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Abstract  

Modulation of resistive switching memory by light opens the route to new optoelectronic devices that 

can be controlled both optically and electronically. Applications include integrated circuits with memory 

elements switchable by light and neuromorphic computing with optically reconfigurable and tunable 

synaptic circuits. We report on a unique nanocomposite resistive switching material and device made 

from a low concentration (~0.1% by mass) of titanium dioxide nanorods (TiO2-NRs) embedded within 

the azobenzene polymer, poly(disperse red 1 acrylate, PDR1A). The device exhibits both reversible 

electronic memristor switching and reversible polarization dependent optical switching. Optical 

irradiation by circularly polarized light causes a trans-cis photochemical isomerization that modifies the 

conformation and orientation of the photoactive azo-unit within the polymer. The resulting expansion of 

the composite (PDR1A/ TiO2-NR) polymer film modifies the conduction pathway, facilitated by the 

presence of the TiO2-NRs, as a semiconductor material, through the (PDR1A/ TiO2-NR) polymer film, 

which provides a sensitive means to control resistive switching in the device. The effect is reversible by 

changing the polarization state of the incident light. A charge-flux memristor model successfully 

reproduces the current-voltage hysteresis loops and threshold switching properties of the device, as 

well as the effect of the illumination on the electrical characteristics. 
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I. Introduction 

The modulation of resistive memory devices by light has numerous applications including light-

switchable memory elements in optical communications1 and photonic integrated circuits,2 fast in-

memory computer vision systems,3,4 and light tunable artificial synapses in neuromorphic computing.5,6,7 

Recently we have pioneered several optical memristor types based on polymers mixed with metal 

nanoparticles,8 ZnO nanorods,9 and graphene oxide.10 The use of hybrid materials in memristor devices 

is generally much less studied than their solid-state counterparts. However, blending organic (polymer) 

and inorganic (metals, oxides) components, offer a number of advantages, including low cost, easy 

solution-based processing11 via screen-printing or spin-coating, and easy tailoring of the materials 

mechanical, electronic and optical properties through chemical synthesis.12–19 In recent years hybrid 

materials have shown significant improvements in their performance for memory applications. Some of 

the highlights include, very fast switching speeds (less than 25 ns),20 large OFF/ON resistance ratios 

(up to 105 orders of magnitude),21 high endurance (more than 105 cycles) combined with long data 

storage retention (more than 106 s),22  and high storage density integration.23–25 

In this article, we report on a new optical memristor device based on a hybrid material of TiO2 nanorods 

embedded within an optically active polymer. TiO2 is the classic memristor material, first used by Stanley 

Williams at HP Labs26 to show the link between resistive switching in thin metal oxide films and Leon 

Chua’s theoretical description of memristors.27 Whilst much research has focused on improving the 

materials and device switching properties of TiO2 devices, there are few reports of TiO2 nanorods used 

in memristor device. Very recently hydrothermally grown free-standing TiO2 nanorod arrays have been 

used to make memristor devices28,29 but to the best of our knowledge there are no reports on the 

fabrication of a hybrid polymer/TiO2 NR devices and no study on optical switching effects in TiO2 

devices. 

Hybrid materials consisting of metal oxide nanorods embedded within a polymer provide an extremely 

simple and low cost route to making non-volatile memristor devices30. Advantages include the 

fabrication under ambient conditions (room temperature, vacuum-free) using simple solution processing 

techniques (spin-coating18, inkjet and screen-printing technologies and electrochemical methods17) and 

large-area coverage on inexpensive and lightweight substrates. Fine-tuning of the switching properties 

can be obtained by changing the nanorod concentration8  and device functionality can be introduced via 

the polymer, e.g. light controllable synaptic learning9. In particular, the high aspect ratio of the nanorods 

can be used to create conducting pathways within the material to minimize the volume fraction of the 

nanorod material, as shown in this study.  
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To impart optical functionality to the devices we have used the azobenzene polymer, poly(disperse red 

