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ABSTRACT: Responsive polymer materials can change their properties when subjected to
external stimuli. In this work, thin films of thermotropic poly(metha)acrylate/azobenzene
polymers are explored as active layer in light-programmable, electrically-readable memories.
The memory effect is based on the reversible modifications of the film morphology induced by
the photo-isomerization of azobenzene mesogenic groups. When the film is in the liquid
crystalline phase, the trans→cis isomerization induces a major surface reorganization on the
mesoscopic scale that is characterized by a reduction in the effective thickness of the film. The
film conductivity is measured in vertical two-terminal devices in which the polymer is
sandwiched between an Au contact and a liquid compliant E-GaIn drop. We demonstrate that the
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trans→cis isomerization is accompanied by a reversible 100-fold change in the film
conductance. In this way, the device can be set in a high- or low-resistance state by light
irradiation at different wavelengths. This result paves the way towards the potential use of
poly(metha)acrylate/azobenzene polymer films as active layer for optical input/electrical output
memory elements.

INTRODUCTION

Polymer surfaces and interfaces can be designed by chemical programing in order to be capable
of responding to external stimuli in a controlled and predictable manner. 1,2 The incorporation of
well-defined functional groups in the polymer main- or side-chain enables the generation of
smart/dynamic soft materials, by offering additional remote controls (e.g. light, mechanical
pressure, pH, electric/magnetic fields, etc) to modulate their properties. Among various stimuli,
light is a perfect choice since it is everlasting, it is clean as it leaves no side products, it features
high spatio-temporal resolution and it is non-invasive on a wide range of wavelengths. The
possibility to tune their wavelength and intensity guarantees a wealth of solutions when the
photochromic systems are intelligently designed. Among various multifunctional polymers,
poly(metha)acrylate/azobenzene polymers (P(MM)A-AZO) are well-established thermotropic
photo-responsive polymers composed by photoswitchable azobenzene (AZO) side-groups
bonded to the backbone of polymethacrylate (PMA) or polyacrylate (PA).3,4 While PMA and PA
are widely-used dielectric polymers for electronic applications,5,6 AZO derivatives are a class of
diazene capable of undergoing reversible photochemical isomerization between a trans and a cis
state.7,8 When the two systems are covalently linked to the macromolecular side-chain the
dielectric properties of PMA and PA are combined to the optical responsive nature of AZO
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moieties, and the whole macromolecule is affected by cis/trans photoisomerization of the AZO
groups.9,10 If the polymer is in its liquid crystal phase, the AZO photochemical isomerization is
accompanied by a profound structural and morphological rearrangement.11,12 Taking advantage
of this unique feature, P(M)A-AZO have been successfully employed as active materials in
optical memories, in which optical information could be stored into P(M)A-AZO thin films by
laser or polarized light induced modification of surface gratings or birefringence.13-15 The
information could be read with various optical techniques, such as birefringence,13 chiroptical
devices,16,17 anisotropy analysis18 and SHIM microscopy19 resulting in optical-input, opticaloutput memories.

These approaches indicate that AZO polymers are emerging as promising active layers for
memories. They can be considered as transducers converting photons into mechanical energy in
the form of conformational change.20 However, in order to integrate these elements in binary
electronic circuits there is a need to further transform the conformational change into an
electrical output signal.21,22 The replacement of electrical stimuli with light inputs would enable
to improve electrical performances offering orthogonal input-output signals.23 It also would offer
interesting perspectives towards novel multifunctional devices.24 Such a goal has been pursued
by employing photochromic molecules in organic/hybrid electronic devices.25 On this regard,
azobenzenes molecules have been embedded in molecular junctions for memory applications.8,26
Moreover, AZO-polymers have been explored as active element in electrical devices by taking
advantage of the photo-induced isomerization to modulate charge trapping in two terminal
devices.27,28 However, all these previously reported approaches do not exploit the light
responsivity nature of the AZO unit to modulate electrical properties of a devices but they rather
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exploit electrical inputs. Moreover, they exhibit very low current flowing through the device due
to the insulating nature of AZO-polymers.

