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ABSTRACT We report bistable non-volatile memory devices based on polystyrene derivatives containing pendent electron-donating
mono-, di-, and tri(9,9-dihexylfluorene), which are denoted as poly(St-Fl), poly(St-Fl,), and poly(St-Fls), respectively. The effects of
the oligofluorene chain lengths and polymer surface structures on the memory characteristics were explored. Poly(St-Fl)-, poly(St-
Fl,)-, and poly(St-Fls)-based devices exhibited a flash memory characteristic with different turn-on threshold voltages of 2.8, 2.0, and
1.8 V, respectively, which was on the reverse trend with the highest occupied molecular orbital levels of —5.86, —5.80, and —5.77
eV. Moreover, the memory device showed a high ON/OFF current ratio of 2.5 x 10* and a long retention time of 10* s. The possible
mechanism of the switching behavior was explained by the space-charge-limited-current theory and filamentary conduction. The
larger aggregation domain size of the polymer thin film processed from the mixed solvent of chlorobenzene/N,N-dimethylformamide
probably promoted the diffusion of the Al atoms into the polymer film and formed the conduction channel. Thus, it significantly
reduced the turn-on threshold voltage on the studied polymer memory devices. The present study suggested that the polymer memory
characteristics could be efficiently tuned through the pendent conjugated chain length and surface structures.
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INTRODUCTION
esistive-type memories store data based on electrical

bistability (ON and OFF states) at different voltage

bias or current. They can be memorized with digital
data by storing and discharging electrical charges. Most
memory devices are commonly fabricated by the metal
oxide technology. However, several organic and polymeric
memory materials composed of sandwiched layers exhib-
ited memory switching characteristics recently, including
small molecules (1—3), conjugated polymers (4—8), non-
conjugated polymers (functional polyimide systems (9—13)
or polymers with specific pendent chromophores 14—19),
and polymer nanocomposites (metal nanoparticle (20—23)
or fullerene (24—27) embedded). The polymer-based memory
devices had the advantages of low cost, design flexibility,
and good processability as compared to the non-organic
devices. The reported polymer memory types included
write-once-read-many times (WORM) memory (12, 16, 17),
flashmemory (13—15),and dynamicrandom access memory
(DRAM) (5, 9).
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The memory devices with two different states of conduc-
tance were realized through several proposed mechanisms
such as the charge-transfer effect (9, 13, 20, 22), trapping/
detrapping of charges (4, 5, 25), and filamentary conduction
(14, 15, 19). It was believed that the polymer structure and
morphology significantly affected the origin of the switching
mode (2, 17). One of the pioneer studies by Kang et al.
suggested that the highest occupied molecular orbital (HOMO)
level of organic donor—acceptor polymers was in charge of
the turn-on threshold voltage but the charge-transfer com-
plex stability was primarily controlled by the dipole moment
(9, 16, 18). Yang’s group demonstrated that a Au nanopar-
ticle embedded into the organic matrix could serve as a
charge-trapping acceptor, which revealed the electrical bi-
stability (20—22). Ree and his co-workers proposed the new
thermally stable polyimide to tune the memory switching
behavior with a high ON/OFF current ratio by controlling the
compliance current (10, 11) or film thickness (8, 12). Poly-
mers with the pendent electron-donating moiety, such as
poly(N-vinylcarbazole) (PVK), exhibited programmable non-
volatile memory application, and the mechanism was ex-
plained on the basis of the filament theory (14, 15). How-
ever, a systematic study on establishing the relationships
between the chemical structure, polymer morphology, and
memory characteristics has not been fully explored yet.

