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ABSTRACT: Optoelectronic switching memories are emerging as
practical candidates for applications of optically tunable neuro-
morphic computing systems and artificial vision systems. Here, we
report on the fabrication of an optoelectronic switching memory
device based on semiconducting zinc oxide nanoparticles (ZnO
NPs) embedded within a photoactive azobenzene polymer. The
device shows electronic resistive switching and a reversible optical
switching effect upon changing the polarization of the applied light.
Optical illumination with circularly/linearly polarized light
expands/contracts the nanocomposite film and modifies the
conduction pathway, facilitated by the presence of the ZnO NPs,
as a semiconductor material within the insulating poly(disperse red
1 acrylate) material. The carrier transport and the operating switching mechanism are explained on the basis of the current−voltage
(I−V) results. The reported device enables optical controllable resistive switching properties that may find applications in visual
systems integrated within artificial intelligence networks.
KEYWORDS: resistive switching, optoelectronic, nanocomposite, azobenzene polymer, PDR1A, memristor

1. INTRODUCTION
Fabrication of optoelectronic switching memories is needed for
future applications in artificial vision systems,1,2 photonic
integrated circuits,3,4 neuromorphic computing systems,5−7

light-switchable memory elements in optical communications,8

and visual perception nervous systems.9 This class of device
enables not only the possibility to overcome the bottleneck
limitations of traditional von Neumann computing architecture
and the failing of Moore’s law for scaling down architectures4

but also offers significant memory properties such as low
power consumption, high storage density, fast write/erase
speeds, simple two terminal structure, and low complexity
integrated circuits onto processor chips.10−13

Optoelectronic switching memories have been demonstrated
in various materials such oxides,3,10,12,14 2D materials,2,6,9

graphene oxide,15 perovskites,13 chalcogenides,1 organics/
polymers,11,16,17 and organic−inorganic nanocomposites.18−22
In particular, nanocomposites provide a number of advantages,
including low cost, easy solution-based processing23−25 via
screen-printing or spin-coating, and easy tailoring of the
materials’ mechanical, electronic, and optical properties
through chemical synthesis.26−30 In comparison to inorganic
material-based devices, nanocomposite-based resistive memo-
ries have demonstrated significant switching properties such as
high ON/OFF ratios, ultra-low operating voltages, reduced
power consumption, multilevel data storage, analogue switch-

ing, and flexibility.31−35 However, the fabrication of organic−
inorganic composites is still much less studied than devices
having solely inorganic constituents.
In this work, we report on the fabrication of an

optoelectronic switching memory that is fabricated by fast,
low cost, and vacuum-free deposition methods. The device
consists of semiconducting zinc oxide nanoparticles (ZnO
NPs) embedded with an optically active polymer that is
sandwiched between an indium tin oxide (ITO) bottom
electrode and a Au top electrode. To control the device
optically, we have used the azobenzene poly(disperse red 1
acrylate) (PDR1A) polymer which undergoes a reversible
trans−cis photochemical isomerization upon optical excita-
tion,36 as shown in Figure 1c. Associated with this is a
significant photomechanical response37 caused by the pro-
gressive 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 transi-
tions.38,39 Circularly polarized light aligns the chromophores in
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the direction of the beam, causing the thickness of the film to
increase, whereas linearly polarized light causes a reduction in
film thickness when the beam is directed perpendicular to the
surface, as reported previously.19,22 Our group has previously
reported memristor devices based on hybrid ZnO nanorods/
PDR1A and nanocomposites such as gold (Au) NPs/PDR1A
and TiO2 nanorods/PDR1A. The devices showed both
reversible electronic memristor switching and reversible
polarization-dependent optical switching, the latter importantly
enabling optical control of synaptic potentiation and
depression, optical switching between short-term and long-
term memory, and optical modulation of the synaptic efficacy
via spike timing-dependent plasticity.19,20,22 Altogether, the use
of the PDR1A material for nanocomposite system-based
electronic devices provides a unique functionality of optical
control of memristor devices for neuromorphic network and

artificial intelligence applications. In this paper, the nano-
composite-based optoelectronic device demonstrates desirable
memory properties such as a forming-free switching, low
voltage operation, and importantly, optically tunable resistive
switching properties based on the polarization properties of
light. These properties are desirable for developing next-
generation resistive switching memories for integrated
photonic circuit applications.

