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Small molecules with different film-forming properties and electron traps were synthesized and char-
acterized in the meantime. An electrical memory device with the indium-tin-oxide (ITO)/Small-Mole-
cule/Al sandwich structure was fabricated and its electrical performance was investigated. WORM
storage devices with different threshold voltages were obtained, some of which present “ternary”
property. The relationship between turn-on voltage and the energy barrier between active materials and

electrodes was revealed by the cyclic voltammetry measurement. The molecular film-forming properties

Keywords:

Memory device
Azonaphthalene
Film-forming properties
WORM

Ternary

Electron trap

and electron traps are responsible for device performances collectively, which could be elucidated
unambiguously from UV—vis absorption spectra and X-ray diffraction patterns.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

With information technology progressing, research for appro-
priate materials and technologies to achieve high-density data
storage devices has intrigued many scientists’ interests. Organic
materials are promising candidates for molecular-scale device
applications in the future due to their good processability, excellent
scalability, low-cost potential, 3D stacking capability and large
capacity for data storage [1—6]. At present, material research is
mainly concentrated on polymers or organic/inorganic doped
materials [7—9]. Small molecules are rarely reported in this field
[10,11] but are frequently employed in Organic Field Effect Tran-
sistors (OFET) and Organic Light-Emitting Diodes (OLED) [12—15].
Therefore, it is necessary to research into the memory materials.
The azo double bonds showed excellent storage performance in the
related literature in which some have even exceeded the “binary” to
“ternary” [16—18,10]. In addition, the materials including 8-
hydroxyquinoline showed excellent performance in OFET and
OLED [19-22].

In recent years, Naphthalene amine compounds with larger
conjugated plane and good electronic liquidity have attracted many
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scientists’ attention. Therefore, it is necessary to research into
memory materials consisted of the 8-hydroxyquinoline and azo
double bonds. In this paper, a series of small molecules containing
azonaphthalene and 8-hydroxyquinoline chromophore was
synthesized and characterized. Meanwhile, flexible chains different
in length were adopted to modulate molecular film-forming
properties so as to adjust the performance of the memory
devices. We obtained the WORM storage devices with different
threshold voltages, and some of them exhibited promising ternary
behavior. UV—vis absorption spectra and X-ray diffraction patterns
were introduced to explain the conductance switching mechanism
attributed to the molecular film-forming properties and electron
traps collectively.

2. Experimental
2.1. Materials

a~Aminonaphthalene, naphthol, 8-Hydroxyquinoline, p-Tolue-
nesulfonic Acid Methyl Ester, Sodium nitrite, concentrated hydro-
chloric acid, 1-Bromobutane, 1-Bromooctane, Sodium Hydroxide,
Tetrahydrofuran, and N, N-dimethylformamide were purified by
vacuum distillation. Other solvents were obtained from commercial
source and used as received.
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2.2. Route
The synthesis routes are shown in Fig. 1.

2.2.1. Preparation of azo intermediate

1-Aminonaphthalene (2.86 g, 0.02 mol), water (8 mL) and
concentrated hydrochloric acid (8 g, 0.08 mol) were mixed in
100 mL flask with stirring, and heated to 80 °C for 30 min. Then the
mixture was put into an ice-salt bath and stirred rapidly to
precipitate the hydrochloride salt as fine crystals. Keeping the
temperature at 0—5 °C and the solution of sodium nitrite
(0.024 mol) in 10 mL water was added dropwise into the mixture
with stirring. After 30 min, urea (5 mg) was added to consume the
residual sodium nitrite and confirmed by the starch-iodide paper.
Then filtered and the diazonium salt solution was obtained. 8-
Hydroxyquinoline (2.90 g, 0.02 mol) and NaOH (2 g, 0.05 mol)
were dissolved in 200 mL water and the solution was kept at
0—5 °C. The solution of the diazonium salt was slowly added and
reacted for 30 min, after adjusting pH to 7—8 and continue reaction
for 4 h, then the solution was filtered, and dried at 80 °C under
vacuum at 10~3 Torr overnight. The obtained mixture was recrys-
tallized from ethanol to give yellow powder (yield 74.5%). 'TH NMR
(400 MHz, DMSO) 6 9.28 (d, ] = 8.3 Hz, 1H), 8.93 (d, ] = 8.1 Hz, 1H),
8.68 (s,1H), 8.26 (d,J = 9.1 Hz,1H), 7.96 (d, ] = 8.0 Hz, 1H), 7.91-7.80
(m, 2H), 7.60 (dt, ] = 14.8, 7.4 Hz, 4H), 6.68 (d, ] = 9.0 Hz, 1H).