1 acrylate), referred to now as PDR1A. PDR1A is an optically active polymer that undergoes a reversible 

trans-cis photochemical isomerization upon optical excitation,31,32 as shown in Fig. 1c). Associated with 

this is a significant photomechanical response,33 caused by the progressive alignment of chromophores 

from repeated trans-cis-trans cycling, which occurs because of the overlap of the two absorption bands 

for the trans-cis and cis-trans transitions.34,35,36,37  Circularly polarized light aligns the chromophores in 

the direction of the beam, causing the thickness of the film to increase whereas linearly polarized light 

causes a reduction in the thickness of a thin-film when the beam is directed perpendicular to the surface, 

as reported previously.8,9  

 

II. Device Fabrication and Experimental Methods 

The test memristor devices consist of a uniform thin (200 nm) nanocomposite layer consisting of surface-

stabilized titanium dioxide nanorods (TiO2 NRs) 38–40 uniformly dispersed within a commercially-available 

(Sigma Aldrich) and optically-active azobenzene polymer, i.e., Poly(Disperse Red 1 Acrylate (PDR1A) 

sandwiched between a bottom ITO electrode and a top aluminum electrode, as shown in Fig. 1a). The 

length and diameter of the titanium dioxide nanorods (TiO2-NRs) are approximately 20 nm and 3 nm, 

respectively, as shown by the TEM image shown in Fig. 1b), giving an aspect ratio of between 5 and 8, 

respectively. The synthesis, purification and characterization of the surface-stabilized titanium dioxide 

nanorods (TiO2 NRs) has been reported previously.38–40 The nanocomposite polymer film (PDR1A/TiO2-

NRs) was deposited on the substrate surface from solution using a standard spin-coating process (1000 

rpm for 30 s). The solution of PDR1A and TiO2 NRs, used in the spin-coating process, was prepared by 

mixing a solution of PDR1A in tetrahydrofuran (5% weight/weight) with a solution of the TiO2-NRs in 

chloroform (1% weight/weight). The volume of the TiO2-NRs solution was varied to yield composite 

PDR1A/TiO2-NR polymer films with a different mass ratio (Rm) of the TiO2-NRs, i.e., 0.01 wt%, 0.05 

wt% and 0.1 wt%, in the PDR1A. After deposition by spin-coating, the PDR1A/TiO2-NR layer was 

annealed at 90C for 20 minutes in air in order to dry the film and remove residual solvent. The top 

conducting aluminum metal electrode with a uniform thickness (200 nm) was deposited on top of the 

solid PDR1A/TiO2-NR polymer layer as a series of 400 µm diameter circles by a thermal evaporation 

process. The I-V sweeps were carried out using a probe station equipped with an HP4140B source-

meter unit. Photomechanical expansion/contraction of the PDR1A/TiO2-NR layer was induced by 

irradiation with either circular or linearly polarized light generated from an Argon ion laser tuned to 514 

nm. The spot size of the laser beam had a diameter of 3 mm and the average power per unit area for 

the exposed device was 180 mW cm-2.  
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Fig. 1. (a) Schematic of the optical resistive memory device consisting of the nanocomposite PDR1A 

/TiO2-NR film sandwiched between indium tin oxide (ITO) and aluminum (Al) electrodes. (b) TEM image 

of the TiO2-NRs. (c) The trans-cis photochemical isomerization of the optically-active azopolymer 

(PDR1A). (d) The expansion of the polymer (PDR1A/TiO2-NR) film due to the trans-cis photochemical 

isomerization of the optically-active azopolymer (PDR1A) on illumination with polarized light (514 nm) 

breaks the partially-connected conductive pathways (black line) within the PDR1A /TiO2-NR layer, 

thereby causing controlled shifts in the conduction properties of the test memristor devices. The 

presence of a high-resistance “breakpoint” within the PDR1A /TiO2-NR film, caused by optical 

illumination, is indicated by the yellow circle. 

