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Abstract

In the search to obtain new and more efficient components of memory devices, we report the
photochromic, dielectric and electrochemical response of a light-responsive organic
compound, and its memory performance under electrical fields. The so-called N(1)-[12-(4-
(4’-isobutyloxyphenyldiazo)phenoxy)dodecyloxy)]thymine, tAZOi, molecule contains one
azobenzene group, which provides with photochromic character, and one terminal thymine
group, capable to form hydrogen bonds and assemble supramolecular dimers, (tAZOi).. We
have calculated the optical absorption coefficient, extinction coefficient and refractive index
of tAZOi, which obeys the single oscillator Wemple—DiDomenico model. An ITO/tAZOI/Al
device has been prepared and presents two switchable conductance states with
preservation of memory performance. The mechanism linked to the resistive random-
access memory (RRAM) has been evaluated by molecular modelling and is controlled by p-
type conduction, possibly involving hydrogen-bonding. Upon UV irradiation at ~365 nm,
tAZOi displays an increase in the complex permittivity driven by trans-to-cis (E-to-2)
isomerisation of the azobenzene groups. Molecular simulations suggest that conductivity
and device performance can be enhanced (and controlled) by light exposure through the
formation of activated Z isomers that could transfer charge to other neighbouring molecules,

resulting in photo-electric responsive devices.
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1. Introduction

Photochromic molecules experience reversible photo-triggered isomerisation between two
metastable states and are used as light-activated switches in different applications. A wide
variety of photochromic materials exists undergoing valence isomerisations, E/Z
isomerisations, cycloadditions or tautomerisations, among others. The photochromic
processes can involve pericyclic reactions (spiropyrans/-oxazine, diarylethenes), E/Z
isomerisations (azobenzenes, dithienylethene, stilbenes), photo-induced bond cleavages
(triarylmethanes, perchlorotoulenes), intramolecular hydrogen-bond transfer (anils and

polycyclic quinones) and electron transfer (viologens) [1-5].

Among these, azobenzene has been widely investigated as a photochromic group in light-
responsive materials due to its rapid, reversible and high quantum yield photo-isomerisation
between E and Z conformations [6-9]. The azobenzene E conformer (trans, ground state) is
highly linear, whilst UV-vis illumination around 365 nm promotes isomerisation to a more
curved Z conformer (cis, excited state), see Fig. 1. The resulting change in molecular
geometry is very useful to prepare electrooptical devices based on the formation and
disruption of anisotropic liquid crystalline phases [10-17]. This potential to exert temporal
and spatial control over molecular order by light, also makes azobenzene an attractive
component in controlled transport applications, including formulations for controlled release

[13] or electrolytes for ionic conductivity [7,19-21].
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Fig. 1. Azobenzene E (trans, left) and Z (cis, right) isomers, showing the E-to-Z
isomerisation by UV-vis light irradiation, the thermally activated Z-to-E relaxation, and the

dipole moment in the Z isomer, fi.

Azobenzenes have great potential as components of organic memory devices, due to their
good charge transport capability via the p-1r backbone [22,23], and have been extensively
used for data storage [24-28]. In order to avoid costly synthetic steps associated with the
presence of the bulky azobenzene groups, hydrogen-bonding stands as an efficient strategy
to yield new functional azo-materials [29-31]. Recently, we reported the synthesis and
properties of a series of supramolecular polymers containing diaminopyridine units, DAP, to

which azobenzene-containing molecules were attached via hydrogen-bonding [18]. We then
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assessed, by Fourier-transform infrared spectroscopy, FT-IR, that these azo-derivatives form
supramolecular dimers [32], whose linearity can be useful to design novel anisotropic

memory devices.

In this work, we explore the photochromic, dielectric and electrochemical response of one of
the azo-derivatives developed in [18], the N(1)-[12-(4-(4'-
isobutyloxyphenyldiazo)phenoxy)dodecyloxy)]thymine, tAZOi, 1,

O H
- %
>J N@O—(CH 2)1o—N —0

1, tAZOi

Based on the application and availability of a great variety of transparent metal oxide-based
switching media [33,34], resistive switching memories have distinguished as leading
candidates for transparent and flexible information storage devices, using two-terminal
metal-insulator-metal configurations [35,36]. The fabrication of resistive random-access
memory devices, RRAM, with both high mechanical flexibility and good optical transparency,
however, remains a challenge. In this work, we have evaluated the potential of tAZOi as a
component in RRAM, and we believe that its performance will inspire the application of new

and more efficient organic memory devices.
2. Materials and experimental methods
2.1 Preparation and structural characterisation of tAZOi

The synthesis of tAZOi has been reported previously, and details of its preparation and
chemical characterisation can be found in [18]. tAZOi is a crystalline solid at room
temperature, and melts into an isotropic phase at 166°C. We did not find evidence of the
formation of liquid crystalline phases [32], which must be hindered, at least in part, by the
presence of the bulky isobutyloxy- terminations that disrupt the anisotropic interactions

between azobenzenes [29].

