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Efficient flash memory devices based on non-conjugated
ferrocene-containing copolymers

Jing Xiang,” Xiangling Li,® Yun Ma,” Qiang Zhao,*" Cheuk-Lam Ho,*** Wai-Yeung Wong*™*

A series of non-conjugated ferrocene-containing copolymers FcCP1-FcCP3 with triphenylamine (TPA), benzothiazole (BT)

or phenothiazine (PHZ) unit have been designed and synthesized via a facile radical polymerization protocol. The

structural, photophysical, electrochemical and memory characteristics of these polymers were systematically studied. All

the copolymers exhibited flash memory behaviour with a bistable conductive process, where FcCP1 showed a large

ON/OFF current ratio of 10° to 10" with a low threshold voltage of -0.6 V. Such remarkable results suggest that non-

conjugated ferrocene-containing copolymers are promising active materials for memory applications.

1. Introduction

With the rapid development of information technology,
novel functional materials for memory devices have attracted
considerable attention in the industrial and academic
communities.”™ As conventional memory devices comprising
of inorganic semiconductors like Si, Ge and GaAs have been
facing increasing challenges on downscaling and physical
limitations, there is a strong desire to explore organic
materials for memory application.a—7 Particularly, organic
memory devices based on polymers show promising prospects
due to their remarkable features such as simple manufacturing
high device flexibility and large-scale thin-film
8 0 the past few decades, great progress has
been made in polymeric memory systems,lz_16 and several
different mechanisms including charge transfer,”_27
filamentary conduction,zg_35 space charge-limited current,
conformational change38' 3 as well as redox switch®® ** have
been well established to understand the data storage

process,
formation.

36,37

behaviours.
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Due to the unique electrochemical stability of ferrocene,
ferrocene-containing polymers have been widely applied for
biosensors,“’ 3 liquid crystals,44’ = magnetic ceramics,“s_49
burning rate catalysts,so’ *1 surface modification agents‘r’2 and
organic cathodes.”® >* However, polymeric memory devices
fabricated with ferrocene-containing materials are rarely
reported. Most recently, Guan and co-workers synthesized a
series of ferrocene-terminated hyperbranched polyimides
(HBPI-Fcs), and the memory device with a configuration of
indium tin oxide (ITO)/HBPI-Fcs/Al exhibited bistable electrical
conductivity and nonvolatile bipolar write-once-read-many-
times memory character. The device also showed an ON/OFF
current ratio of 10" under a constant bias of -1.0 V and the
ON/QFF stability of 10* s during the test period. The revealed
electrical bistability of HBPI-Fcs was found to be mainly due to
the charge trapping effect of the electroactive terminal
ferrocene groups and the charge transfer was well fitted with
the space charge-limited-current and ohmic models.” ¢ A
dual-responsive organometallic poly ionic liquid (PIL)
consisting of a poly(ferrocenylsilane) backbone of a silane-
bridged ferrocene unit and a tetraalkylphosphonium sulfonate
moiety in the side chain was also proven to be redox
responsive due to the presence of ferrocene.”’ Polyimides (PlIs)
containing different contents of ferrocene as the pendant
group were synthesized by Qi and co-workers for electrical
resistive  memory device applications. Semiconductor
parameter analysis indicated that the synthesized Pls possess
the nonvolatile flash memory characteristic with a threshold
voltage of —3.2 V. The charge transfer mechanism related to
the switching effect was elucidated through molecular
calculation.”® In our previous study, four conjugated ferrocene-
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containing poly(fluorenylethynylene)s have been investigated.
Memory devices show flash or write-once read-many times
(WORM) memory effects, and the aromatic components in the
conjugated main chain play the key role in dominating the
memory device performance.59 Thus, in this work we extend
our effort to design and synthesize a series of non-conjugated
ferrocene-containing copolymers FcCP1, FcCP2 and FcCP3 with
three different aromatic pendants for memory applications.
Introduction of pendant ferrocene group could provide a
redox-active switching moiety.60 Commonly used aromatic
units including electron-rich triphenylamine (TPA), hole-
transporting phenothiazine (PHZ) and electron-withdrawing
benzothiazole (BT) were also selected.®’™®® A facile free radical
initiated polymerization was performed
vinylferrocene (VF) and the corresponding aromatic vinylene
monomer to afford the designed copolymers FcCP1, FcCP2 and
FcCP3. Their structural, photophysical, electrochemical and
memory characteristics of the resulting copolymers were
systematically studied.

between

2. Experimental
2.1 Materials

All chemical reagents were purchased from Sigma-Aldrich,
Acros Organics and Tokyo Chemical Industry Co., Ltd (TCI). All
reactions were performed under a nitrogen atmosphere. The
solvents used for chemical synthesis were dried and distilled
by appropriate drying agents prior to use.