 

III. Experimental Results and Discussion 

Fig. 2 shows the I-V sweeps of test memristor devices incorporating three different polymer 

(PDR1A/TiO2-NR) films with different TiO2-NR mass concentrations (Rm =0.01 wt %, 0.05 wt% and 0.1 

wt%). No forming step was needed to initiate memristor switching in the devices and the I-V sweeps, 

carried out between -1 V and +1 V, show that switching in the test memristor devices occurs at low 

voltages. A current compliance limit (10 mA) was used to protect the test memristor devices from 

electrical breakdown. It can be seen that the devices exhibit a bipolar switching behavior with a threshold 

voltage, and the ON and OFF currents increase with increasing concentration of the TiO2-NRs. This is 

expected since the concentration of the conductive component is increased relative to that of the 
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insulating component.8 In their pristine state the devices are initially in the high-resistance state (HRS) 

and then switch to a low-resistance state (LRS) at SET threshold voltages of approximately 0.2 V. 

Interestingly, the set voltage decreases from 0.22 V to 0.18 V, when the NR concentration increases 

from 0.01 wt% to 0.1 wt%, which potentially indicates that there are more critical “connection” points in 

the devices with higher concentrations of TiO2-NRs and that some of these devices are energetically 

easier to manipulate with the applied field. On the reverse sweep, the devices remain in the LRS and 

switch back to the HRS at -1 V.  

     

 

Fig. 2. (a) I-V sweeps for test memristor devices incorporating three polymer (PDR1A/TiO2-NR) films 

with different mass concentrations of TiO2-NRs (Rm = 0.01 wt %, 0.05 wt% and 0.1 wt%). The sweeps 

show that devices with a higher concentration of TiO2-NRs are more conductive. (b) Repeated I-V cycles 

for a device with concentration Rm= 0.05 wt% and showing good repeatability between sweeps. 

There are several distinct differences in the I-V curves and switching characteristics of the devices when 

compared to the two other published works in the literature that also utilize TiO2 nanorods in memristor 

devices.28,29 Both previous reports use a hydrothermal method to grow free-standing TiO2 nanorod 

arrays on the bottom electrode of the devices. In this case, fluorine-doped tin oxide (FTO) is used as 

the growth substrate and bottom electrode as this results in perpendicular growth of TiO2 nanorods. 

Although the hydrothermal method can produce nanorods with better stoichiometry and fewer crystalline 

defects, the in-situ growth of the nanorods within the device is more complex, slower and not well suited 

to upscaling for commercial applications. In comparison, the novel surface-stabilized nanorods used in 

this work can be easily dispersed in common solvents at relatively high concentration allowing the 

fabrication of devices by spin-coating, which is fast, simple and low-cost. Similar to our devices, forming 

steps were also not needed to initiate device switching in the previous reports. However, both articles 

report highly asymmetric I-V curves. This arises from the asymmetric device architecture, which consists 



6 
 

of nanorods grown on only one of the electrodes. Also, in contrast to our devices that switch at low 

potentials of ± 1 V, switching in this previous work required much larger potentials, up to ± 4 V. This is 

a consequence of the much thicker active switching material in these devices. This is set by the nanorod 

lengths, which ranged from 0.55 m to 4.25 m. Thicker active layers generally result in smaller electric 

fields and currents, which means high potentials need to be applied to switch between resistive states.  

In the earliest of the two reports,29 significantly large bipolar switching was found only for nanorods with 

lengths smaller than 3 m. This was found to be related to the synthesis approach, whereby the oxygen 

defect concentration in the nanorods was found to decrease with increasing nanorod height. A space 

charge limited current mechanism associated with the oxygen vacancies was found to explain the I-V 

behavior of the devices. In the case of the more recent report,28 time-dependent measurements showed 

the devices to have a highly volatile memory behavior, which in some cases gave retention times of only 

several seconds.  