The formation of hydrogen bonds was assessed by temperature-variable Fourier-transform
infrared spectroscopy, FT-IR [19], using a Thermo Nicolet 470 FT-IR spectrometer over a
frequency range of 4000-400 cm, with an accuracy of 4 cm, as the average of 64 scans.
The measurement was carried out by measuring the IR transmittance through a disc
containing a solid dispersion of tAZOi in potassium bromide, KBr (1% in weight %), using
one pristine KBr disc as the background. Temperature was controlled by placing the disc

into a Linkam TMS93 heating stage, with a temperature accuracy of £0.1°C. The sample
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was heated above its melting point and then cooled down to room temperature. The FT-IR
spectra were then measured on isothermal steps every 10°C, allowing the sample to
equilibrate at each temperature during two minutes before measuring. X-ray diffractograms,
XRD, of tAZOi were obtained using an evacuated Pinhole camera (Anton—Paar) operating
with a point-focused Ni-filtered Cu-K beam. The patterns were collected on flat photographic
films perpendicular to the X-ray beam. A powdered tAZOi sample was placed into a quartz

Lindemann capillary (0.7 mm diameter), and measured at room temperature.

In order to study the photochromic character of tAZOi, a certain amount of this compound
was dissolved in tetrahydrofuran (THF) to obtain a 5 wt % solution, which was spin coated
on a quartz substrate. The thickness of the resulting tAZOi film was ~ 400 nm. The
ultraviolet-visible (UV-vis) absorbance (A) and reflectance (R) spectra were then measured
directly from a Perkin EImer Lambda 750UV-VIS-NIR spectrometer, in the 300 to 800 nm
wavelength range. The film was measured before (ground state) and immediately after
(excited state) being exposed for 10 minutes with UV light ( A = 365 nm, intensity = 50
um-cm?). The sample was then kept in the dark, and was measured at various intervals
until the spectra recovered its original shape (in order to monitor the thermal relaxation

process).

The electrochemical properties of tAZOi were investigated by cyclic voltammetry (CV), using
a Versa STAT 3 potentiostat in 0.1 M of potassium chloride (KCI) solution at room
temperature. 1 mM potassium ferricyanide was used as a supporting electrolyte in KCI
solution, with ITO as the working electrode, a platinum gauze electrode as a counter
electrode, and Ag/AgCl as a reference electrode. The CV measurement was carried out at a

sweep rate of 10 to 100 mV-s? scan rate.
2.2 Fabrication of memory device: dielectric and current-voltage (I-V) measurement

A pre-patterned indium tin oxide (ITO) coated glass substrate (~10 ohm-sq? sheet
resistance) was cleaned with soap water, acetone, isopropanol and distilled water, under
ultra-sonication for 10 min each, and finally dried with nitrogen gas. A thin film of tAZOi was
spin coated onto the ITO pre-cleaned substrate, and subsequently, a layer of aluminium (Al,
thickness ~60 nm) was thermally deposited on top of the film under vacuum. The resulting
memory device has 6 cells, and each cell contains 0.045 cm? of photo-active area of a single
photodetector, with a tAZOi film of 400 £ 1 nm thickness measured with a KLA Tencor

Surface Profilometer.

The performance of the memory device was tested under ambient conditions. The dielectric
response of the device was studied using an impedance analyser (Agilent 4294A) in the

frequency range from 40 Hz to 1.5 MHz, in the absence and presence of UV light (A= 365
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nm, intensity = 50 uW-cm2), respectively. The memory effect was then evaluated by
obtaining current-voltage curves (I-V), using a dual-channel system source meter (Keithley
2612B), and bias voltage was applied to the top metal electrode with respect to the ITO

Substrate.
2.3 Density functional theory calculations (DFT)

One single molecule of tAZOi was modelled using ChemBio2D, and loaded into ChemBio3D
to have three dimensional Cartesian coordinates for the atomic positions. The energy of the
structure was minimised by applying MMFF94 force field with the steepest descent method
using Avogadro 31. The resulting minimised structure was loaded into GaussView 5.0 to

generate an input file in gjf file format that was further optimised in Gaussian09 [37].