2. EXPERIMENTAL SECTION
The resistive switching memory devices consist of a nanocomposite
thin film (160 nm thick) made from the ZnO NPs and optically active
azobenzene polymer (PDR1A) and sandwiched between ITO bottom
and Au top electrodes (ITO/ZnO NPs−PDR1A/Au), as schemati-
cally shown in Figure 1a. PDR1A was purchased from Sigma-Aldrich,
and the ZnO NPs with a diameter of 14 nm were purchased from
PlasmaChem GmbH, Figure 1b. The nanocomposite thin film was

Figure 1. (a) Schematic of the optoelectronic switching memory consisting of ZnO NPs embedded within a thin film of PDR1A and deposited
between ITO and Au electrodes. (b) TEM image of the ZnO NPs. (c) Trans−cis photochemical isomerization of the optically active azopolymer
(PDR1A).

Figure 2. (a) Comparison of device characteristics for concentrations ranging from Rm = 0.0 (only PDR1A) to 0.1%, showing better stability and
hysteresis in devices with Rm ≥ 0.05% (b) Relationship between the concentration (Rm) of ZnO NPs and conductance in the low-voltage Ohmic
region of the devices. (c) Plot of the ON/OFF ratio (left axis) and ON and OFF currents (@0.15 V) as a function of ZnO NP concentration (right
axis).
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made by mixing PDR1A with ZnO NPs and depositing this solution
via a spin-coating process (1000 rpm for 30 s). The spincoatable
solution of PDR1A and ZnO NPs was made by mixing a solution of
PDR1A in tetrahydrofuran (5% weight/weight) with a solution of
ZnO NPs in toluene (1% weight/weight). The volume of the ZnO
NP solution was varied to give ZnO NPs−PDR1A nanocomposite
films with a different mass ratio (Rm) of the ZnO NPs, that is, 0.005,
0.01, 0.03, 0.05, 0.07, and 0.1 wt %, in PDR1A. The thin film was
annealed at ∼95 °C for 8 h to remove unwanted solvent. A 200 nm
thick Au top electrode was deposited by a thermal evaporation
process through a shadow mask. The I−V sweeps were carried out
using a probe station equipped with an HP4140B source-meter unit.
Photomechanical expansion/contraction of the ZnO NPs−PDR1A
film was induced by irradiation with either circularly or linearly
polarized light generated from an argon ion laser tuned to a
wavelength of 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.

3. RESULTS AND DISCUSSION
The electronic switching properties of the devices with
different mass concentrations (Rm) of ZnO NPs in PDR1A
were studied. The I−V characteristics of the devices in a semi-
logarithmic plot are shown in Figure 2a. In addition, the
conductance of each device as a function of mass
concentration, Figure 2b, is determined by averaging the
measured current in the Ohmic region of the I−V plot, over
five consecutive I−V sweeps. The plot shows that a large
increase in the device conductance, up to 3 orders of
magnitude, occurs at a threshold Rm = 0.05%. While the
devices with different concentrations all show some hysteresis,
devices below this threshold have a low separation between
resistance states and generally suffer from instability, leading to
a lack of reproducibility. For concentrations of 0.05−0.1 wt %
ZnO NPs, the devices showed reproducible resistive switching
behavior over consecutive cycles. Interestingly, a previously
reported result,40 which investigated concentrations of 2, 5,
and 10 wt % ZnO NPs, found that devices of 2 wt % ZnO NPs
showed better stability and more reproducible memory
switching than the very high concentration of 5 and 10 wt %
ZnO NPs. Thus, in general, there seems to be an optimal
concentration of approximately 0.05−2 wt % for achieving the
best memory performance.
As the electronic characteristics of the devices are strongly