One of the main aims of this study was to impart optical switching in the memristor devices. Fig. 3a) 

shows the combined effect of both optical and electronic switching on the test devices. It demonstrates 

how optical irradiation can be used to modify the OFF/ON ratio of the memristors’ resistance by almost 

three orders of magnitude. The plot shows the effect of optical irradiation on the I-V properties of a test 

memristor device with the lowest concentration (Rm of 0.01%.) of TiO2-NRs. Irradiation by circularly 

polarized light, 30 minutes, photo-expands the PDR1A layer in the vertical direction causing the 

resistance OFF/ON ratio to improve by increasing/decreasing the ON/OFF currents. Subsequent 

irradiation by linearly polarized light for 15 minutes causes the composite PDR1A-TiO2-NR layer to 

contract, which shifts the OFF/ON resistance ratio back towards the original (lower) value. A similar 

effect can also be observed in the control device, which consists of just PDR1A and without the TiO2 

nanorods. The change in current, before and after irradiation by circularly polarized light, can be 

attributed to just the change in the thickness of the irradiated PDR1A-TiO2-NR film, Fig.  3b). The control 

device, incorporating the PDR1A film without TiO2-NRs, exhibits very low conductivity, as expected for 

an insulating material, and no resistive switching effects are observed.  

 



7 
 

 

Fig. 3. (a) I-V sweeps for a test memristor device with the lowest concentration (Rm of 0.01%.) of TiO2-

NRs before irradiation (black curve), after expansion (blue curve) and after contraction (red curve). (b) 

I-V sweeps for a control device, incorporating the PDR1A film without TiO2-NRs, which shows a very 

small conductance (small current) and only a minor change in this property after illumination and 

expansion of the PDR1A polymer film. 

IV. Modelling  

A. General Framework 

In order to further analyse the results obtained for these test memristor devices, we have studied an 

approach proposed by Picos et al. in the literature.41,42 In this case, the basic model of the memristive 

device has been derived using a framework43 in which memristors are described by charge and flux 

instead of current and voltage.44–52 The charge 𝑄 is defined as the first momentum of the current and 

the flux 𝜙 is defined accordingly for the voltage as follows43 

𝑄(𝑡) = ∫ 𝐼(𝜏)𝑑𝜏
𝑡

−∞
     (1) 

and 

𝜙(𝑡) = ∫ 𝑉(𝜏)𝑑𝜏
𝑡

−∞
     (2) 

Since the device under study is assumed a memristor,53 we have applied a simple piecewise model54,55 

to fit experimental measurements. The modelling of the set and reset phases of the 𝐼–𝑉 curve are 

represented by the time derivative of the charge given by 

𝐼(𝜙, 𝑉) = 𝑉 ∙ 𝐺(𝜙)     (3) 

Considering a full reset/set cycle in the memristive nanorod-polymer device as a result of applying a 

triangular voltage signal, negative in case of reset and positive in case of set, we have modelled the 



8 
 

conductance 𝐺 of each transition, either reset or set, by taking two pairs of measured values in order 

to calculate the parameters needed. 

The model parameters for any reset cycle depend on the reset and break points, while those for any set 

cycle depend on the set and complete points.54,55 Fig. 4 shows experimental conductance vs. flux for a 

full reset/set cycle with the points we used to extract the model parameters. The reset point (rst) is 

determined as the point corresponding to maximum current 𝐼𝑚𝑎𝑥 during the reset cycle. The break point 

(brk) is the inflection point for the charge, and can be found by taking the second derivative (𝑑2𝑄/𝑑𝑡2), 

which is the first derivative of the current. The minimum value of this derivative corresponds to the break 

point. The decrease point (d) corresponds to the maximum applied voltage during the reset cycle. The 

maximum point (max) corresponds to the final values where the flux and charge have their maximum 

values during the reset cycle.55. 

