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In spite of the strong interest in brain-like or neuromorphic computation, relatively few 24 

devices have emerged whose neuromorphic behavior is embedded in the hardware itself and 25 

not reliant on external programming of synaptic weights. We describe here a neuromorphic 26 

device based on a TiO2 nanowire that exhibits an associative memory response to the time 27 

correlation between voltage and optical stimuli. Memristive characteristics are also observed 28 

with current-voltage sweeps showing hysteresis loops and continuum resistance levels. The 29 

nanowire device responds to heterogeneous voltage and optical pulse stimuli with spike-like 30 

neuromorphic outputs. Moreover, uncorrelated pulses produce a weak response, consistent 31 

with the interaction of coincident pulses with adsorbed and bulk oxygen in the surface 32 

depletion region, leading to a nonlinear enhancement in conductance. The strength of this 33 

learned enhancement depends on the both the time correlation and number of pulse stimuli, 34 

consistent with spike timing dependent plasticity. The nanowire devices presented have neural 35 

synapse-like properties that could serve as a building block for neuromorphic computation.  36 

 37 
1. Introduction 38 
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 39 

The human brain’s ability to temporally associate multiple complex stimuli is a key 40 

requirement for neuromorphic learning.[1, 2] Although many biologically-inspired silicon-based 41 

technologies have reproduced basic sensory functions from sight to hearing,[3, 4] mimicking 42 

neural cognition and functionality in silicon has thus far relied on externally-set weighted 43 

outputs to demonstrate learning, an approach which suffers from large device footprints, 44 

memory-computation lag and high power consumption.[5-7] In an ideal neuromorphic device, 45 

the synaptic weights between elements are modulated by electrical pulses from neighboring 46 

devices and sensitive to a range of heterogeneous stimuli. These synaptic weights are 47 

strengthened when pulses arrive at nearly the same time which produces a phenomenon known 48 

as spike timing dependent plasticity (STDP) and which leads to learning.[2] Recent studies 49 

seeking to emulate this behavior have focused on an emerging class of resistance switching 50 

devices called memristors, whose non-volatile continuum conductance states closely imitate 51 

the analog response of individual biological synapses.[8-11] Neuromorphic hardware based on 52 

ionic channels and resistive switching materials has also been shown to emulate synaptic weight 53 

augmentation in response to external stimuli.[10-14] However, the devices reported to date 54 

respond to just a single type of stimulus, namely voltage pulses.[15]  55 

Here we show associative, time-dependent correlation between voltage and optical pulses in 56 

a nanoscale neuromorphic device comprised of an Au-contacted TiO2 nanowire. The observed 57 

behavior is similar to synaptic weight augmentation, but for physically heterogeneous stimuli, 58 

demonstrating novel associative memory not previously shown for memristive devices. 59 

Uncorrelated stimuli produce a weak electrical response, while coincident stimuli create a 60 

temporary modification of the device properties that leads to an enhanced conductance. The 61 

enhancement level depends on the time correlation and number of pulse stimuli, emulating 62 

STDP and demonstrating neuromorphic learning in a solid state device. This device has the 63 

potential to broaden not only the memristor concept but also to form a novel neuromorphic 64 
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hardware platform sensitive to multiple physically dissimilar stimuli, and which may also have 65 

applications in optoelectronic computation.[16, 17]  66 

  67 

2. Results and Discussion 68 

 69 

The response of single TiO2 nanowire devices to voltage and optical pulse stimuli was studied 70 

using the experimental setup in Figure 1a. As previously shown, the device is initially activated 71 

by applying a large voltage (typically +10 V) until the current attains a steady-state value to 72 

create a steady state population of charged dopants at the Au-TiO2 interface that facilitates 73 

charge injection into the wire.[18] The magnitude of charge injection is modulated by the 74 

population of oxygen vacancies at the metal interface lowering the tunneling barrier. The effect 75 

produces a memristive diode-like response linked directly to the history of voltage pulses 76 

applied to the device. The current response to a half-wave sinusoidal voltage input is shown in 77 