In this work, we show that light-induced morphology modifications in the P(M)A-AZO polymer
can be directly detected electrically via a difference in the film conductance. In particular, we
have made use of a simple two-terminal vertical device geometry in which a very thin film of
AZO-polymer is sandwiched between a solid metallic Au electrode and a top contact made of a
soft drop of Gallium Indium (E-GaIn) eutectic. This innovative approach makes it possible to
increase the current flowing through to the device and most importantly, to record the electrical
memory information directly with light stimuli. We employed two AZO-polymers (Figure 1a),
i.e. poly [4-pentiloxy-3’methyl- 4’-(6-acryloylo xyhexyloxy) azobenzene] called PA-AZO1 and
poly[4-ethoxy-4’-(6-methacryloyloxyhexyloxy)azobenzene] named PMA-AZO2 which at room
temperature (RT) are in a liquid crystalline (LC)29 and in a glass phase,30,31 respectively. We
show that while the electrical characteristics of the glass-phase PMA-AZO2 (Tg=76 °C) thin
films are not affected by the AZO photochemical isomerization, the thin films of the LC PAAZO1 (Tg=19 °C) are characterized by two distinct electrically-readable conductive states which
can be reversibly addressed by non-polarized light irradiation at different wavelengths. In this
way, PA-AZO1 thin-films behave as active layer in an optical input/electrical output memory
element, in which the data can be electrically read, and optically written/erased.

RESULTS AND DISCUSSION

The optical properties PA-AZO1 and PMA-AZO2 were investigated in spin-coated thin films.
The UV-vis spectra of pristine films are displayed in Figure 1b,c (black curves). They exhibit an
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absorption band at around 360 nm, typical of π-π* transition of AZO moieties in trans
configuration with two additional shoulders at 340 and 380 nm, which can be ascribed
respectively to the formation of H- (blue-shift) and J-like (red-shift) aggregates imposed by the
structural constraints of the macromolecules in the solid state32. The relatively high absorbance
of the transition at 340 nm indicates a high concentration of H aggregates. For both polymers, a
reduction in the intensity of such bands was observed after irradiation with non-polarized UV
light (365 nm, 5 min) whereas the intensity of the n-π* band at 450 nm, typical of the cis form,
slightly increased (Figure 1b,c the red line). Upon irradiation with non-polarized visible light
(455 nm), both polymer films show a partial recovery to initial absorbance features (Figure 1b,c
magenta vs black spectrum) and the absence of classic isosbestic point.33 The intensity of the
recovered band depends on the irradiation time (see Figure 1b,c, magenta vs green line):
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Figure 1 a) chemical structure of PA-AZO1 and PMA-AZO2. b) PA-AZO1 and c) PMA-AZO2
changes in absorption spectra of a thin film of by irradiation with 365 nm and 455 nm. Initial
trans-form (black line), is irradiated for 3-5 minutes with 365 nm centered light to obtain cisform (red line). Successive recovery of the trans-form by irradiation with 455 nm: after 1
minutes is reported in magenta. Continuous irradiation with 455 nm light produces a decrease in
maximum peak absorbance spectra (green).

Prolonged irradiation induces a decrease of the absorbance band. As previously reported, the
change in the shape of the absorbance bands during the irradiation time can be ascribed to the
presence of out-of-plane aggregates.34 In particular, the irradiation at 455 nm favors J-aggregates
formation (centered at 380 nm) rather than H-aggregates (band at 340 nm).
This is supported by X-ray Diffraction measurements revealing a 4.48 Å periodicity along the
film plane of the trans-form of PA-AZO1 which can be attributed to the presence of Haggregation in the liquid crystal film (see Figure S1) The coherence length of these aggregates is
~2.4 nm indicating a short-range order nature of the liquid crystalline aggregates.
This finding indicates that in PA-AZO1 films the photochromic meso-groups interact among
each other. It is well known that photo-responsive mechanical properties of AZO polymers
depend on the interactions between the AZO moieties. These interactions can determine the
emergence of a certain degree of organization within the materials (e.g. characterized by a
nematic phase, in the specific case), leading to the generation of different structures upon
irradiation.35 Most recent theoretical approaches suggest that the reorientation of the azo-group is
changed when they are exposed to light linearly polarized perpendicularly, dragging the polymer
backbone, ultimately leading to morphological changes in the materials.36 It has also been
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verified that the irradiation intensity plays a role in the photo-isomerization and consequently in
the morphological rearrangement.37 Because of these reasons, we decided to use always the same
light intensity and the same irradiation time when characterizing the electrical devices. Also, for
the sake of simplicity and easier applicability, non-polarized light has been employed.
In order to study how the morphology of the spin-coated polymers is affected by the trans-to-cis
photochemical isomerization, we have performed Atomic Force Microscopy (AFM)
measurements on both PMA-AZO2 and PA-AZO1 before and after irradiation with light at 365
nm (Figure 2). The polymers in the as-spin-coated films are in their trans form. The as-spincoated PA-AZO1 film is characterized by the presence of nanostructures protruding out of the
surface and appearing as nano-hills (Figure 2a).