dependent on the ZnO NP concentration, we suspect the NP
morphology is like that observed previously for metal Au NPs
embedded in PDR1A, whereby annealing of the polymer

during fabrication causes migration of the NPs to surface
defect sites.19 This creates an inhomogeneous percolation
threshold in the device conductance versus NP concentration
relationship that is caused by the NPs forming conducting
pathways between top and bottom electrodes. This formation
of inhomogeneous percolating conducting pathways leads to a
sharp increase in the device conductance even at very low NP
volume fraction, much lower than the normal percolation
threshold observed in 3D homogeneous systems with spherical
fillers, being found experimentally41 to be ≈20%. This is
similarly present in this system, where a large increase in
conductance occurs above concentrations of Rm ∼ 0.03%, as
shown in Figure 2b. The presence of these conducting
pathways was also observed to affect the memristor switching.
Similarly, in this system, the ON and OFF currents and ON/
OFF ratio can be controlled by changing the ZnO NP
concentration in PDR1A, as shown in Figure 2c. The plot
shows the ON and OFF currents increase upon increasing the
ZnO NP concentration. The plot also shows that the
maximum ON/OFF ratio was achieved at Rm = 0.03%.
These results are in good agreement with the results reported
previously for devices consisting of ZnO NPs embedded within
the polymethyl methacrylate.42

Figure 3a shows three successive I−V sweeps carried out on
a device with Rm = 0.1%. The direction of current sweeps is
indicated by arrows. The device is initially in a high resistance
state (HRS) and could be switched to a low resistance state
(LRS) using a positive DC sweep from 0 to 1 V. Under
positive bias, a sudden increase of the current (SET process)
was observed consistently at ∼0.5 V. The device could be
switched back to the HRS (RESET process) by the application
of a negative bias of ∼−0.75 V, representing a typical bipolar
switching behavior (first sweep). Subsequent I−V sweeps
(second and third sweeps) are like the initial sweep, indicating
that no electroforming process is required to initialize the
devices for the resistive switching effect. This repeatable
bipolar switching achieved at low voltages with good
separation between the resistance states is a desirable property
for low power consumption memory applications.
The conduction mechanism in our device is examined by

plotting the positive part of the I−V sweep on a log−log scale,
as shown in Figure 3b. The fit suggests that the conduction
mechanism in our device is dominated by the space-charge-
limited current (SCLC) model. Initially, from 0.0 to 0.4 V with
the device in the HRS, the device shows a linear dependence of

Figure 3. (a) I−V characteristics for a device with Rm = 0.1 exhibiting bipolar resistive switching. The device switches from a HRS to a LRS under
positive bias, maintaining this state until a negative bias causes a transition back to the HRS. (b) log(I)−log(V) curve for the ZnO NPs−PDR1A
device under positive bias, demonstrating the conduction mechanism of SCLC.
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current with applied voltage (I ∝ V), with a slope of ≈1. This
is attributed to the Ohmic conduction mechanism, which
arises from thermally generated charge carriers.20 At higher
potential, 0.41 ≤ V ≤ 0.49 V, the slope changes to ≈2, and the
current shows the voltage square dependence (I ∝ V2). In this
region, charge injection from the electrode begins to dominate,
and trap-controlled SCLC occurs, as described using the
Mott−Gurney law43

J
V

d
9

8

2

3=
(1)

where J is the current density, ε is the dielectric constant, μ is
the free carrier mobility, V is the applied voltage, and d is the
insulator thickness. At a threshold of 0.5 V, a much steeper rate
of current increase occurs (I ∝ Vβ, β ≈ 15). This indicates that
all traps are filled, and the conduction mechanism in this
region thereafter can be ascribed to trap-filled SCLC. In the
region of 0.51 ≤ V ≤ 1 V, the device switches from the HRS to
the LRS with a voltage square dependence (I ∝ V2). In the
case of the LRS and the return of the applied voltage back to 0
V, the conduction mechanism is dominated by Ohmic
conduction, featuring the linear dependence of current with
applied voltage, I ∝ V. A similar conduction mechanism was
previously observed in ZnO NPs/polymer nanocompo-
sites.28,44