2.2 General procedures

NMR spectra were measured by using suitable deuterated
solvents on a Bruker Ultra Shield Plus 400 MHz NMR
instrument. Fourier transform infrared (FTIR) spectra were
obtained on a Perkin Elmer Paragon 1000 PC spectrometer.
Size exclusion chromatography (SEC) was performed on an
Agilent 1050 HPLC system with visible wavelength and
fluorescence detector. UV-Vis absorption spectra were
measured by using a HP-8453 diode array spectrophotometer.
Photoluminescence (PL) spectra were tested with a PTI
Master Series QM1 spectrophotometer.
Thermogravimetric analysis (TGA) was studied on a Perkin-
Elmer TGA6 thermal analyser. Cyclic voltammetry was carried
out by using a CH Instrument CV with a glassy carbon working
electrode, a platinum wire auxiliary electrode and an Ag/AgCl
reference electrode.

Fluorescence

2.3 Fabrication of memory devices

The ITO glass substrates were cleaned with deionized
water, acetone and ethanol for 15 min in an ultrasonic bath
successively. Upon a UV-ozone treatment for 15 min, the
toluene solution of each copolymer (10 mg mL™) was spin-
coated onto the ITO substrate at 3000 rpm for 40 s followed by
heating at 80 °C in a vacuum chamber at 10® Torr. The
measured thickness of the layer was about 50 nm. Finally,
aluminium top electrode with a thickness of 150 nm was
thermally evaporated and deposited at a pressure of around

107 Torr through a shadow mask. Devices with an average
area of about 0.3 mm® were obtained. The electrical and
switching-time characterizations were obtained by a Keithley
2636A semiconductor parameter analyser under ambient
conditions in air.

2.4 Theoretical calculations

All theoretical calculations were carried out with the
Gaussian 09 package.59 The optimization of the polymeric
structures was performed using B3LYP density functional
theory. The LANL2DZ basis set was used to treat the Fe atom,
and the 6-31G* basis set was applied for other atoms.

3. Results and discussion
3.1 Synthesis and structural characterization

The synthetic routes for the preparation of N, N-bis(4-
methylphenyl)-4-vinylaniline (Vvm1), 2-(4-vinylphenyl)
benzol[d]thiazole (VM2) and 10-methyl-3-vinyl-10H-
phenothiazine (VM3) are outlined in Scheme 1. For VM1, 4-di-
p-tolylamino-benzaldehyde was firstly prepared, followed by
the Wittig reaction with triphenylphosphonium yIide.64’ & vm2
was obtained by the Stille coupling reaction between
tributylvinyltin and 2-(4-iodophenyl) benzo[d]thiazole
according to a modified literature procedure.66 10-Methyl-
10H-phenothiazine underwent the Vilsmeier-Haack and Wittig
reaction to generate VM3.

T
H;C CH,

CHO =z

L
H,C CH;

NH, .
Cul, 1,10-phenanthroline

¥ _
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POCl;, DMF

CH;
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Scheme 1 Schematic representation of the synthesis of VM1,
VM2 and VM3.
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As shown in Scheme 2, free radical initiated polymerization
between all these synthesized vinyl-functionalized monomers
and vinylferrocene was respectively carried out by using 2,2’-
azobis(isobutyronitrile) (AIBN) as the initiator to afford the
corresponding copolymers FcCP1—FcCP3.%’

AIBN, dry toluene
@\/ / >y % 1
+

Fe Ar
9

8
_N
0

FeCP3 (x =023)

Ar 70°C, 24 h

3

FeCP1 (x = 0.24) FeCP2 (x =0.26)

Scheme 2 Schematic representation of the synthesis of FcCP1,
FcCP2 and FcCP3.