Figure 2 a) AFM topographical images of PA-AZO1 film before irradiation, b) after 5 min
irradiation at λ=365 nm, and c) after 15 min irradiation at λ=365 nm. d) AFM topographical
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images of PMA-AZO2 film before irradiation, e) after 5 min irradiation at λ=365 nm, and f) after
15 min irradiation at λ=365 nm. Z-scales= 3 nm..

The coherence length of these aggregates is ~2.4 nm indicating a short-range order nature of the
liquid crystalline aggregates. To better analyze how the morphology of the so-deposited
polymers is affected by the trans-to-cis photochemical isomerization, we have performed Atomic
Force Microscopy (AFM) measurements on both PMA-AZO2 and PA-AZO1 before and after
irradiation with light at 365 nm (Figure 2). The polymers in the as-spin-coated films are in their
trans form. The as-spin-coated PA-AZO1 film is characterized by the presence of nanostructures
protruding out of the surface and appearing as nano-hills (Figure 2a). These features are
typically 2 nm tall, about 60-80 nm wide, and are randomly distributed over the whole surface.
Such a morphology, on a length scale of 10*10 µm2 exhibits a root-mean-square roughness RRMS
= 0.51 nm. In this case, irradiation with UV-light determines a profound surface rearrangement
(see, Figure 2a vs 2b). In particular, 5 min irradiation with 365 nm light led to a disappearance
of the characteristic nano-hills of the pristine PA-AZO1 film, and the surface becomes smoother
as evidenced by the decrease in RRMS from 0.51 to 0.40 nm. A 15-minute UV light exposure led
to a completely different morphology, characterized by 2-nm-deep and about 70-nm wide dips
on the sample surface, as highlighted in Figure 3c. Multiple irradiation cycles have been
performed to promote the reversible isomerization from the trans to the cis form and vice versa.
They revealed consecutive changes of surface morphology upon irradiation between the different
surface morphologies (Figure S3). Moreover, the two different states are stable for over one
week (Figure S8). Importantly, the 2-nm deep dimples produce a local change in the effective
film thickness; however, since the reorganization is confined at the top surface, the overall
thickness of the films does not change significantly upon irradiation. (see Figure S4). We
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highlight that films of different thicknesses are characterized by very similar morphology, as
shown in the SI.
Conversely, the pristine PMA-AZO2 film is characterized by a very smooth surface (RRMS =
0.35 nm, Figure 2a). Interestingly, Figure 2b,c shows that the film morphology is unchanged
when the surface is irradiated with a LED at 365 nm. The obtained results are in good agreement
with the data reported in literature related to the formation of nano-structures on the surface of
AZO/P(M)A polymers,12

as well as the formation of an intermediate phase of

reorganization.38,39 In particular, the morphological rearrangement only occurs if the LC polymer
is not in its glass phase at the operating temperature condition. With regard to our systems, at RT
only PA-AZO1 is in its nematic LC phase (Tg = 19 °C), explaining why it undergoes a dramatic
morphological reorganization when irradiated with UV-Vis light.40,41 Moreover has been
reported by Angiolini et al. in the PA-AZO1 the isomerization from trans to cis generates a
contraction of the material.
On the other hand, PMA-AZO2 has a Tg = 76 °C. Such a higher Tg is determined by the change
to methyl-acrylate of the backbone chain. Therefore the polymer chains are frozen in their
position after the deposition at room temperature,