The tAZOi structure was geometrically optimised by applying analytic gradient techniques,
using the density functional theory with Becke's three parameter exchange functional along
with the Lee-Yang-Parr non-local correlation functional. The preliminary optimisation uses
Hatree Fock level of theory with 3-21+G basis set and increases gradually following 6-31+G,
6-31+G(d,p), 6-311+G and 6-311+G (d,p) basis set with B3LYP level of theory. The
structure was further optimised with higher level CAM theory, which is a long-range-
corrected version of B3LYP using the coulomb-attenuating method by Handy and co-
workers [38]. All the calculations were carried out in gas phase to mimic the system under
dry conditions. Through these calculations, an electrostatic potential map was generated
and visualised using the Avogadro software. Electrostatics potential maps were used to

envisage the electron distribution on the molecular surfaces.
3. Results and discussion
3.1 Hydrogen-bonding assessment, FT-IR

The monomeric units of tAZOi can form multiple hydrogen bonds via the terminal thymine
head, and their presence and strength can be assessed by Fourier-transform infrared
spectroscopy, FT-IR. Fig. 2 shows the FT-IR spectra of tAZOi obtained on cooling from the
isotropic phase (T=170°C) to the crystal phase (T=50°C), corresponding to the carbonyl
stretching region, C=0 st. The appearance of several bands in the frequency range 1740 to
1650 cm™* indicates that the carbonyl groups are present in a variety of intermolecular
environments, via the formation of hydrogen bonds that yield different supramolecular

assemblies [32].



Velayutham et al. 2nd revised manuscript

(a) (b) (c)

~1700 cmt ~1680 cm!

~3156 cm'!

- — 50234 f T T T T T T
1740 1720 1700 1680 1660 1640 1750 1730 1710 1690 1670 1650 1630 1610 3300 3200 3100 3000 2900 2800 2700 2600

Wavenumber / cmt Wavenumber / cm! Wavenumber / cm!

Fig. 2. (a) Variable-temperature FT-IR spectra for tAZOi in the C=0 stretching region 1750
— 1650 cm™ (arrow indicates direction of cooling from 170°C to 50°C); (b) peak fitting
corresponding to T=50°C; (c) high frequency region, highlighting the N-H stretching band,
T=50°C. The contribution at lower frequencies (< 1650 cm™) has been added to facilitate the

fitting procedure. Curves are shifted arbitrarily across the Y-axis (IR intensity, a.u.).

We can discriminate contributions to the overall C=0 stretching region from different
populations of carbonyl groups in tAZOi, by fitting the FT-IR spectra to individual peaks, as
illustrated in Fig. 2(b). The higher frequency end of the region (~1740 cm™) comprises
mainly contributions from free C=0 groups, whilst signals at lower wavenumbers correspond
to C=0 groups patrticipating in increasingly stronger hydrogen bonds [39-42]. The peak at
around ~1700 cm is normally assigned to C=0 --- N-H hydrogen bonds [19, 39], and is
coupled with thymine ring vibrations; the contribution at ~1680 cm™, on the other hand, has
been assigned to the a,3-unsaturated carbonyl group forming strong hydrogen bonds [32].
The prominence of these two latter peaks in Fig. 2(b) is consistent with the preferential
assembly of symmetrical tAZOi dimers, Fig. 3, and with the appearance of a signal at 3156
cm™ related to the stretching vibration of N-H groups forming strong hydrogen bonds, Fig.
2(c). Whilst the formation of supramolecular complexes is demonstrated by our current and
previous FT-IR analyses [32], the absence of X-ray diffractions at sufficiently low angles
seems to discard the formation of large supramolecular aggregates, such as trimers or
rosette-like structures. Instead, the XRD of the crystal tAZOi sample shows intense signals
in the wide angle region, at spacings around ~ 5 A and 4 A, which must be ascribed to
structural small repeating units with periodicity in the crystal lattice, such as the azobenzene
cores or the thymine heads, as well as first and second order diffractions at smaller angles,
which are consistent with the formation of dimers, see also Fig. ESI1. The small changes in
the shapes of the FT-IR spectra in Fig. 2(a) confirm that these hydrogen bonds are highly
stable with temperature and the performance of tAZOi can be then explained in terms of the

hydrogen-bonded complexes.
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Fig. 3. Schematic sketch of the tAZOi linear dimer, (tAZOi)., stabilised by hydrogen-bonding
(red dotted lines) between individual tAZOi molecules.