The set point (set) represents the first inflection point of the current during the set transition which can 

be found by taking the second derivative (𝑑2𝐼/𝑑𝑡2), the complete point (com) represents the point where 

the current considerably increases when the device changes from high resistance state (HRS) to low 

resistance state (LRS).  

 

 

 

Fig. 4: Experimental conductance vs. flux for full reset / set cycle (data corresponds to the lower 

branch of the 0.01% TiO2 data in Fig. 5). 

 

The conductance before and after the reset transition has two almost constant levels. The first is high, 

which we attribute to a metallic-like conductance, 𝐺𝑟𝑠𝑡, in Fig.4, (see arrows and labels on the graph 
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denoting the Reset Point and low resistance state, LRS) and the second is low, which we attribute to 

hopping-like conductance56, 𝐺𝑏𝑟𝑘.  The change between these two states is expected to be related to the 

changes in the barrier between the nanorods and the polymer. This idea is further supported by the fact 

that a physical change in the polymers through illumination also causes a change in the conductivities 

of these states. Up to the reset point the conductance is high, and at this point the high conductance 

𝐺𝑟𝑠𝑡 starts to decrease during the process that breaks the conductive path and creates a gap up to the 

break point, where at this point the conductance becomes low 𝐺𝑏𝑟𝑘. It can be noticed that the transition 

process from LRS to HRS during the reset cycle starts at the reset point, which corresponds to the LRS, 

and ends at the break point, which corresponds to the HRS. During this process, a dissolution of the 

conductance path occurs to form a high resistance gap. 

 

Applying our model, the device conductance during a full reset cycle as a result of applying a negative 

triangular signal can be written as follows 

𝐺(𝜙) =

{
  
 

  
 𝑛1 ∙

𝑄𝑟𝑠𝑡

𝜙𝑟𝑠𝑡
𝑛1 ∙ 𝜙

𝑛1−1                    (0 ≤ 𝜙 ≤ 𝜙𝑟𝑠𝑡)

𝑛2 ∙
𝑄𝑟𝑠𝑡

𝜙
                            (𝜙𝑟𝑠𝑡 ≤ 𝜙 ≤ 𝜙𝑏𝑟𝑘)

𝑄𝑑−𝑄𝑏𝑟𝑘

𝜙𝑑−𝜙𝑏𝑟𝑘
                              (𝜙𝑏𝑟𝑘 ≤ 𝜙 ≤ 𝜙𝑑)

𝑛3 ∙
𝑄𝑚𝑎𝑥

𝜙𝑚𝑎𝑥
𝑛3 ∙ 𝜙𝑛3−1              (𝜙𝑑 ≤ 𝜙 ≤ 𝜙𝑚𝑎𝑥)

           (4) 

It should be noted that the conductivity is almost constant after passing the break point, as described in 

the third part of the last equation (𝜙𝑏𝑟𝑘 ≤ 𝜙 ≤ 𝜙𝑑), where it is almost equal to the conductivity at the 

break point. After passing the decrease point, the conduction mechanism changes again, leading to a 

non-constant conductance, that is modelled in the fourth part of the last equation. 

 

From Fig.4, it is apparent the hopping conductance of the HRS at the beginning of the set transition (0.1 

mS at around 25 V.s), when a negative voltage input signal would be applied, is smaller than the 

conductance at the end of the reset cycle. This means the conductance depends on the polarity of the 

applied signal (direction and magnitude of the applied electrical field).57 Then, the hopping conductance 

starts to increase slowly by increasing the amplitude value of the negative applied voltage signal as a 

result of increasing the magnitude of the electrical field. This electrical field up to the set point is not 

sufficient to start the construction of a new conductive path. At the set point, the conductance 𝐺𝑠𝑒𝑡 is still 

smaller than the conductance of the broken conductance path in the reset transition 𝐺𝑏𝑟𝑘. However, filling 

the gap or reducing the hopping conductance and increasing the metallic-like conductance starts at the 

set point up to the complete point (2.9 mS at around 32 V·s). The set point is defining the beginning of 