Figure 1b and characterized by memristive hysteresis loops that evolve to higher conductance 78 

levels with each voltage sweep. The corresponding I-V curve in Figure 1c is consistent with a 79 

neuromorphic resistive switch, displaying a continuum of conductance states. Similar devices 80 

have also displayed evolving conductance levels in response to a repeated voltage pulse 81 

stimulus, tunable memory levels, and a unique reset state.[18] An important aspect of the device 82 

operation is the presence of a threshold for the onset of current rectification in either direction. 83 

This occurs below ±3 V and is highlighted in the inset of Figure 1c. Now, building on the 84 

previously reported memory properties, optical pulse stimuli are added in addition toto the 85 

voltage stimuli previously reported. 86 

The photocurrent (Ipc = IMeasured – IDark) recorded during one 20 s laser pulse is shown in 87 

Figure 2a. The photocurrent response is initially linear but then saturates above 5 V. The 88 

response of the device to uncorrelated 20 s voltage and optical pulses is shown in Figure 2b, in 89 

addition to a combined pulse where the voltage and optical stimuli are coincident. The hold 90 
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voltage is +2 V and was maintained for 300 s prior to the voltage pulse (ΔV = 0.75 V) to 91 

establish the current baseline. Critically, both the hold voltage and peak pulse voltage are below 92 

the threshold for modifying device conductance. Whereas the responses to the uncorrelated 93 

pulses is modest, the coincident pulse elicits an exceptional response that is clearly larger than 94 

the sum of the responses to the individual pulses. The current enhancement can be computed 95 

from the additional charge dQ = I dt generated during each voltage, optical and coincident 96 

pulse, which are 14 pC, 6 pC and 87 pC, respectively. Similar enhancement levels were 97 

observed in over 10 individual devices produced in separate fabrication runs, with 98 

representative  data reported in the Supporting Information. 99 

To quantify the enhanced conduction, we initially assume the properties of the material 100 

remain unchanged during the coincident pulse. The current density generated by a voltage pulse 101 

is determined by the density of electron (holes) n (p), their respective mobilities  𝜇௡ and  𝜇௣, 102 

and the local electric field E, which scales as V/L, where V is the applied voltage and L the inter-103 

electrode separation. During the coincident pulse the increase in current may be expressed as a 104 

sum of the current generated during a voltage pulse ΔIel and an optical pulse ΔIpc as:  105 

 106 ∆𝐼௖௢ሺ𝑉 → 𝑉 ൅ ∆𝑉, 𝑜𝑝𝑡𝑖𝑐𝑎𝑙ሻ ൌ   ∆𝐼௘௟ሺ𝑉 → 𝑉 ൅ ∆𝑉ሻ ൅  ∆𝐼௣௖  ሺ𝑉 ൅ ∆𝑉ሻఈ (1) 107 

 108 

where alpha α is a scalar describing the degree of current nonlinearity during the coincident 109 

pulse. (See Supporting Information for a detailed derivation.) The non-linearity in the I-V 110 

response is expressed as 𝐸 ∝ 𝑉ఈ . Assuming fixed geometry and no change in material 111 

properties the coincident pulse response should be the sum of the voltage and the optical pulse 112 

responses in Figure 2b, with the latter rescaled by the factor 𝐼௘௟ሺ𝑉 ൅ ∆𝑉ሻ/𝐼௘௟ሺ𝑉ሻ, which is 113 

estimated to be a factor of  ~2 on average for the devices measured based on the data in Figure 114 

1b (inset and caption). Applying Equation (1) to the data in Figure 2b, i.e., 16 pA ≠ (2.5 + 1 x 115 
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2) pA, demonstrates that there is a nonlinear increase in current and total charge (87 pC ≠ (14 116 

+ 6 X 2) pC) during coincident pulses. This enhancement is observed over many devices and is 117 

likely due to a modification of the material properties, as discussed below.  118 

We now show that the degree of modification depends on the number and time correlation of 119 

the pulse stimuli. Figure 3a shows an alternating train of voltage and optical pulses with a time 120 

delay Δt = 20 s. Although each pulse is identical to that employed in Figure 2c, there is a weak 121 

interaction between the pulses that produces an enhancement in the current during a steady train 122 

of voltage-only pulses with the same time spacing. The enhancement factor is 1.5-2 when Δt = 123 