3.2 Linear Optical Properties of tAZOi

The linear optical properties of tAZOi are now described, and related to its electronic
response. The optical absorption (A) and reflectance (R) spectra of the tAZQi film have
been obtained directly from the UV-vis measurement at room temperature, and the results
are shown in Fig. 4(a) and Fig. 5(a), respectively. The optical absorption coefficient (a), the
refractive index (n), and the extinction coefficient (k), were then calculated using the
following relationships [43],

"= 23034 )
t
ai
k = i (2)
T = (1 — R)%exp (—at) (3)
1+R 4R
”:(1—R>+\/((1—R)2_k2) @

where A is absorbance, R is reflectance, T is transmittance, A is the wavelength of the
incident light on the sample, and t is the thickness of the film. The relationship between the
optical absorption coefficient and the optical band gap is expressed using the Tauc

relationship [44],



Velayutham et al. 2nd revised manuscript

ahv = a,(hv — Eg)" (5)

where a, is an energy-independent constant, h (6.626 x 10%* m? kg-s?) is the Planck’s
constant, Egq is the optical band gap, and r is a constant that determines the type of the
absorption transition, i.e., r = 0.5; direct transition, r =1.5; direct forbidden transition, r =2;

indirect transition. From Eq. 5, the following equation was derived,

din(ahv) r
= (6)
dhv hv — E,4

By plotting din(ehv)/dhv against hv in the energy range from 2.6 to 3.9 eV, see Fig. 4(a),
the peak at the highest energy was used to estimate the optical band gap, giving Eg ~ 2.99
eV. The slope of the In(ahv) vs In(hv — Eg) plot gives an r = 1.5 value, see inset in Fig 4(b),
indicating that the absorption is a direct forbidden transition. The Tauc plot for the tAZOi film
is shown in Fig. 4(c). The intersect of the linear extrapolation of (ahv)'® = 0, with a
corrected base line, provides the optical band gap, Eq = 2.88 eV, which represents a 3.8%

deviation respect to the value estimated above.
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Fig. 4. (a) Absorption spectrum, A, and (b) plot of din(ahv)/d(hv) against hv, obtained for
the tAZOi film. The inset in (b), din(ahv) vs In(hv - Eg), was plotted to determine the

constant r. (c) Tauc plot of (ahv)'® vs photon energy (E).

From its reflectance (R) and absorbance (A) spectra, Fig. 5(a) and Fig. 4(b), respectively, it
is obvious that tAZOi shows high transmittance at A > 500 nm. More specifically, the
extinction coefficient (k) measures the strength of the chemical species absorbing light at a
particular wavelength, and depends on the chemical composition and the structure of the
material [45,46]. The value of k is the highest in the UV region (~350 nm) and decreases

with increasing wavelength from 380 to 800 nm, see Fig. 5(b).

Fig. 5(c), on the other hand, shows the dispersion curve of the refractive index, n, in the 300
- 800 nm wavelength range. The curve shows normal dispersion at A > 420 nm, and
anomalous dispersion at A <420 nm. One peak is observed at 3.757 eV, corresponding to

the energy transition of the electronic interband UV-absorption at A ~ 320 nm.
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Fig. 5. (a) The spectral distribution of reflectance, R; (b) extinction coefficient, k, and (c)
refractive index, n, as a function of the wavelength for the tAZQOi film; (d) displays the

variation of (n?-1)* against (hv)>2.

The mean refractive index in the wavelength range of 450 — 800 nm is n=1.208. Using the
single oscillator model, Wemple-DiDomenico relationship [47], the measured refractive index
was analysed in the 2 > 300 nm region to obtain the oscillator parameters, E; and E,,

according to Eq. 7,

1 E, E?

G7-1  Es BBy (7)

where E is the photon energy, E,, the average excitation energy for electronic transition, and
E;, the dispersion energy, which measures the average strength of interband optical
transitions or the oscillator strength*®. The variation of (n?-1)* against (hv)? for the tAZOi
film was plotted in Fig. 5(d), and the oscillator strength parameters were calculated from this
graph, including E, (as the Y-intercept) and E; (as the slope of the curve). These values

were then used to calculate the M_; and M_; moments, according to [49, 50],

M,

2 = —

B} =g ®
M3

2 ___—1 9

Ef =g ©)

and the static refractive index (n,) was calculated from n?(hv = 0) = n, = % + 1.
o

10
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The n,, €w, Eq, Eq, Eg, M_; and M_; values calculated for tAZOi are displayed in Table 1, and
its linear optical constants are comparable to other organic-based thin films reported in the
literature [48, 50]. It is worth noting that ¢, is almost constant in the spectral field of the
visible range. The oscillator energy E, is an average energy gap and is in close
approximation, E, ~ 1.5E,, with the optical bandgap, as suggested by the single oscillator
model, and we can then argue that the Wemple-DiDomenico model describes well the
behaviour of tAZOi layered on the ITO substrate. The M_; and M_; moments determine the
average bond strength and are related to macroscopic quantities like effective dielectric
constant and effective number of valence electrons [48]. The small M., values of tAZOi

indicate lower Eq values with respect to E,, and thus relate to weaker interband transitions.