the conductive path formation. where the complete point defining the conductance path formation. 
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After forming the new conductive path and passing the complete point, the current increases. It has to 

be pointed out that the process of the set transition may be limited by the instrumental compliance 

current 𝐼𝑐 that controls the value of the applied voltage 𝑉𝑐 in order to prevent a destructive breakdown 

of the new conductive path. This may lead to a different behaviour than expected, since the actual 

applied voltage is different from the expected one. This current controls the conductive path size and as 

a result the reset current in the next reset cycle, which determines the reset point.58,59 The process of 

filling the gap (behaviour from set point to complete point) during the set transition in the device under 

study is faster than the process of breaking the conductive path (behaviour from reset point to break 

point) during the reset transition. At the end of the set transition, the conductance is a metallic-like and 

almost is equal to the high conductance during the reset transition 𝐺𝑟𝑠𝑡. Finally, the device conductance 

during a full set cycle as a result of applying a positive triangular signal can be written as following 

𝐺(𝜙) =

{
 
 
 

 
 
 𝑛4 ∙

𝑄𝑠𝑒𝑡

𝜙𝑠𝑒𝑡
𝑛4 ∙ 𝜙

𝑛4−1                                         (0 ≥ 𝜙 ≥ 𝜙𝑠𝑒𝑡)

𝑛5 ∙
𝑄𝑠𝑒𝑡

𝜙𝑠𝑒𝑡
∙ 𝑒

𝑛5∙(
𝜙

𝜙𝑠𝑒𝑡
−1)
                         (𝜙𝑠𝑒𝑡 ≥ 𝜙 ≥ 𝜙𝑐𝑜𝑚)

𝐼𝑐

𝑉𝑐
                                                               (𝜙𝑐𝑜𝑚 ≥ 𝜙 ≥ 𝜙𝑐)

𝑛1 ∙
𝑄𝑟𝑠𝑡

𝜙𝑟𝑠𝑡
𝑛1 ∙ 𝜙

𝑛1−1                                     (𝜙𝑐 ≥ 𝜙 ≥ 𝜙𝑚𝑎𝑥)

           (5) 

This correlation between the internal model parameters correspond to the points in Fig. 4 has already 

been discussed in the literature60,61 and has been used to implement Monte Carlo models.62,63 

 

B. Effect of the TiO2-NR concentration 

We applied the model based on equations (3-5) to fit the results of experimental measurements of three 

reset/set cycles for devices with different concentrations. Fig. 5 shows modelled current vs. voltage and 

Table I provides the extracted parameters values that have been used in the implementation of the 

model, further details on the parameter’s extraction procedure can be found elsewhere.55 The I-V 

characteristics in Fig. 5 are derived from the conductance modelling, and show how the change in the 

threshold switching voltage is also well reproduced. 

 

Parameter Extracted value 

n1 0.95 

n2 1.05 

n3 0.5 

n4 0.9 

n5 1.02 



11 
 

Table I: The parameters and their corresponding values that have been used in the implementation of 

the model.  

 

Concent

ration % 

𝜙𝑟𝑠𝑡 

(V.s) 

𝑄𝑟𝑠𝑡 

(C) 

𝜙𝑏𝑟𝑘 

(V.s) 

𝑄𝑏𝑟𝑘 

(C) 

𝜙𝑑 

(V.s) 

𝑄𝑑 

(C) 

𝜙𝑚𝑎𝑥 

(V.s) 

𝑄𝑚𝑎𝑥 

(C) 

𝜙𝑠𝑒𝑡 

(V.s) 

𝑄𝑠𝑒𝑡  

(C) 

0.1 2.42 0.027 8.82 0.06 12 0.069 25.5 0.097 0.32 2.81e-4 

0.05 2.42 0.013 14.455 0.034 12 0.032 25.5 0.041 0.5 6.71e-4 

0.01 0.41 0.001 3.38 0.003 12 0.006 25.5 0.008 0.72 4.94e-4 

Table II: The model parameters at reset and set points values for different concentrations. 