20 s.  When Δt = 5 s, this  factor increases to ~5 and the enhancement is observed to gradually 124 

increase as the current response reaches a steady state value of 5.5 pA (Figure 3b). A train of 125 

coincident pulses in Figure 3c produce the largest enhancements (> 20), which remains for a 126 

certain time beyond the pulse duration directly analogous to synaptic weight change in 127 

neuromorphic systems.  Figure 3d is a plot of the current enhancements as a function of pulse 128 

time separation, in which the curve has been mirrored through Δt = 0 to reflect the fact that the 129 

enhancement phenomenon is not dependent on the order in which the stimuli are delivered. 130 

This sensitivity to time correlation, even for heterogeneous stimuli, is strikingly similar to the 131 

STDP phenomenon found in biological systems,[19] and that reported earlier for homogeneous 132 

voltage impulses in memristors.[8, 20]   In contrast to biological systems, however, we do not 133 

observe inhibition when the order of the stimuli is reversed 134 

We now explore the response of the device to probe pulses (optical and voltage) after the 135 

device has experienced different numbers of coincident pulses. Figure 4 shows a pulse train 136 

comprised of interleaved voltage (red) and optical (blue) pulses that allows for the direct overlap 137 

of voltage and optical stimulus during every third pulse (orange). The initial individual voltage 138 

and optical pulses produce a very modest response.  The response to the first coincident pulse 139 

is strong, but significantly the response to subsequent voltage and optical probe pulses (i.e. after 140 

the coincident pulse) are also strengthened, similar to neural short term plasticity.[21] Crucially, 141 
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each additional coincident pulse produces a growing response and is followed by an enhanced 142 

response to the subsequent voltage and optical probe pulses. These data are consistent with a 143 

learning behavior in which the device output grows following each coincident pulse. The 144 

enhanced response to the subsequent voltage and optical probe pulses, the levels of which are 145 

shown at the bottom of Figure 4a, demonstrates short-term associative memory – an effect 146 

observed in all fabricated devices.  147 

3. Mechanism 148 

The time correlated enhancement in the device performance can be understood from the 149 

known properties of TiO2 and its interaction with light.[22, 23] We begin by considering the 150 

band alignment across the single nanowire device structure as shown in Figure 1a. The Au 151 

contact leads have a work function of 5.1 eV and form Schottky barrier contacts with the wide 152 

bandgap TiO2 nanowire, where the conduction band bends upwards due to the formation of a 153 

depletion region as shown in Figure 4b. This Schottky barrier height can be further modified 154 

by oxygen vacancy generation and adsorption of O2 onto the wire. 155 

During device activation, oxygen vacancies readily form at the TiO2 interface with the Au 156 

metal contact under positive bias.[24-28] The anodic conditions cause lattice oxygen 𝑂ைൈ to 157 

react, forming positively charged oxygen vacancies 𝑉ை•• and releasing electrons into the 158 

conduction band:[29] 159 

 160 𝑂ைൈ ⇄ 𝑉ை•• ൅ 2𝑒ᇱ ൅ భమ𝑂ଶ(g)      Reaction (1) 161 

 162 

The additional screening produced by these electrons reduces the width of the depletion 163 

region and increases the transmission through the contact, resulting in activation of the 164 

nanowire. However, the presence of O2 in the ambient and generated at the Au contact creates 165 

an additional Schottky barrier due to reaction with electrons in the conduction band that 166 

results in the adsorption of O2- species.[30-33] 167 
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 168  𝑒ᇱ ൅ 𝑂ଶሺgሻ  →  𝑂ଶି  ሺ𝑎𝑑𝑠ሻ      Reaction (2)   169 