2.2.2. Preparation of compound 1

Azo intermediate (0.60 g, 0.002 mol) and potassium carbonate
anhydrous (0.414 g, 0.003 mol) were dissolved in 50 mL DMF, and
stirred for 2 h at 80 °C. Then the solution of p-Toluenesulfonic Acid
Methyl Ester (0.56 g, 0.003 mol) in 10 mL DMF was added drop-
wise with stirring. The mixture was heated to 125 °C and reacted
for 4 h. The solvent was removed through vacuum evaporation
and the obtained mixture was purified by chromatography on
a silica gel column to give yellow powder (yield 78%). 'TH NMR
(400 MHz, DMSO0) 6 9.38 (d, ] = 8.6 Hz, 1H), 9.06—8.93 (m, 2H),
8.18 (dd, J = 20.3, 8.3 Hz, 2H), 8.09 (d, ] = 7.9 Hz, 1H), 8.01 (d,
J = 73 Hz, 1H), 7.73 (ddd, J = 25.6, 14.0, 5.6 Hz, 4H), 743 (d,
J = 8.6 Hz, 1H), 4.12 (s, 3H).

2.2.3. Preparation of compounds 2 and 3

Azo intermediate (0.60 g, 0.002 mol) and potassium carbonate
anhydrous (0.414 g, 0.003 mol) were dissolved in 50 mL DMF, and
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stirred for 2 h at 80 °C. Then the solution of 1-Bromobutane or 1-
Bromooctane (0.003 mol) in 10 mL DMF was added dropwise
with stirring. The mixture was heated to 125 °C and reacted for 4 h.
The solvent was removed through vacuum evaporation and the
obtained mixture was purified by chromatographed on a silica gel
column to give yellow powder.

(Compound 2 yield 90%). 'TH NMR (300 MHz, CDCl3) 6 9.43 (dd,
J = 85, 1.5 Hz, 1H), 9.16—8.92 (m, 2H), 8.15 (d, ] = 8.6 Hz, 1H),
8.05—7.88 (m, 3H), 7.73—7.55 (m, 4H), 7.21 (d, ] = 8.7 Hz, 1H), 4.33 (t,
J =70 Hz, 2H), 2.20—2.04 (m, 2H), 1.16 (t, ] = 7.4 Hz, 3H).

(Compound 3 yield 84%). 'TH NMR (400 MHz, CDCls) § 9.47 (d,
J=8.6Hz,1H),9.11 (d,] = 4.0 Hz,1H),9.00(d, ] = 8.4 Hz, 1H), 8.16 (d,
J=8.6 Hz, 1H), 8.00 (d, J = 8.1 Hz, 1H), 7.94 (t, ] = 7.6 Hz, 2H), 7.64
(ddd, J = 22.8, 13.4, 7.3 Hz, 5H), 7.22 (d, ] = 8.7 Hz, 1H), 4.36 (t,
J = 71 Hz, 2H), 217-2.04 (m, 2H), 1.63—1.52 (m, 2H), 1.39 (ddd,
J=32.6,19.7,10.5 Hz, 8H), 0.89 (t, ] = 6.6 Hz, 3H).

2.2.4. Preparation of compound 4

The synthesis of compound 4 is similar to compound 2 to give
compound 4 (orange powder, yield 79%). 'TH NMR (400 MHz, CDCl5)
0 9.06 (dd, J = 13.6, 8.5 Hz, 2H), 8.38 (d, ] = 8.4 Hz, 1H), 8.14 (dd,
J = 8.3, 3.9 Hz, 1H), 8.03—7.92 (m, 3H), 7.74—7.56 (m, 5H), 6.96 (d,
J=8.5Hz,1H),4.27 (t,] = 6.4 Hz, 2H), 2.02—1.93 (m, 2H), 1.71-1.59
(m, 2H), 1.06 (t, ] = 7.4 Hz, 3H).