The structures of non-conjugated ferrocene-containing
copolymers were characterized by 'H NMR spectroscopy. All
signals in the 'H NMR spectra are consistent with the
corresponding structures. The broad proton signal at 6 =
3.50-5.00 ppm is assigned to the ferrocene unit, while peaks
at 6 = 6.00—8.00 ppm are attributed to the protons of TPA, BT
and PHZ units. The proton signals at § = 2.19 and 3.25 ppm
indicate the presence of methyl group in FcCP1 and FcCP3 (See
ESI*). The mole ratio of ferrocene unit and heteroaromatic
moiety in each copolymer can be calculated from the
corresponding integrations of the characteristic protons in the
'H NMR spectra, and all these copolymers exhibit around 1:3
molar ratio of ferrocene to TPA, BT or PHZ. (Table S1Error!
Reference source not found.).

The FTIR spectra of non-conjugated ferrocene-containing
copolymers were obtained by using KBr pellet method (Figure
S1). Taking the IR spectrum of FcCP1 as an example, the
wavenumber at 3089 cm™ is the typical C-H bond stretching of
ferrocene, whereas peaks at 1605-1448 and 1412 em™ are
assigned to the C=C stretching signals of triphenylamine and
ferrocene moieties. The peak at 1270 cm™ is due to the C-N
stretching, while those peaks at 1106 and 1000 cm™could be
attributed to the C-C stretching of ferrocene. The C-H bending
and C-Fe stretching in ferrocene are respectively located at

813 and 504 cm™.%®

Tablel  Molecular masses and PDI of copolymers
Polymer M, (g mol™) M,, (g mol'™) PDI (M\,/M,)
FcCP1 1.8x10* 2.1x10" 1.2
FcCP2 1.3x10" 1.5x10* 1.1
FcCP3 6.2 x 10° 6.8 x 10° 1.1

The molecular weight of each copolymer was analysed by
size exclusion chromatography (SEC) where the results are
shown in Table 1. The weight-average molecular masses are
2.1x 104, 1.5 x 10* and 6.8 x 10° g mol™ for FcCP1, FcCP2 and
FcCP3, respectively. The small polydispersity index (PDI)
indicates the narrow mass distribution of the synthesized
copolymers.

3.2 Optical and thermal properties

The UV-Vis absorption and PL spectra of non-conjugated
ferrocene-containing copolymers FcCP1—FcCP3 were
measured in THF solution and the spectra are shown in Figs. 1
and 2. All copolymers exhibit intense absorption peaks at 250
and 298 nm which are assigned to the internal molecular
charge transfer and metal-to-ligand charge transfer (MLCT) of
ferrocene. Compared with FcCP1, FcCP2 and FcCP3 have a
broader absorption peak at around 335 nm. Similarly,
copolymers FcCP2 and FcCP3 show an emission peak at 460
nm, while the emission signal of FcCP1 functionalized with TPA
unit is strongly blue shifted to 384 nm. The significant
difference of the emission spectrum was probably resulted
from the bulky TPA moiety which prevents the conjugation
effect in FcCP1.

—e—FcCP1
—a—FcCP2
——FcCP3

0.6

0.4

Absorbance (a.u.)

250

300

350 400 450
‘Wavelength (nm)

500 550 600

Fig. 1. Absorption spectra of the copolymers in THF solution.
E
&
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E
-
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Fig. 2. PL spectra of the copolymers in THF solution
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TGA FcCP1-FcCP3 was the
corresponding decomposition temperatures (T) at 5% weight
loss are 390, 348 and 369°C for FcCP1, FcCP2 and FcCP3,
respectively (Figure S2). The results suggest that all these non-

of carried out and

conjugated ferrocene-containing copolymers have high
thermal stability for long operating lifetime memory
application.

3.3 Electrochemical properties

The electrochemical properties of the
copolymers were investigated by CV in thin film state. CV

measurements of copolymer films on a glassy carbon electrode

as-prepared

were taken
hexafluorophosphate (n-Bus;NPFg) in anhydrous acetonitrile.
The ferrocene/ferrocenium couple was used as the internal
standard at a scan rate of 50 mV s”. The potentials of
oxidation (E,,) and reduction (E..q) as well as energy levels of
the highest occupied molecular orbital (Eyomo) and the lowest
unoccupied molecular orbital (E ymo) are summarized in Table
2, where the HOMO and LUMO values could be calculated by
the equation of Eyomosiumo = (Eox/red(onset) + 4-80) eV. Due to the
outstanding electron-donating properties of TPA and PHZ, the
E.x value as well as the Eyomo of FCCP1 and FcCP3 is much
higher than that of FcCP2.