Table 1. Optical parameters of tAZOi and other organic-based thin films.

(Ni)-2-[4-(3-methyI-3-
mesitylcyclobutyl) thiazole-
Optical parameters tAZOi Azo dye 2-yl]-hydrazonometyl]-
[48] benzene-2,5-diol thin film
[50]
N, 1.49 1.63 -
£ 2.22 2.66 5.80
E, (eV) 4.36 5.34 1.598
E; (eV) 5.33 8.90 8.044
EoEq (eV)? 23.24 47.52 12.85
E, (eV) 2.88 3.3 213
E,/E, 1.51 1.61 0.75
M_,y (eV)? 1.22 1.66 1.77
M_5 (eV)? 0.064 0.0583 0.69

The absorption spectra of the tAZOi thin film, before and after exposure to UV light, are
shown in Fig. 6(a). The absorption peak in the low wavelength region (~362 nm) is
attributed to the 1T-11* electronic transition, associated with the azobenzene E-isomer, whilst
the weak broad peak at the longer wavelength (~450 nm), is attributed to the symmetric
forbidden n—11* transition [7]. These results are in great agreement with our previous
findings, but, compared with the absorption spectra obtained in tetrahydrofuran solution [18],
our peaks are broader and suggest the formation of molecular aggregates in the film. More

specifically, we can see contributions at ~385 nm, associated to the so-called J-aggregates

11
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(head-to-tail); at ~362 nm, associated to non-aggregated azobenzene; and at ~342 nm,
which we associate to the so-called H-aggregates (head-to-head, parallel) [7, 18]. Whilst the
peak maximum before UV exposure suggests a prevalence of non-aggregated tAZOi
molecules (~362 nm), it is clear that the azobenzene aggregates may have an influence on
the material response to external stimuli.

Upon irradiating the film at 365 nm, the intensity of the absorption band at ~360 nm
decreases abruptly accompanied with a slight increase in the intensity of the 450 nm region,
indicating E-to-Z photo-isomerisation of the azobenzene units. When the samples are kept
in the dark and are subsequently measured at different relaxation times, the intensity of the
-1 band recovers, whilst the n-11* band declines. The maximum UV absorbance (~360
nm) is plotted as a function of the relaxation time in Fig. 6(b), showing that the original UV
absorption spectrum is recovered after 48 hours, in good agreement with the dynamic
behaviour of other azo-based films [19]. We also note that, on irradiation, the ~362 nm and
~385 nm contributions seem to decrease to a greater extent than the ~342 nm peak,
suggesting that a smaller amount of H-aggregates undergo E-to-Z isomerisation, perhaps

due to the stronger intermolecular interactions in parallel arrangements of tAZQOi units.

~342 DM 362 {a) (b}
— * & NDH—EXDDSEd i-““” T,
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o —— 5 mins =
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% — B0 ming g
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e —— 2880 mins K] ,-/
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Fig. 6. (a) UV-vis spectra of tAZOi measured at room temperature obtained on a film cast
on quartz substrate; red dotted arrows indicate the Z-to-E thermal relaxation with time, after
exposure to UV light and while keeping the samples in the dark; (b) the exponential increase

of absorption intensity at 360 nm, over relaxation time.
3.3 Electrochemical properties of tAZOi

The electrochemical properties of tAZOi were investigated by cyclic voltammetry, CV, and
more specifically, they were measured on tAZOi crystals immobilised on the surface of an
ITO electrode, in 0.1 M KCI solution. Fig. 7 shows the results, which are summarised in
Table 2. From these CV results and the UV-vis absorption spectra, we have calculated the
highest occupied and lowest unoccupied molecular orbital energy levels (HOMO and LUMO,
respectively),

12
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Enomo/Lumo = _e[EOX/RED + 4-4] (10)

where Eyx and Ezgp are the onset values of the oxidation and reduction potential curves,

respectively, and e is the electron charge. The external standard potential of the

ferrocene/ferrocenium ion couple is 4.4 eV, and the optical band gap is determined from the

absorption edge, with E; = 2.81 eV. The oxidation peak of the sample appears at

approximately 1.12 V, with the onset potential around 0.93 V. Thus, the HOMO energy level

was estimated at =-5.33 eV, and the LUMO energy level can be calculated at =-2.53 eV, by

considering the UV-vis absorption spectrum and the HOMO level.