Polymers containing conjugated oligomers with precisely
defined chain lengths represent a model system for inves-
tigating the structure—memory characteristic relationship.
In this paper, memory devices based on polystyrene (PS)
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FIGURE 1. (a) Chemical structures of poly(St-Fl), poly(St-Fl,), and
poly(St-Fl5). (b) Geometries of the ITO/polymer/Al memory device.

derivatives para-substituted with mono-, di-, and tri(9,9-
dihexylfluorene) units were fabricated and characterized and
were denoted as (poly(St-Fl), poly(St-Fl,), and poly(St-Fls),
respectively. The chemical structures of the studied poly-
mers are shown in Figure 1a. These polymers are soluble in
common solvents, and thus uniform thin films could be
obtained by spin coating. The different pendent oligofluo-
renes of the polymers were used to probe the hole injection/
transporting barrier from the anode and turn-on threshold
voltages of the memory devices. The switching model was
analyzed by the space-charge-limited-current (SCLC) theory
and metallic filament mechanism. The different polymer
morphology was manipulated by a mixture of good (chlo-
robenzene, CB)/poor (N,N-dimethylformamide, DMF) sol-
vents and correlated to the polymer memory characteristics.
Our experimental results showed that the device perfor-
mance was controlled by both the fluorene chain length and
polymer morphology.

EXPERIMENTAL SECTION

Synthesis and Characterizations. The PS derivatives para-
substituted with sw-conjugated oligofluorene pendent moieties,
poly(St-Fl), poly(St-Fl,), and poly(St-Fls), were synthesized via
anionic polymerization, as reported by us (28). A UV—vis optical
absorption spectrum was obtained using a Hitachi U-4100
UV—vis spectrometer. The cyclic voltammograms (CVs) were
recorded on a CHI 611B electrochemical analyzer using an
indium—tin oxide (ITO) plate as the working electrode, Pt wire
as the counter electrode, and Ag/AgCl as the reference electrode.
A 0.1 M solution of tetrabutylammonium perchlorate (TBAP) in
anhydrous acetonitrile was employed as the supporting elec-
trolyte. The energy level of the HOMO was determined from
the onset oxidation (Eqnse®™) and estimated on the basis of the
reference energy level of ferrocence (4.8 V below the vacuum
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FIGURE 2. Absorption spectra of poly(St-Fl), poly(St-Fl,), and poly(St-
Fl;) thin films prepared from CB after annealing.

level) according to the following relation: HOMO = —e(Egnse™
— Eferrocere' > + 4.8) (eV). The lowest unoccupied molecular
orbital (LUMO) level was calculated from HOMO and the value
of the optical band gap according to the relation LUMO =
HOMO + Eg°" (eV) (13). The thickness of the polymer film was
measured with a Microfigure Measuring Instrument (Surforder
ET-3000, Kosaka Laboratory Ltd.). Atomic force microscopy
(AFM) micrographs of the polymer film surface were obtained
with a Nanoscope 3D Controller atomic force microscope
(Digital Instruments) operated in the tapping mode at room
temperature.

Fabrication and Measurement of the Memory Device. The
non-volatile memory device, ITO/polymer/Al, was fabricated on
precleaned glass substrates, as illustrated in Figure 1b. A total
of 10 mg/mL of a well-dissolved polymer solution was spin-
coated at 1000 rpm for 60 s onto the substrate. The monolayer
polymer thin film was then annealed at 120 °C for 3 h under
vacuum. The thickness of the thin film was determined to be
about 20 nm. Finally, the 50-nm-thick Al top electrode was
thermally evaporated through the shadow mask at a pressure
of less than 1077 Torr with a uniform rate of deposition of 3
Als. The electrical characterization of the memory device was
performed by a Keithley 4200 semiconductor parameter ana-
lyzer in an ambient atmosphere without any encapsulation. The
I=V curves of the studied devices were measured in at least
three runs during each stage to obtain the average value of the
turn-on voltage.

RESULTS AND DISCUSSION

The studied polymers, poly(St-Fl), poly(St-Fl,), and poly(St-
Fl5), for the memory device applications had similar molec-
ular weights (My) of 11 500, 10 200, and 12 000 with very
narrow distributions (PDI < 1.08), respectively. These poly-
mers were soluble in common organic solvents such as
tetrahydrofuran, chloroform, and CB but insoluble in the
polar solvents DMF and dimethyl sulfoxide. Thus, CB and
DMF served as good and poor solvents for tuning of the
polymer morphology, respectively. The high-boiling-point CB
and DMF solvents had slow evaporation speeds and might
lead to the polymer chain packing more regularly at the
annealing temperature of 120 °C, which was higher than
the glass transition temperature of the polymers (Tg in the
range of 75—78 °C).