2.3. Instruments

H NMR spectrum was obtained on an Inova 400 MHz (or
300 MHz) FT-NMR spectrometer. UV—vis absorption spectra were
recorded by a Perkin—Elmer Lambda-17 spectrophotometer at
room temperature. SEM images were taken on a Hitachi S-4700
scanning electron microscope. X-ray diffraction (XRD) analysis was
performed on film using a Shimadzu XRD-6000 spectrometer with
a Cu KR monochromatic radiation source at 40 kV and 30 mA. The
20 angle was scanned from 5° to 30°.

2.4. Fabrication and measurement of the memory devices

The indium-tin-oxide (ITO) glass was pre-cleaned with water,
acetone, and alcohol, in that order, in an ultrasonic bath for
30 min. The active organic film was deposited under high vacuum
about 1078 Torr. The film thickness was about 80 nm. A layer of Al,
about 80 nm in thickness was thermally evaporated and deposited
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Fig. 1. The synthetic route of the Azo.
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onto the organic surface at about 5 x 10~® Torr through a shadow
mask to form the top electrode. The active device area about
0.0314 mm? was obtained (as shown in Fig. 2). All electrical
measurements of the device were characterized under ambient
conditions, without any encapsulation, using an HP 4145B semi-
conductor parameter analyzer equipped with HP 8110A pulse
generator.

3. Result and discussion
3.1. Characterization of compounds 1—4

The 'H NMR spectra of compounds 1—4 are shown in Figure S1
in the supporting information.

3.2. Memory effect of the compound

The memory effect of compound 1 is demonstrated by the
typical I-V curves of this sandwich device, as shown in Fig. 3(a). In
the first voltage scan from O to —4.0 V (sweep 1), a sharp current
increase occurred from 107% A to 1073 A at a threshold voltage
around —2.05 V, indicating the transition from a low-conductivity
state (OFF state, “0”) to an intermediate-conductivity state (ON1
state, “1”). This electrical transition serves as the “writing” process
for the memory device. And the current could further increase to
the high-conductivity state (1072 A, ON2 state, “2") at a threshold
voltage around —2.77 V. The cell remained in this high-conductivity
state during the subsequent scan from 0 to —4.0 V (sweep 2). Sweep
3 was operated on another cell of the device over a voltage range
from 0 to —2.5 V and showed one switching threshold voltages at
—2.07 V. The intermediate-conductivity state was maintained
during the subsequent scan from O to —2.5 V (sweep 4). ON2/OFF

current ratio is up to 10% and ON1/OFF current ratio is about 103,
allowing a voltage (e.g., —1.0 V) to read the “0” or “OFF” signal
(before writing), “1” or “ON1”, and “2” or “ON2” signal (after
writing) of the memory device (as shown in Fig. 3(b)). The storage
cells in the device show highly repeatable -V characteristics. As
long as the devices were activated to ON state, it would not return
to the original OFF state. Therefore the memory device fabricated
with compound 1 exhibits ternary WORM (write once read many
times) memory behavior.

The conductance switching effect of Compound 2 is similar to
that of compound 1 (as shown in Fig. 3(c)). In the first sweep from
0 to —4.0 V, two abrupt increases in current were observed at
a switching threshold voltage of —1.72 V and —2.35 V, respectively,
indicating the transition from a low-conductivity (“0”) state to an
intermediate-conductivity (“1”) state and then to a high-
conductivity state (“2”). And a constant voltage of —1 V can be
used to read all the different states. Compared with compound 1,
the device of compound 2 would lower the switching threshold
voltages measurably. In addition, the ON2/ON1 current ratio is
about 10% which means that the device has a lower misreading
rate. The differences in performance may be associated with the
flexible chain in molecules.