Differences between the energy gaps obtained from UV-vis and CV analyses are common,

and can be explained by the presence of deep electronic states in the HOMO and LUMO
gap, which shift the oxidation and reduction process [43]. Fig. 7(b) illustrates the energy
level diagram of the device under forward bias, showing the electron affinity and ionisation
potential of tAZOi. The energy barrier between the HOMO level of tAZOi and the work
function of ITO is much smaller, ®,-, = 0.95 eV, than the electron injection energy barrier
between the work function of the Al electrode and the LUMO energy level, ®,; = 1.55 eV,

refer to Fig. 7(b). Hence, tAZOi behaves like a p-type material and the conduction process

in the memory device is dominated by hole injection.

Table 2. Optoelectronic properties and energy levels of tAZOi.

UV-ViS Amax E®  Eo(onset) HOMO LUMO Eg°
(nm) (eV) V) (eV) (eV) (eVv)
360 2.88 0.94 5.3 -2.53 2.80

2 obtained by UV-vis spectrophotometry.

b obtained by cyclic voltammetry.

13
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Fig. 7. (a) Cyclic voltammogram (CV) of the tAZOQi film on an ITO substrate in 0.1 M KCI
solution as a supporting electrolyte; (b) schematic energy level diagram for the ITO/tAZOi/Al
device under forward bias where ®,-, and ®,4; represent the work function of ITO and Al,

respectively.
3.4 Dielectric properties of the device

We now investigate the dielectric response of tAZOi as a function of UV exposure (A = 365

nm), by measuring the complex permittivity, ¢*, of the device at room temperature,
e=—-ig" (11)

where &' and £" are the real and imaginary dielectric permittivity, respectively, and i is the

imaginary unit, vV—1. According to Fig. 8, permittivity increases upon UV light exposure, and
this effect is more acute at lower frequencies, when the movement of charge carriers in the
sample becomes more important due to the prevalence of Ohmic conduction contributions.
This result confirms that UV irradiation promotes an excess of charge carriers in the tAZOi
film. The dielectric permittivity reflects re-orientations of dipoles with respect to the principal
molecular axis, see for example [21]. When the sample is irradiated with UV light, E-to-Z
isomerisation results in a larger concentration of Z isomers, and the non-linear geometry
results in a net dipole moment different to zero, i, see Fig. 1. If the molecules were to be
aligned respect to the device surface, our results indicate that the variation in the pretilt
angle may benefit electronic transfer perpendicular to the boundaries, resulting in higher

dielectric permittivity.

It is worth noting that the complex permittivity fully recovered the original value after four
hours, and through eventually all the frequency range, which highlights the potential of this

capacitor in various electronic systems requiring different frequencies.
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Fig. 8. Frequency dependence of the complex permittivity of tAZOi, ¢*, measured at room
temperature: (a) real dielectric permittivity, &'; (b) imaginary dielectric permittivity, £ ; before
(m) and after (@) UV exposure.

3.5 Memory effect of the device

Fig. 9 shows the current-voltage (I-V) curve of the ITOtAZOI/Al memory device, in log scale.
The I-V hysteresis loop is found to be more symmetric about the origin and an intrinsic
resistance memory effect of the sample is evident from this reproducible I-V profile. The first
sweep was 0 to -6 V, during which the device shows a sharp increase in the injection current
from 10° A to 10° A, at -4 V. This is the indication of the device transition from low
conductance to high conductance state, known as the forming process, and the high
(negative) value can be related to the formation of aggregates observed in the UV-vis
response. Following the transition, the device was in ON state even after bias interruption (1
min), as shown by sweep 2. The device seems to be in low conductance state during
voltage sweeping from 0 to +6 V, as indicated by sweep 3. This process with negative SET

and positive RESET operation is known as clockwise bipolar resistive switching [35, 51].

High conductance ON state, R(on) forward = 1.6 kQ, and low conductance OFF state, Rorr)
forward = 4 MQ, were observed with ON/OFF current ratio ~10%. An additional DC endurance
test was conducted on the memory device and the result is shown in the inset of Fig. 9. The
device was successfully switched more than 100 min, without evidence of intermediate
states, confirming its stability under constant electrical stress. No degradation was observed

during the test.
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Fig. 9. 1=V loops of the tAZOQi thin film in the device, showing bipolar resistive switching.

The inset displays the endurance performance of the device.