This reaction occurs in wire regions with large populations of free electrons and hence 170 

predominantly at the Au-TiO2 interface. Charge depletion due to these adsorbed O2- species 171 

increases the Schottky barrier at this interface. In the presence of light, however, 172 

photogenerated holes are driven by the upward band bending towards the interface where they 173 

are captured by the adsorbed O2- species, resulting in the liberation of neutral O2.   Based on 174 

our device structure (see Figure 1) it is likely that most of the liberated O2 via reaction (1) 175 

remains trapped at the Au-TiO2 interface where it can in turn recombine with photogenerated 176 

electrons via reaction (2). Thus the electrode-nanowire interface is an effective region for 177 

recombination of photogenerated electron-hole pairs.  This can be iunderstood by considering 178 

the Schottky barrier hieight and width under diufferent bias conditions.  For the forward-179 

biased Schottky barrier configuration considered here, the effective barrier height and the 180 

depletion width decrease as the voltage is increased.[34] We therefore suggest that the large 181 

band bending and broad depletion width present under low bias favours the recombination of 182 

photogenerated carriers by sweeping holes towards the surface to react with O2- produced by 183 

the adsorption of O2 with photogenerated electrons. This recombination process is suppressed 184 

at higher applied biases and hence is responsible for the short term enhancement in 185 

conductivity to coincident voltage and optical stimuli, which was observed in all devices. 186 

Repeated coincident stimuli result in a steady build-up in the population of photogenerated 187 

carriers resulting in the learning response described in Figure 4a.   188 

The role of adsorbed oxygen at the metal/nanowire interface for the nonlinear conduction 189 

enhancement mechanism and persistence with time can also be explored by the introduction 190 

of a device capping layer. Repeating the same experiment as described in Figure 2b on a 191 

device capped with spincast SU-8 photoresist results in the data shown in Figure 5.   Current 192 

levels are increased in response to all pulse stimuli (voltage: ∆𝐼௘௟= 2.75 pA, ∆𝑄௘௟= 16 pC; 193 
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optical: ∆𝐼௣௖= 5.32 pA, ∆𝑄௣௖= 25 pC; coincident: ∆𝐼஼௢= 65 pA, ∆𝑄஼௢= 330 pC) but notably 194 

the current response to the optical stimulus is considerably larger and longer lived when 195 

compared to the actual pulse width. The pulse width is designated by the pale purple strip that 196 

defines the actual time duration of the optical pulse. Isolating the device from atmospheric 197 

oxygen improves the lifetime of the associative memory effect, enabling longer term 198 

potentiation. The lifetime of the effect also depends on current magnitude and recombination 199 

dynamics, as seen in Figures S2 and S3, and can be further extended via operation in vacuum 200 

(Figure S4).  201 

Mechanistically, the capping layer limits the supply of atmospheric oxygen from the ambient 202 

and hence limits the recombination of the   carriers generated during a coincident pulse. 203 

Oxygen liberated from the material during the pulse remains trapped however and free to re-204 

adsorb on the surface. In contrast, devices without capping layers but measured under vacuum 205 

conditions have little adsorbed oxygen and no capacity to replenish adsorbed oxygen from the 206 

ambient, and in each case show a dramatically increased decay times for the photogenerated 207 

current. The capping and vacuum experiments clearly show that the presence and availability 208 

of oxygen dramatically affects the response of these devices.  These oxygen mediated surface 209 

reactions change the material functionality for a limit time period, enhancing the associative 210 

memory response.  These data strongly suggest that by controlling  the surface environment 211 

and/or functionalization it may be possible to improve neuromorphic performance.  212 

 213 
 214 
4. Conclusion 215 

 216 

We have introduced for the first time a single TiO2 nanowire device that is capable of 217 

processing heterogeneous physical stimuli into an associative memory response. The device 218 

also demonstrates time correlation that mimics the STDP learning processes found in biological 219 

systems. Although the memory is volatile in the present configuration, modifying surface 220 



  