In order to understand the effect of flexible chain on the device,
compound 3 was synthesized and characterized. Fig. 3(e) is the
I-V curves of this sandwich device. As can be seen, the threshold
voltage is at —2.2 V; ON/OFF current ratio is up to 10%. And only
one switching threshold voltage could be observed. Once the
device was switched to the ON state, neither the subsequent
repeated voltage sweep (sweep 2 on cell “1”) or the reverse
voltage sweep (sweep 3 on cell “1”) could switch the device to the
original OFF state. The storage cells in the device show highly
repeatable -V characteristics (cell 2 sweep 1-3). This device

ITO\

glass —»

Fig. 2. Illustration of the sandwich device. (a) Schematic diagram of memory device based on compound; (b) Optical image of the prototype device. (c) SEM image of the cross

section of a storage cell.
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Fig. 3. (a) Current—voltage (I-V) characteristics of the memory device based on compound 1; (b) Effect of retention time on the ON2, ON1 and OFF states of the memory device
under a constant stress of —1.0 V; (¢) Current—voltage (I-V) characteristics of the memory device based on compound 2; (d) Effect of retention time on the ON2, ON1 and OFF states
of the memory device under a constant stress of —1.0 V; (e) Current—voltage (I-V) characteristics of the memory device based on compound 3; (f) Effect of retention time on the

ON2, ON1 and OFF states of the memory device under a constant stress of —1.0 V.

exhibits typical binary WORM behavior. This “binary” storage
performance can be explained by the long flexible chain which
exerts amorphous properties onto the film, and the evidence is
presented as follows.

3.3. Memory mechanism discussion

Fig. 4 shows the electrostatic potential (ESP) of the compounds.
The surface of these molecules has a continuous positive ESP (in
red) along the conjugated backbone, which indicates that charge
carriers can migrate through this open channel. However, there are
negative ESP regions (blue) caused by electron—acceptor groups.
These negative regions can serve as “traps” that impede the
mobility of the charge carriers. In the first stage, electrons fill the
first trap (the trap of Azo), making the molecule partially

conductive. As the applied voltage is increased to the other
switching threshold voltage, electrons fill the second trap and the
whole molecule becomes conductive.

X-ray diffraction (XRD) analysis was carried out to clarify the
film properties at the device level. The XRD results (as shown in
Fig. 5) show that the film of compounds 1 and 2 has some sharp
diffraction peaks at 6.4°—17.3°. These peaks indicate that the films
of compound 1 and 2 are crystalline, and the film of compound 2
has a better crystallinity. But the film of compound 3 shows
amorphous morphology. These results are in correspondence with
performance of the devices, and indicate that the flexible chain will
affect the morphology of molecular films as well as the electrical
memory performances.

In addition, the UV—vis absorption spectra of the compounds
can also be supported by the results of X-ray diffraction patterns.
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high-conductivity

Fig. 4. Molecular simulation results for ESP surfaces of compounds 1—4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

—— compound3
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20

Fig. 5. X-ray diffraction (XRD) scans of thin films of compounds 1-3.

Fig. 6(a) is UV—vis spectra of compounds 1—3. The maximum
absorption peaks of the compound at 410 nm are due to the 7—7"
electronic transition of the aromatic ring. Each compound exists
as a free state in solution, so their spectra are similar. But obvious
change took place during the film-forming process (Fig. 6(b)) that
all of the absorption bands were broadened. And the film of
compound 2 has the best crystallinity because it has the largest red-
shift. The result is consistent with XRD analysis. This demonstrates
that the properties of the film are very important to the perfor-
mance of the memory device. In addition, from Fig. 6(a) the band
gap between the HOMO and LUMO level of compounds 1—3 can be
estimated to be about 3.20 eV.

In order to verify the effect of the “electron traps” on the device
performance, compound 4 was synthesized and characterized.
Fig. 7 is the [-V curves, UV—vis absorption spectrum and X-ray
diffraction (XRD) analysis of compound 4. It shows an excellent
crystalline film. And the band gap between the HOMO and LUMO
level of compound can be estimated to be about 3.36 eV from the
UV—vis absorption spectrum. Since compound 4 only has one
“trap” (the trap of Azo), it exhibits typical “binary” WORM behavior,
and the turn-on voltage is —2.08 V with ON/OFF current ratio up to
10% These indicate that molecular film-forming properties and
electron traps are collectively responsible for device performances.
The charge transport mechanism can be obtained from the -V
curves in OFF and ON states according to theoretical models
shown in Figure S2. The OFF state follows the Poole-Frenkel model
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Fig. 6. UV—vis spectrum of compound in DMF solution (a) and films (b).

and the ON state conforms to the ohmic current model for all of the
devices. And the detailed explanation is shown in the supporting
information.