 

We observe that the conductance increases with increasing TiO2-NR concentration. On the other hand, 

more power is needed for the dissolution of conductive paths when the TiO2-NR concentration is higher. 

As a result, the points in Fig. 4 change with increasing TiO2-NR concentration, for instance, the reset 

point corresponding to the maximum current during the reset cycle and increasing TiO2-NR 

concentration will increase the magnitude of this maximum current. The fast transition between the HRS 

and the LRS, as shown in Fig. 4, is remarkable and caused by the extremely fast creation mechanism, 

which is limited by the compliance current. Also, it is observed that the conductance for reset/set cycle 

is a function of the flux, in other words, the magnitude and the polarity of the applied voltage and how 

long it has been applied (Fig. 4). 
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Fig. 5. Experimental data (symbols) and modelled (line) current vs. voltage for devices with different 

concentrations of TiO2 NRs in PDR1A (using logarithmic scale for current). 

 

C. Light Impact Model 

The effect of illumination has been modelled in a similar way to a previous approach,64,65,66  by assuming 

that the effects caused by the illumination are decoupled from the electrical behaviour Here, we have 

assumed that this effect can be modelled as a multiplicative factor in the conductance by 

𝐺(𝜙, 𝑃𝐿
+, 𝑃𝐿

−, 𝑡) = 𝜉(𝑃𝐿
+, 𝑃𝐿

−, 𝑡) ∙ 𝐺(𝜙)     (6) 

where  𝜉(𝑃𝐿
+, 𝑃𝐿

−, 𝑡) is the multiplicative factor described by a differential equation as follows 

𝑑𝜉(𝑃𝐿
+,𝑃𝐿

−,𝑡)

𝑑𝑡
= 𝑎1 ∙ 𝑃𝐿

+ − 𝑎2 ∙ 𝑃𝐿
−     (7) 

where 𝑎1,  𝑎2  represent the light energy absorption coefficient for the expansion and contraction of the 

polymer, respectively. This assumption is equivalent to assume a change in conductance which is 

linearly proportional to the absorbed energy. 

In the above equation, 𝑃𝐿
+ is the power corresponding to the expanding polarization light and 𝑃𝐿

− is the 

contracting light power. The initial value of 𝜉 with no previous illumination is obviously 𝜉=1. 

Experimentally, we have found that after a first illumination period (expanding), 𝜉 = 3.12, and after the 

contracting period 𝜉 = 2.49. With this assumption, and with the illumination data provided in the 

experimental section, we obtained 𝑎1=0.001733 𝑠−1, and 𝑎2=0.00070 𝑠−1 which indicates a much faster 

effect of the expansion mechanism than that of contraction. The power dissipated by the device during 

a voltage sweep is  

𝑃(𝜙, 𝑃𝐿
+, 𝑃𝐿

−, 𝑡) = 𝑉(𝑡)2 ∙ 𝐺(𝜙, 𝑃𝐿
+, 𝑃𝐿

−, 𝑡)     (8) 

          = 𝜉(𝑃𝐿
+, 𝑃𝐿

−, 𝑡) ∙ 𝑉(𝑡)2 ∙ 𝐺(𝜙) 

where the input voltage signal was the same for all sweeps, and the total energy dissipated can be 

calculated according to 

     𝐸(𝜙, 𝑃𝐿
+, 𝑃𝐿

−, 𝑡) = ∫ 𝑃(𝜙, 𝑃𝐿
+, 𝑃𝐿

−, 𝜏)𝑑
𝑡

0
𝜏     (9) 

In our case, since the illumination was constant during the electrical measurement period (thus making 