in 0.1 M solution of tetrabutylammonium

Table 2 Electrochemical results of FcCP1—-FcCP3 in 0.1 M n-
BuysNPFg acetonitrile solution

Polymer  Eq(V) Erea (V) Enomo(eV)  Eiumo (eV)
FcCP1 0.46 -1.28 -5.26 -3.52
FcCP2 1.89 -1.44 -6.69 -3.36
FcCP3 0.35 -1.37 -5.15 -3.43

3.4 Characteristics of memory devices

Solution manufacturing process was applied to fabricate
the memory devices of the non-conjugated ferrocene-
containing copolymers. The copolymer active layer was spin-
coated onto the cleaned ITO glass substrate, followed by
evaporation of the aluminium (Al) on the active layer as
electrode to form a sandwich structure (ITO/polymer/Al). The
Al electrode and the bottom ITO electrode were connected to
a tunable voltage source to study the memory effect and
electrical bistability of each copolymer. The corresponding
current-voltage (/-V) curve was obtained by applying a swept
voltage to the device. For FcCP1 (Fig. 3a), the device is under a
low conductive state when the voltage is swept from 0 to -0.6
V. An abrupt increase in current from 10® to 10 A could be
observed at the voltage of -0.6 V. The high conductive state is
maintained during the subsequent negative sweep from -0.6
to -5.0 V (first sweep). This transition process from low
conductivity ('“10'5 A, OFF state, i.e. “0” signal in data storage)
to high conductivity ("10"2 A, ON state, i.e. “1” signal in data
storage) is equivalent to the “writing’”’ process. The ON state is
kept during the subsequent negative sweep as well as the
scanning process from -5.0 to 0 V (second sweep), which

corresponds to the ‘“reading’” process. The memory device
stays in the ON state when the sweep voltage is scanned from
0 to 2.5 V. A sudden decrease of current from 107 to 10™ A is
occurred at around 3 V and the low current is maintained
during the following scanning process from 3 to 5 V (third
sweep). It indicates that the high conductive state (ON state) is
returned to the low conductive state (OFF state), referred as
the “erasing’’ process. The OFF state is maintained from 5.0 to
0 V upon the removal of power supply (fourth sweep). In
addition, the memory device of FcCP1 can be repeatedly
written, read or erased when the switching voltages are
applied again (the fifth sweep to the eighth sweep). Therefore,
this device exhibits a remarkable bipolar flash memory
property due to the repeatable “writing” and “erasing” process
under the negative and positive scanning mode. A large
ON/OFF current ratio of 10’ to 10* is achieved, which allows
the memory device to work with a low misreading rate. It is
also found that the polymeric ITO/FcCP1/Al device shows a
lower threshold “writing” voltage than that of the TPA-
containing poly(fluorenylethynylene) device in our previous
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Fig. 3. Typical /-V characteristics of the ITO/polymer/Al

memory devices based on copolymers (a) FcCP1(b) FcCP2 and
(c) FcCP3.
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The |-V curves of the devices fabricated with FcCP2 and
FcCP3 (Fig. 3b and 3c) also exhibit the similar memory
behaviour to that of FcCP1. As to FcCP2, the threshold voltage
for the ON state is —-0.5 V with the ON/OFF current ratio is 102,
and the memory device can be switched to the OFF state at 3.2
V. For FcCP3, the “writing” voltage is =2.5 V and the “erasing”
voltage is 3.7 V with a ON/OFF current ratio of 10%. The I~V
results mentioned above show the excellent bistability of the
synthesized non-conjugated ferrocene-containing copolymers
FcCP1-FcCP3, suggesting their great potential to be applied as
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active materials for flash memory devices.