9 
 

environment is shown to extend decay lifetimes. The enhancement effect due to the time 221 

correlation of the voltage and optical stimuli is robust and reproduced over several devices with 222 

the single-nanowire structure and is amenable to extending the number of inputs or feed 223 

forwarding the output of one device into another. The non-linear enhancement is postulated to 224 

arise from the increased concentration of photogenerated carriers during the voltage pulse and 225 

the mediating role adsorbed oxygen species have on the effective Schottky barrier height and 226 

carrier lifetime, These observations are supported by data taken on devices with a capping layer 227 

and those measured in vacuum. Given the simplicity of the device structure and the underlying 228 

nature of the Schottky barrier properties that control its operation, it will likely be possible to 229 

extend the range of physical stimuli (such as pressure, temperature, and magnetic field) that can 230 

be detected with temporal correlation. This is the first demonstration of a material which can 231 

process time-correlated heterogeneous inputs for neuromorphic applications, and the 232 

functionality developed here will likely prove useful in the development of neuromorphic 233 

sensing platforms.   234 

 235 

 236 
5. Experimental Section  237 

TiO2 nanowire devices were fabricated as reported previously using UV lithography, spray 238 

deposition and e-beam lithography.[18] UV lithography is used to define large area contact 239 

pads before spray deposition of dilute solutions of TiO2 in deionized water. TiO2 wires 240 

(EMFUTUR) 50-100 nm in diameter and 5-20 µm in length were used to prepare devices. 80 241 

nm of Au metal was deposited via electron beam evaporation to form contacts to the 242 

individual wires, with no adhesion layer used to ensure direct Au-wire contact. A Thor Labs 243 

SC10 shutter controller and SH1 beam shutter was used to modulate a 405 nm wavelength, 244 

4.5 mW collimated laser diode that provides 0.5 mW of power at the wire. Voltage pulse and 245 

optical shutter sequences were controlled using a Keithley 4200-SCS parameter analyser, 246 

which also performs the current measurement. Vacuum measurements (10-6 torr) were 247 
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performed in an ARS DE-204NI cryostat at room temperature. Wire devices are coated in Su-248 

8 photoresist (Microchem) to form a UV transparent capping layer to isolate the device from 249 

atmosphere. The SU-8 is dropped on the device, spun at low rpm (2000) and baked at 150˚C 250 

for 5 minutes to cure the resist.  251 

 252 
Supporting Information  253 
Supporting Information is available from the Wiley Online Library or from the author. 254 
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 333 

 334 
Figure 1. (a) An SEM image of a TiO2 nanowire (NW) with Au contacts (scale bar 1 µm), 335 
and a schematic of the experimental setup depicting a laser with a shutter linked to a 336 
controller and source measure unit. (b) Half wave sinusoidal voltage input produces an 337 
evolving current as a function of the number of input half waves. (c) The increase in 338 
conductance at one polarity may be selectively decreased or reset using opposite polarity 339 
inputs. The onset for current rectification occurs above ± 3 V, as shown in inset (c), the dotted 340 
red lines are used to obtain the current at 2 and 2.75 V during sweep 1.  341 
 342 
 343 
 344 
 345 

 346 
Figure 2. (a) Photocurrent produced in the nanowire device in response to a 20 s laser input at 347 
various holding voltage levels, inset shows the linear increase in photocurrent (± 20% 348 
absolute value) up to 5 V with the photocurrent saturating at higher voltages. (b) Current 349 
response from separate heterogeneous voltage and optical pulses followed by a pulse 350 
consisting of both the optical and voltage pulse coincident on the nanowire simultaneously (2 351 
V hold, pulse Δ0.75). Each pulse is separated by a long dwell time at a hold voltage of 2 V to 352 
eliminate temporal coupling. The magnitude of current  (∆𝐼௖௢= 16 pA) and charge (∆𝑄௖௢= 87 353 
pC) produced during the coincident pulse is not simply the linear addition of the current or 354 
charge produced by the individual voltage (∆𝐼௘௟= 2.5 pA, ∆𝑄௘௟= 14 pC) and optical pulses 355 
(∆𝐼௣௖= 1 pA, ∆𝑄௣௖= 6 pC ).  356 
 357 
 358 
 359 
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 360 
 361 
Figure 3. Pulse timing is critical to the interaction of separate pulse stimuli. For voltage and 362 
optical pulses separated by (a) 20 seconds, (b) 5 seconds, and (c) 0 seconds, the device 363 
conductance is augmented with a maximum augmentation for coincident pulses (2 V holding 364 
bias, pulse Δ0.75).  (d) A pseudo-plasticity strengthening graph analogous to STDP 365 
displaying the enhancement of device conductance as the time separation between pulses 366 
decreases. 367 
 368 