The operating mechanism of the SET and RESET processes
for the ZnO NPs−PDR1A nanocomposite-based devices is
proposed. Figure 4 shows a schematic diagram of the

electronic structure for the ITO/ZnO NPs−PDR1A/Au
device under a positive voltage polarity, where the ITO
electrode is positive with respect to Au. The LUMO and
HOMO represent the energy levels of the lowest unoccupied
molecular orbital and the highest occupied molecular orbital of
the PDR1A film, respectively. The energy levels for ZnO NPs
are taken from ref 45 and those for PDR1A are taken from ref
46. A relatively large barrier is expected for hole injection from
the ITO electrode into the HOMO level of the PDR1A. The
energy gap between the HOMO and LUMO levels of PDR1A
is estimated to be ∼3.7 eV,46 but their position with respect to
the work function of the metal is not currently known. The
wide band gap of the PDR1A film and the very low current
observed in devices containing only PDR1A (i.e., no NPs)
indicates that PDR1A in its pure state is a good insulating
material. Upon application of a positive voltage on the ITO
electrode, electrons are initially injected from the Au electrode
into the LUMO level of PDR1A via thermally generated

carriers. Increasing the applied voltage gradually increases the
injection process via the SCLC, but in this case, injected
electrons begin to be trapped by the ZnO NP trapping sites.
Below the SET voltage, the device is still in the OFF state since
some of the trapped electrons are transferred from the ZnO
NPs to the ITO electrode, leaving the ZnO NPs partially
occupied. Once the ZnO NP trap sites are fully occupied, as
shown by the sharp increase in current with I ∝ Vβ, the device
switches to the ON state at a SET voltage of 0.5 V. Thereafter,
the I−V characteristics take on the trap-free SCLC behavior, as
shown in Figure 3b, where I ∝ V2 over the range of V = 0.5−
1.0 V. However, when the voltage is switched to negative bias
conditions, the trapped electrons are gradually released,
resulting in switching the device to the OFF state at a
RESET voltage of V ∼ −0.75 V.
A type of bipolar resistive switching effect has also been

reported in a ZnO-based composite system, whereby ZnO
particles47 and ZnO microwires48 were embedded in a
methacrylic resin bisphenol-A-ethoxylate dimethacrylate
(BEMA). The switching mechanism in these composite
systems was attributed to interfacial chemistry at the boundary
between the ZnO particles and ether-oxygens of ethylene
glycol chains of the polymer, promoting an electron transfer
between ZnO oxygen vacancies and the polymer matrix.
However, unlike our above results, ideal memristor behavior
was not observed since the current−voltage properties do not
exhibit a pinched hysteresis curve at the origin. Rather, a
capacitive type of the switching effect is observed, whereby the
current−voltage curves do not crossover at any voltage in the
sweep, or the curves crossover but not at V = 0. In both of
these cases, the device is in a capacitive-like charged state at V
= 0, and the device switching may instead be volatile in its
operation. The current−voltage properties altogether indicate
a very different type of switching mechanism in the BEMA
polymer devices, which as indicated by the authors may instead
be due to an electric field-induced interfacial exchange
chemical reaction mechanism.
To characterize the optoelectronic response, DC sweeps

were applied to an ITO/ZnO NPs−PDR1A/Au device at Rm =
0.05% to characterize the optoelectronic effect before and after
illumination, as shown in Figure 5a. Initially, before
illumination (black curve), the device showed a typical bipolar
switching with SET and RESET processes occurring at positive
and negative voltage polarities, respectively. Then, the device
was illuminated by circularly polarized light for 30 min. This
caused a shift in the I−V curve (red line indicates after
expansion) to lower current, correlating with the photo-
mechanical expansion of the polymer. Subsequent illumination
with linearly polarized light for 15 min contracted the thickness
of the polymer, resulting in a shift of the I−V curve (blue line
indicates after contraction) back to its initial current state.
Similarly, the effect can also be seen in the control device,
which consists of only PDR1A, Figure 5b. The control device,
incorporating the PDR1A film without ZnO NPs, exhibits very
low conductivity, as expected for an insulating material, and no
resistive switching effects are observed.
The modulation of device conductance upon illumination

