-2018-01 SYNCH project, and EC Grant Agreement 223 

Number 101029535– MENESIS. 224 

 225 

DATA AVAILABILITY 226 

The data that support the findings of this study are available from corresponding author upon 227 

reasonable request. 228 

 229 

REFERENCES 230 

1 M.A. Zidan, J.P. Strachan, and W.D. Lu, Nat. Electron. 1, 22 (2018). 231 

2 S. Salahuddin, K. Ni, and S. Datta, Nat. Electron. 1, 442 (2018). 232 

3 A. Khiat, P. Ayliffe, and T. Prodromakis, Sci. Rep. 6, 1 (2016). 233 

4 A. Serb, A. Corna, R. George, A. Khiat, F. Rocchi, M. Reato, M. Maschietto, C. Mayr, G. 234 

Indiveri, S. Vassanelli, and T. Prodromakis, Sci. Rep. 10, 2590 (2020). 235 

5 A. Chiolerio, M. Chiappalone, P. Ariano, and S. Bocchini, Front. Neurosci. 11, (2017). 236 



 12 

6 A. Chiolerio, I. Roppolo, K. Bejtka, A. Asvarov, and C.F. Pirri, RSC Adv. 6, 56661 (2016). 237 

7 S.-J. Liu, Z.-H. Lin, Q. Zhao, Y. Ma, H.-F. Shi, M.-D. Yi, Q.-D. Ling, Q.-L. Fan, C.-X. Zhu, 238 

E.-T. Kang, and W. Huang, Adv. Funct. Mater. 21, 979 (2011). 239 

8 R. Waser, R. Dittmann, G. Staikov, and K. Szot, Adv. Mater. 21, 2632 (2009). 240 

9 R. Waser and M. Aono, Nat. Mater. 6, 833 (2007). 241 

10 D.-H. Kwon, K.M. Kim, J.H. Jang, J.M. Jeon, M.H. Lee, G.H. Kim, X.-S. Li, G.-S. Park, B. 242 

Lee, S. Han, M. Kim, and C.S. Hwang, Nat. Nanotechnol. 5, 148 (2010). 243 

11 S. Chandrasekaran, F.M. Simanjuntak, D. Panda, and T.-Y. Tseng, IEEE Trans. Electron 244 

Devices 66, 4722 (2019). 245 

12 Q. Xia and J.J. Yang, Nat. Mater. 18, 309 (2019). 246 

13 S. Yu, Proc. IEEE 106, 260 (2018). 247 

14 F.M. Simanjuntak, S. Chandrasekaran, C. Lin, and T.-Y. Tseng, APL Mater. 7, 051108 (2019). 248 

15 S. Chandrasekaran, F.M. Simanjuntak, R. Saminathan, D. Panda, and T.-Y. Tseng, 249 

Nanotechnology 30, 445205 (2019). 250 

16 P. Bousoulas, I. Karageorgiou, V. Aslanidis, K. Giannakopoulos, and D. Tsoukalas, Phys. 251 

Status Solidi 215, 1700440 (2018). 252 

17 F.M. Simanjuntak, T. Ohno, S. Chandrasekaran, T.-Y. Tseng, and S. Samukawa, 253 

Nanotechnology 31, 26LT01 (2020). 254 

18 T.H. Park, S.J. Song, H.J. Kim, S.G. Kim, S. Chung, B.Y. Kim, K.J. Lee, K.M. Kim, B.J. 255 



 13 

Choi, and C.S. Hwang, Sci. Rep. 5, 15965 (2015). 256 

19 M. Zhao, B. Gao, J. Tang, H. Qian, and H. Wu, Appl. Phys. Rev. 7, 011301 (2020). 257 

20 Y.H. Kang, J.-H. Choi, T. Il Lee, W. Lee, and J.-M. Myoung, Solid State Commun. 151, 1739 258 

(2011). 259 

21 D. Ito, Y. Hamada, S. Otsuka, T. Shimizu, and S. Shingubara, Jpn. J. Appl. Phys. 54, 1 (2015). 260 

22 S. Rehman, M.F. Khan, S. Aftab, H. Kim, J. Eom, and D. Kim, J. Mater. Chem. C 7, 725 261 

(2019). 262 

23 X. Yang, Y. Lu, J. Lee, and I.-W. Chen, Appl. Phys. Lett. 108, 013506 (2016). 263 

24 K.M. Kim, T.H. Park, and C.S. Hwang, Sci. Rep. 5, 1 (2015). 264 

25 E.W. Lim and R. Ismail, Electronics 4, 586 (2015). 265 

26 H.B. Michaelson, J. Appl. Phys. 48, 4729 (1977). 266 

27 F.C. Marques and J.J. Jasieniak, Appl. Surf. Sci. 422, 504 (2017). 267 

28 Z. Li, T. Schram, T. Witters, J. Tseng, S. De Gendt, and K. De Meyer, Microelectron. Eng. 87, 268 

1805 (2010). 269 

29 F.M. Simanjuntak, T. Ohno, and S. Samukawa, ACS Appl. Electron. Mater. 1, 2184 (2019). 270 

30 C.-H. Huang, T. Chou, J. Huang, S. Lin, and Y. Chueh, Sci. Rep. 7, 2066 (2017). 271 

31 P. Mazumder, S.M. Kang, and R. Waser, Proc. IEEE 100, 1911 (2012). 272 

32 M. Potrebić, D. Tošić, and D. Biolek, Int. J. Circuit Theory Appl. 46, 113 (2018). 273 



 14 

33 C. Hermes, M. Wimmer, S. Menzel, K. Fleck, G. Bruns, M. Salinga, U. Bottger, R. 274 

Bruchhaus, T. Schmitz-Kempen, M. Wuttig, and R. Waser, IEEE Electron Device Lett. 32, 1116 275 

(2011). 276 

 277 

FIGURE CAPTIONS 278 

Figure 1. (a) Cross-sectional TEM images of TiN/Ti/TiO2/TiN device stack. (b) Schematic of 279 

the TiN/Ti/TiO2/TiN device structure and electrical measurement setup. The typical I-V curves 280 

of D16 device employing current compliance (CC) of (c) 10 and (d) 2 mA. Insets in (c) and (d) 281 

show the synaptic response of the device. (e)  Epoch endurance of the device after a SET process 282 

employing CC of 2 mA. 283 

Figure 2. (a) Typical I-V curves of D25 device employing CC of (a) 2 and (b) 10 mA. Insets in 284 

(a) and (b) show the synaptic response of the device. Epoch endurance of the device after a SET 285 

process employing CC of (c) 2 and (d) 10 mA. 286 

Figure 3. Examples of optimization of synaptic linearity by varying the pulse amplitudes. P and 287 

D values represent the amplitude used for potentiation and depression. 288 

Figure 4. Log-log scale of LRS curves of (a) D16 and (b) D25 devices. Schematic of the band 289 

diagram of TiN/Ti/TiO2/TiN in (c) equilibrium state (d) Ohmic, and (e) Frenkel-Poole 290 

conductions; the work function of TiN and Ti, and the electron affinity of TiO2 were taken from 291 

the literature.26–28 292 

Figure 5. (a) Depth-XPS profile of TiN/Ti/TiO2(25 nm)/TiN stack and (b) O1s core level spectra 293 

of TiO2 at various depths. Note that the concentration of oxygen in the TiN layers as shown in 294 
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(a) may higher than the actual due to the surface oxidation of the sample and depth-profiling 295 

knock-on effect. 296 

Figure 6. Schematic of conduction mechanism in the device that was programmed with (a) low 297 

and (b) high current compliance. 298 

 299 
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