 369 
 370 
Figure 4. (a) A plot showing the device response to a series of coincident pulses that results 371 
in a growing and heightened current output, consistent with a learning phenomenon (2 V 372 
holding bias, pulse Δ0.75).  The lower panel shows the enhanced response to voltage (red) 373 
and optical (blue) probe pulses following each coincident pulse.  The enhancement level 374 
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increases with the number of coincident pulses and demonstrates an associative memory 375 
response, which is not observed following uncorrelated voltage and optical pulses.  (b) 376 
Schematic energy band diagram of the device interface at (i) 2 V hold condition and (ii) 377 
during excitation with coincident stimuli comprised of a voltage (ΔV) and optical (ħω) pulse. 378 
Oxygen adsorbs at the TiO2/metal interface, scavenging conduction band electrons and 379 
augmenting the barrier height. Under the coincident pulse stimulus photogenerated holes 380 
combine with and release the adsorbed oxygen (see text) and when coupled with the increased 381 
voltage enhances charge injection into the electrode. 382 
 383 

 384 
 385 
Figure 5. Isolating the device from atmospheric oxygen via a polymer capping layer has a 386 
profound impact on photogenerated current lifetime and the overall current levels produced 387 
by the device relative to the uncapped device, increasing the long term memory effect in 388 
response to pulse stimuli (2 V holding bias, pulse Δ0.75).   389 
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S1.  Additional Voltage and Optical Enhancement Data  419 

 420 
Figure S1. Coincident pulses increase current in all similar devices in a non linear addition 421 

of the separate voltage and optical pulses. Three separate devices are shown to display the same 422 
reproducible behavior in response to coincident pulses composed of voltage and optical pulses 423 
applied at the same time.  424 
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 425 
 426 
Table S1. The relative increase in current produced during separate voltage pulses and optical 427 
pulses are shown below.  428 

 
Voltage Scaling Optical  Scaling 

Device 1 13.96 12.47 

Device 2 9.21 6.74 

Device 3 7.84 4.93 

 429 
 430 

S2.  Non-Linear Enhancement Derivation  431 

We initially assume the properties of the system remain unchanged during the coincident 432 

pulse, that current generated under the voltage pulse is due to the change in local electrical field 433 

and the photocurrent generated is from the separation of electrons and holes in the depletion 434 

region. The current density generated by a voltage pulse is determined by the density of electron 435 

(holes) n (p), their respective mobilities  𝜇௡ and  𝜇௣, and the local electric field E, which scales 436 

as V/L, where V is the applied voltage and L the inter-electrode separation.  For our fixed device 437 

geometry we can account for non-linearity in the current-voltage response by expressing  𝐸 ∝438 𝑉ఈ, where α is a scalar describing the degree of nonlinearity.  The geometry-normalized current 439 

increase (ΔIel)  (units: ampere per length) generated by a voltage pulse ΔV can be written as: 440 ∆𝐼௘௟ሺ𝑉 → 𝑉 ൅ ∆𝑉ሻ ൌ   𝑒 ൣ𝑛 𝜇௡ ൅  𝑝 𝜇௣൧. ሾ ሺ𝑉 ൅ ∆𝑉ሻఈ െ 𝑉ఈ ሿ    (S1) 441 

 The current response to an optical pulse (ΔIpc) at a fixed voltage V results in the generation of 442 

additional electrons (Δn) and holes (Δp) that increase the photocurrent by: 443 ∆𝐼௣௖ሺ𝑉ሻ ൌ   𝑒 ൣ∆𝑛 𝜇௡ ൅ ∆𝑝 𝜇௣൧. 𝑉ఈ        (S2) 444 

During the coincident pulse, these photogenerated carriers experience an increased electric field 445 

due to the simultaneous voltage pulse. The increase in current can then be written as the sum of 446 

the equations S1 and S2 at the voltage pulse ΔV: 447 
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∆𝐼௖௢ሺ𝑉 → 𝑉 ൅ ∆𝑉, 𝑜𝑝𝑡ሻ ൌ   ∆𝐼௘௟ሺ𝑉 → 𝑉 ൅ ∆𝑉ሻ ൅  ∆𝐼௣௖  ሺ𝑉 ൅ ∆𝑉ሻఈ   (S3) 448 