Current conduction depends on the resistivity, carrier mobility, geometry, contact and
alignment at the interfaces, resulting in changes in the work functions of the material [52].
According to our UV-vis and CV results, the conduction mechanism in the device is
dominated by hole injection (tAZOi is p-type semiconductor). The AI/tAZOI/ITO assembly
comprises two immediate interfacial regions: the Al/tAZOi and the tAZOi/ITO contact zones.
AltAZOi can either behave as an ohmic or Schottky contact. Schottky barrier formation at
the AItAZOQi interface is probably favourable, since the work function of Al is 4.08 eV, and
tAZOi is 2.88 eV, causing a potential energy barrier for electrons at a metal-semiconductor
junction [53, 54]. In some cases, the oxide layer formation at the metal/semiconductor

interface may contribute to the resistive switching.

To further elucidate the charge transport mechanism, we now analyse the I-V curves in OFF
and ON states based on various theoretical models. The resistive switching behaviour of the
tAZOi device is demonstrated in the log-log scale of I-V curve in Fig. 10. The charge
transport inside tAZOi molecules is controlled by trapping and de-trapping of carriers at both
energetic and positional distributions [55]. Fig. 10 shows conduction stages with various
slope values. At the high resistance state, holes were injected by the positive potential on
the top electrode (ITO) of the device. Initially, when a small voltage is applied, a small
current is observed since the injected holes remain confined near the ITO contact. In this
case, the carrier density is constant and therefore there is effectively no space charge and
the device obeys the Ohm’s law (region of slope ~1). At higher voltages, the injected
carriers spread into regions beyond the ITO contact and the injected carrier density becomes
larger. Now, the accumulation of carriers near the electrode results in a space charge build

up. Mutual repulsion among the injected charges limits further injection of charge carriers
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into the sample, leading to trap limited space charge limited conduction, SCLC (region of
slope ~2) [63]. This behaviour is consistent with other reported examples in the literature
with similar compounds and device configurations [56-57, 63-64]. When sufficient traps are
filled and the device is forced with the voltage, consequently, the device transforms from
OFF- to ON-state, thus trap-charge limited current (TCLC) [55-57] conduction is observed
(region of slope ~4). Subsequently, almost all the trapping sites in the tAZOi are filled, thus
the current increases exponentially with increasing applied voltage (refer to the green line in
Fig.10).

Traps provide localised states between the HOMO and LUMO energy bandgap of the
molecules. In tAZOi molecules, the thymine group might act as hole trapping sites [58] while
the azobenzene groups are enriched with electrons [59]. When the applied voltage is higher
than the average energy associated with the traps’ density, tAZOi molecules behave as trap-
free SCLC because the trapped charges are able to move through the trapped sites through
a filament formation; consequently, net current is able to flow from the bottom to top
electrodes.

27
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Fig. 10. Experimental and fitted |-V curves for the tAZOi memory device in the OFF and ON
states. Charge-transport regions; Ohmic conduction, trap-limited SCLC region, TCLC

region, trap-filled voltage Ve region (green line) and trap-free SCLC region.

3.6 Proposed storage mechanism of the tAZOi memory device

In order to gain insight into the storage mechanism of tAZOi, a molecular simulation on the
basic unit was carried out by DFT/B3LYP/6-311G (d.p.) with the Gaussian 09 program, as
shown in Fig.11(a). The charge density for the highest occupied molecular orbital (HOMO)
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and the lowest unoccupied molecular orbital (LUMO), together with an electrostatic potential

map (ESP) of the single tAZOQi structure were also calculated and shown in Fig. 11.

The HOMO surface indicates the presence of localised electron density on the electron
donor in the ground state and the LUMO surface shows the presence of localised electron
density on the electron acceptor in the excited state. The charge separated state upon
application of electric fields onto the tAZOi molecular complex can be further elucidated by
analysing the HOMO and LUMO surfaces, as shown in Fig. 11(b) and 11(c), respectively.
The charge density distribution in the HOMO state is primarily surrounding the two benzene
rings in Fig. 11(b) and shows a semi-circled distribution of negative and positive charges
covering the rings’ surface. Whereby, in the LUMO state, the charge density is distributed
more likely in the localised fashion on the rings where it can allow the azobenzenes to act as

electron acceptor moieties, see Fig. 11(c).
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Fig. 11. (a) E-isomer (trans) tAZOi molecule after optimization; (b) HOMO, (c¢) LUMO, and

(d) electrostatic potential map on the molecular surface (ESP).