was also studied, as shown in Figure 5c. The plot shows that
illumination of the control device with circularly polarized light
(30 min) and linearly polarized light (15 min), which expands
and contracts the thin film, respectively, results in changes of
the device conductance of approximately 1 order of magnitude.
We suspect that such a large change in the conductance is

Figure 4. Schematic diagram of the energy levels for the ITO/ZnO
NPs−PDR1A/Au device.
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caused by the breakage of the ZnO NP conducting pathways
present in the device before illumination since the concen-
tration of the device (Rm = 0.05%) was specifically chosen to
maximize this effect, as schematically presented in Figure 5c.
As a result, the devices’ conductance decreases 1 order of
magnitude (red arrow shows the change in conductance). The
change is reversible upon illumination with linearly polarized
light for 15 min, shifting the device conductance back to its
initial state (blue arrow). This demonstrates that the electronic
properties of the device can be reversibly modified by optical
means. The expansion and contraction of the polymer are
driven by a molecular photochemical process known as trans−
cis−trans isomerization. As this effect is common to many azo-
containing polymers, future optical devices could be optimized
to achieve larger OFF/ON resistance ratios, faster switching
speeds, and increased stability by modifying the properties of
the organic materials or the NP/polymer morphology.
We note here that the ZnO material generally exhibits

photoconductive properties under UV illumination, which

produces an increase in the conductivity of the material.48 This
effect is typically small in magnitude and opposite in sign to
that observed in our devices, whereby the device conductance
decreases upon optical irradiation because of the local increase
in the thickness of the polymer layer. Previously, we have
measured the photoconductance in ZnO devices that contain
no PDR1A, and in this case, the change was less than 5% of
that observed for devices containing both ZnO and PDR1A.20

From this, we conclude that the photogeneration of trapped
carriers does not play a dominant role in the operating
properties of our ZnO NPs−PDR1A nanocomposite devices.

4. CONCLUSIONS
In summary, we demonstrate a polarization-dependent
optoelectronic switching memory device made from a ZnO
NP−PDR1A nanocomposite material. The device requires no
forming process and displays bipolar resistive switching at low
switching voltages. The device exhibits light-polarization-
dependent changes in its resistive switching properties due to

Figure 5. (a) I−V characteristics of a device with Rm = 0.05% before and after illumination with circularly/linearly polarized light. Optically driven
expansion/contraction of the polymer acts to modify both the HRS and LRS of the device, leading to a shift of the entire hysteresis curve. (b) I−V
characteristics for a control device, consisting of only PDR1A film without ZnO NPs, show a high resistance (small on and off currents) and only a
minor change in this property after illumination and expansion of the PDR1A polymer film. (c) Conductance as a function of the concentration.
The schematic insets show the formation of ZnO NP pathways below and above the threshold value (Rm = 0.05%). Illumination with circularly
polarized light expands the film and breaks the pathways, as a result changing the conductance as shown by the red and blue arrows. Modulation of
the conductance of the PDR1A film containing no NPs is also shown by dashed lines following similar optical cycling.
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the photoactive nature of the azobenzene moieties in PDR1A,
which become preferentially aligned or misaligned depending
on the polarization of incident light. The effect is reversible by
the changing the polarization of the light. The fitting of the I−
V sweep showed that the conduction mechanism for the
transition from the HRS to the LRS is dominated by SCLC,
and the SET/RESET switching processes are governed by a
trapping/de-trapping effect. This work suggests that the
fabrication of a nanocomposite-based optical switching
memory using a vacuum-free, low-cost, and fast spin-coating
method could have a potential application for future
optoelectronic devices.
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