Therefore, assuming no change in material properties, the coincident pulse response should be 449 

the sum of the measured independent voltage and the optical pulse responses shown in Figure 450 

2b of the main text. The factor 𝐼௘௟ሺ𝑉 ൅ ∆𝑉ሻ/𝐼௘௟ሺ𝑉ሻ is scaled to the voltage pulse ΔV as the 451 

additional photocurrent conventionally increases at higher voltage. However even when the 452 

photocurrent is scaled to the voltage pulse level as estimated to be a factor of  ~2 based on the 453 

data in Figure 1b(inset), there remains a large difference in the measured and calculated current.  454 

Equation (3) yields 2.5 + 1 x 2 = 4.5 ΔIco which is considerably less than the measured ΔIco = 455 

16 pA. In the main text the difference is also presented as charge or the time integral of the 456 

current measured during each pulse to demonstrate the sharp current rise is not a short but large 457 

peak. This derivation and numerical calculation supports nonlinear current enhancement in the 458 

material under coincident pulse stimuli.  459 

  460 

S3.  Persistence of Associative Memory  461 

 462 
The associative memory enhancement effect demonstrated in the present device is volatile.  463 

After multiple coincident pulses normal current level responses to voltage pulse stimuli are 464 

recovered after a period of 300-400 s.  This is demonstrated in Figure S1, which shows a device 465 

with 5-20 coincident pulses applied to it prior to holding a bias of 2.75 V for an extended period. 466 

The 2.75 V bias (red trace) is applied to the device to reveal the fall in current levels more 467 

clearly over time. In all cases it takes approximately 300-400 s after the training coincident 468 

pulses are applied before the current levels reach normal levels similar to those without 469 

coincident pulses applied. The measured half-life (time taken for the enhanced current 470 

magnitude to drop by half the its initial value following the coincident pulses) of the memory 471 

association effect is indicated for each data and reveal that the memory persistence decreases 472 

as the current magnitude increases. This volatility stems from the recombination of atmospheric 473 
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oxygen and charge carriers generated during the coincident pulse stimulus. At greater current 474 

magnitude and therefore higher charge concentration at the device interface the rate of 475 

recombination is accelerated.  476 

 477 

 478 
Figure S2. Memory association enhancement persistence as a function of the number of applied 479 
coincident pulses. Current enhancement persists longer with lower current magnitudes and 480 
decays faster as the current generated from greater number of coincident pulses increases as 481 
shown in the decrease in half life of the persistent current.   THE NUMBER OF PULSES IS 482 
HARD TO NOTICE AT THE TOP OF THESE FIGS 483 

 484 

 485 
 486 
 487 
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 488 
Figure S3. (a) A plot showing the current decay following 5 to 20 coincident pulses. (b) 489 
Currents normalised and plotted on a log scale, the divergence from a straight line single 490 
exponential decay becomes more apparent for larger numbers of applied coincident pulses.  491 

 492 

The decay in persistent current levels does not fit a simple exponential decay for standard 493 

persistent photocurrent recombination. In Figure S2 (a) the decay in the current after the 494 

coincident pulses are applied are mapped onto a single plot. The rapid decrease in current at 495 

higher current levels seems to support a more complicated bi-exponential decay with fast and 496 

slow time constants. In Figure S2 (b) the current decay is normalized and plotted on a 497 

logarithmic scale. If the decay was purely exponential these data would follow a straight line, 498 

however we observe a clear shift in linearity as the number of coincident pulses applied to the 499 

device increases. 500 
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 501 
 502 
 503 
 504 
 505 

Figure S4. An optical pulse applied while the device is under vacuum (10-6 torr) results in a 506 
much longer decay than the same measurement under atmosphere (see Figure S1), again 507 
implicating surface oxygen reactions. The holding bias voltage was 5 V which accounts for the 508 
larger photocurrent than was observed at a 2 V holding bias.   NO data on simultaneous pulsing 509 
in vacuum???  510 

 511 

 512 