The HOMO and LUMO energy level of compounds 1—4 and the
work function of Al top and ITO bottom electrodes were considered
here to understand the turn-on voltage of the devices. Fig. 8 is the
cyclic voltammetry (CV) curves of the films on ITO substrate in
acetonitrile with 0.1 M n-Bu4NPF6 as the supporting electrolyte.
The HOMO energy levels can be calculated from the onset oxidation
potential based on the reference energy level of ferrocene

(Fig. 6(a)).
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wherein Egx is the onset oxidation potential and Eggc is the
external standard potential of the ferrocene/ferricinium ion
couple. And the results are listed in Table 1. The energy barrier
between ITO (—4.8 eV) and HOMO energy level of the molecule is
much lower than that between Al (—4.28 eV) and the LUMO
energy level, which indicates that hole injection from ITO into the
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Fig. 7. (a) I-V characteristics of the memory device fabricated with compound 4; (b) Stability of the device in three states under a constant “read” voltage of —1 V; (c) UV—vis
spectrum of compound in DMF solution and film; (d) X-ray diffraction (XRD) scans of thin films of compound 4.
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Fig. 8. Cyclic voltammetry (CV) curves of compounds 1—4 film on ITO substrate in acetonitrile with 0.1 M n-Bu4NPF6 as the supporting electrolyte.

HOMO of compound (corresponding to ITO as the anode) is easier
than electron injection from Al into LUMO of the compound. Thus,
the compound is a p-type material and holes predominate the
conduction process, and the turn-on voltage increases with the
energy barrier [23].

To further confirm that the performance of the devices is
arising from the intrinsic properties of the organic films and not
from metallic filaments, a liquid-Hg droplet was used as the top
electrode in place of the Al contacts. Compound 2 was selected as
a representative. Together with the good reproducibility and
stability of the memory phenomena observed in the devices, as
well as the structure dependent electrical switching behavior (as
shown in Fig. 9). The possibility of electrical transition due to
filament conduction and Azo molecules degradation effects can be
ruled out. In addition, the work function of liquid-Hg metal is
about 4.5 eV, resulting in a higher energy barrier for electron
injection into the LUMO. Because hole injection occurs from the
ITO electrode, with hole transport as the main conduction mech-
anism, the change in the top electrode probably does not have
a great effect on the electrical behavior of the devices. Thus,

Table 1
The energy barrier between the HOMO and LUMO of compounds 1—4.
Compound 1 Compound 2 Compound 3 Compound 4 Al ITO
HOMO -5.38 -5.23 -5.63 -5.49 —428 -438
(eV)
LUMO -2.18 -2.03 -2.43 -2.13
(eV)
Energy 0.58 eV 043 eV 0.83 eV 0.69 eV HOMO - ITO
gap 2.10eV 2.25eV 1.85eV 2.15eV Al — LUMO

similar conductance switching and the associated memory prop-
erty were observed in the devices using Hg as the top electrode.
The observed memory effect with a different metal electrode
provides additional evidence that the memory effect observed is
intrinsic to the Azo molecules and not due to external effects
associated with the use of an Al electrode [24]. The high surface
tension of the cold deposited Hg electrode also reduces the
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Fig. 9. Current density—voltage (J-V) characteristics of the ITO/compound 2/Hg
memory device.
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possibility of short circuits if any pinholes were present, as well as
damage to the polymer film.

4. Conclusions

In this study, devices with a simple sandwich structure based on
compounds 1—4 with film thickness of 80 nm were fabricated and
their electrical characteristics were investigated. All the devices
show WORM memory behavior, with ON2/OFF current ratio of
approximately 104 and its ON1/OFF counterpart about 10°. The
ON2, ON1 and OFF states are all stable under a constant read
voltage stress of —1.0 V and can even endure 108 read cycles under
a pulse read voltage. We obtained the WORM storage devices with
different threshold voltages, and some of them exhibit promising
ternary behavior. UV—vis absorption spectra and X-ray diffraction
patterns were measured to understand the effect of the molecular
film-forming properties and electron traps on the device’s perfor-
mances. Filament conduction and Azo molecules degradation effect
can be ruled out by the similar memory behavior of the device
utilizing liquid-Hg instead of the Al as top electrode.
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