30

and this likely does not allow their side-

chains to undergo reorganization, hindering the formation of surface nano-hills and nano-dips.41
To provide evidence of the important role played by temperature on the film morphology, we
investigated by AFM the effect of the light irradiation on PA-AZO1 film at T<Tg in order to
keep it in its glass phase (see Figure S5). Our optical results show that AZO-groups inside the
polymer film undergo photochemical isomerization even in the glass state (PMMA-AZO2,
Figure 1c), yet AFM characterization reveals that the polymer is too rigid to undergo
morphological reorganization on the large scale. Conversely, when the polymer enters its LC
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phase upon increase of the operating temperature up to 25 C degrees, we can observe the
morphological reorganization leading to the formation of surface nano-features. This suggests
that polymeric chains are curled around rod-like aggregated structures (H and J aggregates)
composed of the AZO side-groups clenched together and immersed in a matrix of amorphous
P(M)A main-chains as for similar polymers.42 Switching from trans to cis can therefore trigger a
conformational structural re-organization within these areas.43,44
In order to characterize the electrical properties of the azoaromatic polymer films, we have
employed a two-terminal vertical device geometry based on an Eutectic Gallium/Indium (EGaIn) drop as top electrode. E-GaIn is an ideal material for the measurement of tunneling
resistance in self-assembled monolayers,45,46 as well across polymeric thin film.47 Because of its
non-newtonian behavior, it can be easily shaped into sharp tips which are suitable to make
conformal non-damaging contacts with the substrate and therefore it allows to achieve
reproducible non-destructive current density–voltage (J–V) measurements.48 Following the same
procedure reported for previous analysis, we prepared PA-AZO1 and PMA-AZO2 8 nm thick
films to study the current flowing through them using this vertical junction geometry. The results
presented here are an average of at least 500 voltage sweeps for each ON or OFF state. (i.e. trans
or cis configuration) recorded in different days in a not conditioned room with temperatures
ranging between 22 °C and 26 °C. An example of a curve obtained in the linear scale can be
found in the Figure S9. We always used the non-polarized light sources with the same
irradiation power for all the devices (52 mWcm-2 for 365 nm LED and 0.45 mWcm-2 for 455 nm
LED). A schematic illustration of E-GaIn drop in contact with the upper surface of the polymer
is shown in Figure 3a. PA-AZO1 films have been spin-coated on a gold electrode evaporated
over a quartz slide, with a thin chromium layer in-between to improve Au adhesion.
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As reported in Figure 3b, the PA-AZO1 film exhibits an increase of conductance of almost 2
orders of magnitude after 15 min of in-situ irradiation with 365 nm UV light. As expected by the
optical and morphological characterization, the photo-isomerization is reversible, and also the
current density in the PA-AZO1 can be switched back to the original value (green line) after
retro-isomerization to the trans azobenzene form irradiating the device with light at 455 nm
(Figure 3b). Therefore, we can regard the PMA-AZO1 vertical junction as a bistable memory
element with a high resistive OFF state in the trans form and a low resistive ON state in the cis
form. In such memory, the data are “written” by irradiation at 365 nm, “read” electrically and
“erased” by irradiation at 455 nm. Also we tested the morphological reorganization observed in
Figure 2b with an intermediate state in which no nanostructures are present (irradiation with
UV-light for 5 minutes). The film conductance associated with this in-between state is halfway
the ON and OFF states (Figure S10). The ON/OFF ratio in a memory is given by the ratio
between the conductance of the high conductive state and the low conductive state, and it reaches
95 in this case.

PMA-AZO2, which is in its glass phase, has a completely different behavior. Initially, the
current through the pristine trans PMA-AZO2 film is one order of magnitude lower than that in
PA-AZO1 (compare Figure 3b,c). Then, the current does not change significantly upon
irradiation at λ = 365 nm and at λ = 455 nm, as displayed in Figure 3c. We ascribe the different
electrical performances to the different morphological behavior of the AZO-polymer films when
irradiated with UV light at RT. As discussed above, when PA-AZO1 thin-films are in their LCstate they can undergo structural reorganization as a result of light irradiation. Conversely, the
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morphology of glassy PMA-AZO2 is hardly affected by the irradiation, and it is consequently
characterized by only one resistance state.