The retention time and stress reliability of polymeric
memory devices based on FcCP1-FcCP3 were measured to
investigate their stability and reproductivity, and the results
are summarized in Fig. 4. All the devices can keep the ON state
without degradation even after 10" read pulses. These data
suggest that the synthesized non-conjugated ferrocene-
containing copolymers FcCP1-FcCP3 exhibit a highly stable
status in both ON and OFF states. The outstanding -V
characteristics and the excellent stability of these non-
conjugated ferrocene-containing polymeric devices illustrate

(b) ol —8—ON state
107 4
—e— OFF state
107 5
10° 3

Current (A)
S

10° 5
1074
T T T T
1 10 100 1000 10000
Number of read pulse
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5 4
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Current (A)
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Fig. 4. Parameters of memory devices: (left) Retention time in the ON and OFF states under a constant stress of 1.0 V, (a)
FcCP1, (c) FcCP2, (e) FcCP3; (right) Number of read pulse in the ON and OFF states under continuous read pulses of 1.0V, (b)

FcCP1, (d) FcCP2, (f) FcCP3.
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that FcCP1-FcCP3 are promising materials for practical a large driving voltage is required to switch on the memory
rewritable memory applications. device to a high conductive state. Therefore, memory device
HOMO LUMO Twist Angle

(b)

(c)

Fig. 5. Calculated HOMO, LUMO and twist angle of the model oligomers: (a) FcCP1; (b) FcCP2; (c) FcCP3

To further understand the variations in ON/OFF switch
threshold voltages of memory devices, the HOMO and LUMO
energy levels of the as-prepared FcCP1-FcCP3 as well as the
molecular geometries of different side units TPA, BT and PHZ
were studied by DFT calculations (Fig. 5). Different from FcCP1
and FcCP3 in which the HOMO is entirely distributed on the
TPA and PHZ units, the calculated HOMO of FcCP2 is located
on the ferrocene group, implying TPA and PHZ are more
electron donating than BT, which is consistent with the CV
result. Initially, all the pendant groups in FcCP1—FcCP3 are in
random orientation and the corresponding polymeric devices
are under OFF state with low conductivity. When a negative
bias from 0 to —-4.0 V is applied, ferrocene (Fe2+) could be firstly
oxidized to ferrocenium ion (Fe3+).55759 However, due to the
large steric hindrance induced by the bulky TPA moiety, the
intramolecular aggregation is effectively suppressed in FcCp1.
The rigid molecular skeleton of PHZ also relieves the n—m
stacking effect in FcCP3, while FcCP2 with the planar BT unit
(twist angle = 179.61°) favours the intrachain n—n stacking.
Thus, the memory device based on FcCP2 could be easily
switched to a high conductive state via a slight conformation
change, resulting in the low ON switch voltage of -0.5 V.
Compared with TPA, the methyl group in PHZ and its rigid
configuration provides a more significant steric hindrance, and

fabricated with FcCP3 exhibits the highest ON threshold
voltage of -2.5 V. Similarly, due to the high rotational degree
of three C-N bonds, the pendant TPA group allows a large free
volume and a great degree of conformational freedom, and
thus the polymer device based on FcCP1 exhibits the lowest
OFF switch voltage of 2.5 V when a reverse voltage from 0 to 4
V is applied. Moreover, this high rotational degree of pendant
TPA also allows a significant conformational change of FcCP1,
resulting in the highest ON/OFF ratio of 10% to 10*. In this
regard, the pendant units in FcCP1-FcCP3 play an important
role to stabilize ferrocene/ferrocenium during different
scanning sweeps.

4. Conclusion

In this work, a series of non-conjugated copolymers with
pendant ferrocene and different aromatic units
systematically investigated. The structural, photophysical,
electrochemical and thermal properties of these copolymers
were well studied. All copolymers exhibited flash memory
effects with long retention time over 10* s and large read
cycles up to 10°. Memory device based on FcCP1 shows an
impressive /-V characteristic and a high ON/OFF ratio of 10° to
10* at a low threshold voltage of -0.6 V, which is superior to

were
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the reported ferrocene-containing polymeric devices.

The device fabricated with FcCP2 showed an extremely low
threshold voltage of -0.5 V for switching on the “writing”
process. These remarkable results indicate that these non-
conjugated ferrocene-containing copolymers are potential
active materials for non-volatile memory application.
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Non-conjugated  ferrocene-containing  copolymers  FeCP1-FeCP3 with
triphenylamine, benzothiazole or phenothiazine pendant group show flash memory
behaviour with a bistable conductive process. FeCP1 showed a large ON/OFF current
ratio of 10° to 10*and a low threshold voltage of —0.6 V. The different n—n stacking
effects induced by the molecular geometry of FcCP1-FcCP3 were attributed to their
variations in the ON/OFF threshold voltage.
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