𝜉 a constant), we can rewrite the last equation as following 

𝐸(𝜙, 𝑃𝐿
+, 𝑃𝐿

−, 𝑡) = 𝜉(𝑃𝐿
+, 𝑃𝐿

−, 𝑡) ∙ ∫ 𝑉(𝑡)2 ∙ 𝐺(𝜙) ∙ 𝑑
𝑡1

0
𝜏     (10) 

where 𝑡1 corresponds to the illumination intervals discussed in the experimental section. Notice that the 

term 𝑉(𝑡)2 ∙ 𝐺(𝜙) corresponds to the power in the case that the device has not been exposed to lighting.  
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To investigate the quality of the model, equation (6) was simulated and applied to the data in Fig 3a), 

which plots current-voltage sweeps before and after irradiation to light.  Notice that the parameters of 

the model are kept constant, and assumed to be nearly independent of the illumination. The resulting 

data and simulation are shown in Fig. 6 and Fig. 7, for the case of power and energy, respectively. In 

both cases, very good fits of the model to the data was obtained. In addition, it is also worth pointing out 

that we have been able to decouple the variations caused by the illumination in the reset and set points 

seen the current-voltage. In the charge-flux model, these variations are simply absorbed as changes in 

the conductance. Since the effect of illumination has been decoupled from the electrical equations, this 

fitting seems to reinforce the idea that the conduction mechanism itself does not change with illumination 

but instead the illumination results in a modification of the conduction pathway, most likely a change in 

a critical resistive barrier between two nanorods, as shown in Fig. 1d. 

 

 

 

Fig. 6. Power calculated from experimental current-voltage measurements and modelled (green lines) 

vs. time for a device consisting of TiO2 NRs at 𝑅𝑚 = 0.01% embedded within PDR1A before irradiation 

(black), after expansion (blue) and after contraction (red). 
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Fig. 7. Energy calculated from experimental current-voltage measurements and modelled (green lines) 

vs. time for a device with an active layer of semiconductor TiO2-NRs at Rm = 0.01 wt% embedded within 

an insulating PDR1A polymer matrix, before irradiation (black), after expansion (blue) and after 

contraction (red). 

 

 

 

IV. Conclusion 

In summary, a unique nanocomposite resistive-switching material (PDR1A/TiO2-NRs), consisting of an 

insulating, but photoactive, azopolymer matrix (PDR1A) and a very low concentration (~0.1 wt%) of 

surface-stabilized, titanium dioxide nanorods (TiO2-NRs) as an inorganic semiconductor, has been 

developed and utilized within a device that shows both electrical and optical switching. This approach 

takes advantage of the rod-like shape and relatively-high aspect ratio of the TiO2-NRs to achieve 

memristor switching with an extremely low mass-fraction (~0.1 wt%) of TiO2-NRs within the PDR1A 

polymer matrix. The new photoactive device exhibits both electronic memristor switching and reversible, 

polarization-dependent optical switching due to the photoactive nature of the azobenzene moieties in 

PDR1A, which become preferentially aligned or misaligned depending on the polarization of incident 

light. Absorption of this irradiation causes an expansion of the PDR1A/TiO2-NRs film that modulates, 
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and in some cases completely interrupts, the conduction pathway through the device. The morphology 

and concentration of the TiO2-NRs within the PDR1A polymer matrix have been chosen so that just a 

few conduction pathways exist within the photoactive PDR1A/TiO2-NRs nanocomposite layer, which 

provides very sensitive control of the electronic conduction and memristor switching of the device by 

illumination of monochromatic light of the correct wavelength and intensity. This effect is also shown to 

be reversible by changing the polarization state of the incident light. A charge-flux memristor model 

incorporating piecewise fits, to take into consideration the highly non-linear aspects of the switching 

behavior in the PDR1A/TiO2-NRs active layer successfully reproduces the current-voltage hysteresis 

loops and threshold switching properties of the device. A further modification to take into consideration 

the expansion and contraction of the photoactive azopolymer, due to absorption of monochromatic laser 

light, is included in an optimized model that successfully reproduces the observed changes in the 

conduction properties of the test devices, both before and after optical illumination.  
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