Figure 3 a) Schematic representation of vertical geometry employed, showing top E-GaIn
electrode contacted on top of azo-aromatic polymeric thin film. An Au bottom electrode on
quartz is grounded, while the potential is applied through top (soft) electrode for b) PA-AZO1
and c) PMA-AZO2. In black are reported initial measurements, in violet after 15 min at λ = 365
nm irradiation and in green after consequently 30 min at λ = 455 nm irradiation. d) Summary
plot of J value in OFF-state (trans magenta) and ON state (cis red) at -0.2 V plotted vs. film
thickness of PA-AZO1. Also the single exponential fitting of the first three points is represented.
The inset displays the ratio ION/IOFF as a function of the thickness.
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To optimize the ION/IOFF ratio, we investigated PA-AZO1 films with different thicknesses: 3, 8,
12, 22 and 55 nm by using the same vertical junction configuration. It is worth pointing out that
the same surface morphology has been observed for all the studied film thickness (details in SI –
Figure S12). The experimental results are summarized in Figure 3d. The latter shows the
current density values at -0.2 V for different thickness (Figure S7). Interestingly, the current
decreases exponentially with the polymer nominal thickness in the range between 0 and 12 nm,
for both films with the azo moieties in their trans and cis state. This behavior is typically
observed for electron transport in tunneling regime.49 In reality, 10 nm-thick films should not
allow charge tunneling, but the effective film thickness might be significantly lower than the
nominal one due to thinner pathways across the film. Indeed, the surface of the bottom gold
electrode has a greater roughness compared to the one observed for the polymer deposited on an
ultraflat substrate. The Au electrode has a RRMS of 0.62 nm, for surfaces like the one displayed in
the AFM image in Figure S11. As a result, the thickness of the polymer is not constant through
the junction area, but it depends locally on the roughness of bottom gold surface. This concept is
schematically shown in Figure 4, in which a schematic side-view of our vertical junction is
drawn employing representative AFM profiles actually measured for the gold bottom contact and
the PA-AZO-1 in the cis and trans state. The profiles are extracted from real AFM images and
are drawn using the same vertical scale. In a tunneling framework, the exponential dependence
of the current on the barrier thickness implies that the current does not flow homogeneously
throughout the junction area, but it is rather dominated by those hot spots in which the films is
thinner.50 Therefore, the effective thickness of our junctions might be significantly lower than the
nominal thickness. This effect is often observed for solid-state tunnel junctions51 and is
particularly significant in our case, since the thickness of the polymer varies significantly due to
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the high roughness of the bottom gold. Based on the Au roughness, we argue that the thickness
of the thinnest regions of the polymer are thin enough to permit electron tunneling even in the
case of the nominally 12 nm-thick polymer film.

Figure 4 Schematic representation of morphology modification induced by light. Real
representative profiles from AFM are shown for both gold electrode, PA-AZO1 in its a) trans
and b) cis form. The distance between the two electrodes is reported as dtrans and dcis. The green
arrow indicates the effective distance between the electrodes in the two different states.

For samples above 12 nm, the exponential decrease of the current with the film thickness is no
longer valid. We conclude that in this case even in those spots where the film thickness is
minimum, tunneling is prohibited because the films are too thick. Other charge transport
mechanism will take place in this range.
Figure 3d also shows the change in the current with irradiation for films with different
thicknesses. The highest relative ratio between the two conductive states is about 170 and it is
measured for the thinnest film (nominally 3 nm thick), while there is no conductivity change for
the thickest film (nominally 50 nm thick). This change in conductivity could be caused by a
change in the effective contact area or by a change in the film thickness. The effect of the two
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contributions is different, as detailed in the SI, and we conclude that the thickness change is
actually responsible for the change in conductance.
While the cartoon in Figure 4 does not take into account the roughness of the Ga2O3, albeit
important in the determination of the effective contact area, 52 it is reasonable to assume that the
thickness of the polymer is, on average, higher in the trans state. Based on the AFM
characterization, we estimate a two-nanometer difference in effective thickness for the cis and
trans state for all the thicknesses explored in this study. For this reason, highest current is
expected in the cis case, in good agreement with what we measure. Moreover, the highest change
in current is measured for the thinnest film, because the relative variation of the thickness is
highest in this case. For thick films (> 20 nm), where tunneling is not the main charge transport
mechanism, the photo-induced thickness variation becomes negligible, and accordingly we do
not measure difference in the resistance of the trans and cis states. We highlight that the current
in the trans state of the nominally 3-nm-thick film has the same order of magnitude of the
current flowing in the cis state of the nominally 12-nm-thick film. This observation suggests that
the effective thickness for the two films is similar, further confirming that the nominal thickness
is significantly higher than the effective one.

In light of these findings, we can consider the whole sample like a light programmable bi-stable
memory. Contacting the film with a top soft junction in any point of the surface enables an easy
scanning of the light-programmed memory state.

CONCLUSION
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In summary, we have realized a polymeric thin-film based light-driven multifunctional memory
element, in which conductance is programmed via light irradiation at specific wavelengths and
the state of the system is read out electrically. This was made possible as a result of the strict
correlation between light irradiation and surface’s nano-structures morphological modification of
PA-AZO1 polymer, which assembles in its liquid crystalline phase into aggregates. The whole
PA-AZO1 film is the active switchable layer of the memristor, meaning that a punctual and
reproducible read of the memory state can be done using a top soft junction. Our result, based on
the use of optical input/electrical output memories is easily applicable to different optically
responsive polymer and oligomer-based materials, and it paves the way towards optical multiresponsive integrated memory devices.
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