The HOMO-LUMO energy gap, Exomo-Lumo (Eg), Obtained for tAZOi from the DFT calculation
is about 2.6 eV, and this is in good agreement with the UV-vis and CV experimental value of
2.8 eV reported above. Additionally, from our UV-vis and CV results, we found that tAZOi
has characteristics of p-type semiconductor and therefore the conduction mechanism in the
device is highly dominated by hole injection. However, the lower hole-injection barrier of
AITAZOI/ITO device indicates that the holes could be efficiently injected into the HOMO
orbital of tAZOi.

When the electron density localises on the HOMO orbital, the tAZOi memory device is in the
OFF state. Upon applying external electric fields with sufficient energy, electrons in the
ground state can transit to the various excited states and a charge-transfer (CT) interaction
can occur between the electron donor moieties and the electron acceptor moieties. Since
the azobenzene group acts like an electron acceptor, the majority of the charge-traps are

filled with electrons and a “trap-free” environment with higher charge-carrier mobility is
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created. Moreover, this allows forming a stable CT that facilitates the memory device to
transit from the OFF state to the ON state. Consequently, the excitation of the electron
donor (the transition of T — * type) with the average excitation energy for electronic
transition (which is E, ~4.36 eV, refer to Table 1) can occur. This suggests that the HOMO

of the molecule may interact with the LUMO of its neighbouring molecule for charge transfer.

Additionally, the electrostatic potential map of tAZOi, shown in Fig. 11(d), reveals that the
surface has a continuous positive ESP (in red) along the flexible alkyl spacer, (CH2)12, upon
applying the electric field, indicating that the charge carriers can migrate from donor to
acceptor regions. Considering that thymine is a moderate electron donor [58], whilst
azobenzene acts as electron acceptor [59], during the charge transition from HOMO to
LUMO, the electron density underwent a minor shift from donor to acceptor sides, implying
that it would be easy to return to the pristine state once the electric field is removed [60].
Based on these results, we have sketched in Fig. 12(a) one model to explain the device
performance, via double injection [61]. This model is compatible with the formation of H- and
J-aggregates, Fig. 12(b) and 12(c), resp., which we assessed above by UV-vis
spectrophotometry, whilst the continuity of charge transport can be explained by a
combination of hydrogen-bonding (between thymine heads) and intermolecular aggregation

(between azobenzene units).

Isoenergetic/Electrostatic
pathway

ITo ﬁi“iiii}j ;},% ““““ k Uil

Fig. 12. (a) Model for charge transfer with double injection; sketches of (tAZOi). dimers
including (b) H-aggregates and (c) J-aggregates.

Even though photoisomerization normally tends to disrupt order in crystalline and liquid
crystalline systems due to a reduction in shape anisotropy caused by the presence of the
less linear cis linkage [11, 62], under our proposed model, the formation of the Z isomer after

UV irradiation could facilitate electronic transfer by two-fold. On the one hand, the energy
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gap between the HOMO/LUMO states for the Z isomer of tAZOi are much smaller than for
the E isomer (see Fig. 13). On the other hand, the adoption of bent-like geometries by
excited tAZOi terminations (LUMO) may facilitate interactions with neighbouring molecules
and ultimately electronic transfer with HOMO regions, reducing the effect of potential e traps
formed in the aggregates [63, 64]. This is consistent with our dielectric results, which show
an increase of ¢” under UV irradiation, and could also explain the low M.; values obtained

above, which denote weaker interband transitions in the single oscillator model.
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Fig. 13. (a) Z (cis) isomer of the tAZOi molecule after optimization; (b) HOMO, (c) LUMO,

and (d) electrostatic potential map on the molecular surface (ESP).

4. Conclusions

tAOZi exhibits very promising properties as a light-responsive component in memory
devices, based on its electrooptical response. The AItAZOI/ITO device has shown low-
resistance and high DC endurance and the transition between ON and OFF states relies on
p-type conduction, which could be assisted by the hydrogen bonds formed between the
thymine units acting as electron donors. According to the isoenergetic surfaces calculated
by DFT, charge can be then transferred via the flexible alkyl chains to the azobenzene

groups at the molecular terminations, which then act as electron acceptors.

UV irradiation promotes E-to-Z photoisomerisation of the azobenzene groups in tAZOi, and
the increase in the dielectric constant (and conductivity) is explained by: (i) the high energy
of the HOMO and LUMO levels of the Z isomer (and the low HOMO/LUMO energy barrier);
and (ii) its capacity for charge transfer due to the change in geometrical geometry. These
features will be further explored in the future to obtain new azo-materials that can act as
reversible photo-switches for memory devices and energy harvesters, using hydrogen-

bonding to assemble different functionalities. We will also investigate the role of the
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azobenzene aggregates on charge transfer, and the effect of local ordering in liquid

crystalline phases on the performance of photo-electric memory devices.
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