The optical absorption spectra of the polymer thin films
prepared from CB after annealing are shown in Figure 2. The
absorption maxima of poly(St-Fl), poly(St-Fl,), and poly(St-
Fls) are observed at 318, 345, and 362 nm, respectively,
which are attributed to the 7—x* transition of the fluorene
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FIGURE 3. Cyclic voltammograms of poly(St-Fl), poly(St-Fl,), and

poly(St-Fl5) in a 0.1 M TBAP/acetonitrile solution at a sweep rate of
100 mV/s.
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FIGURE 4. Typical I—V curves of poly(St-Fl), poly(St-Fl,), and poly(St-
Fl5) thin film (prepared from a CB solution) memory devices.
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moiety (28). The red-shifted spectrum with increasing pen-
dent fluorene chain length is attributed to the enhanced
m-electron delocalization. The optical band gaps of poly(St-
Fl), poly(St-Fl,), and poly(St-Fl5) estimated from the onset
optical absorbance are 3.57, 3.20, and 3.05 eV, respectively.
Figure 3 shows the CVs of the studied polymer filmsina 0.1
M TBAP/acetonitrile solution at a sweep rate of 100 mV/s.
The energy level of the HOMO was determined from the
onset oxidation (Eqnsei”), assuming that the absolute energy
of the level of Fc/Fct was 4.8 eV below a vacuum. The
HOMO energy levels of poly(St-Fl), poly(St-Fl,), and poly(St-
Fl;) are estimated to be —5.86, —5.80, and —5.77 eV,
respectively. This suggests that the HOMO level is enhanced
with an increase in the pendent fluorene chain length and
thus leads to better hole transport ability, similar to that
reported in the literature (29). On the other hand, the LUMO
energy levels of poly(St-Fl), poly(St-Fl,), and poly(St-Fls) are
—2.29, —2.60, and —2.72 eV, respectively, which are esti-
mated from the difference between the HOMO level and
optical band gap.

For the memory device, the polymers were dissolved in
CB and spin-coated as thin films on the ITO glass. The
polymer thickness was controlled at about 20 nm with
reproducible switching. All of the electrical properties of the
devices were measured at room temperature under an
ambient atmosphere. Figure 4 shows the typical current—
voltage (I—V) characteristics of the ITO/polymer/Al device,
which are exhibited on a semilogarithmic scale. For com-
parison, a PS homopolymer shows a low current (<1078 A)
even with an increase in the applied voltage. This suggests
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that the PS-based device acts as an insulator without any
memory effect (19, 27). By introduction of the pendent
fluorene moieties, poly(St-Fl), poly(St-Fl,), and poly(St-Fl5)
exhibit an interesting non-volatile memory and only change
in the applied writing voltage. By taking the case of poly(St-
Fl) as a example, the device is scanned through four voltage
sequences: 0 to 4.0 V (first stage; write), 0 to 4.0 V (second
stage; read), 0 to —5.0 V (third stage; erase), and 0 to —5.0
V (fourth stage; read) in steps of 0.2 or 0.1 V. The pristine
device exhibits a low conductivity of 107¢ A at a low voltage
of 1.0 V. As the positive voltage sweeps from 0 to 4.0 V (first
stage), the current increases as the applied bias is enhanced.
The device makes a sharp transition from the OFF state (low
conductivity) to the ON state (high conductivity) roughly at
the turn-on threshold voltage of 2.8 V. This electronic
transition is viewed as the writing operation. The device
remains in the ON state during the voltage sweep of the
second stage and does not degrade to the initial state even
after the power is turned off for at least 30 min. The electrical
bistable poly(St-FI) shows a maximum ON/OFF current ratio
of 2.5 x 10% at 1.0 V. As the negative bias sweeps continu-
ously from 0 to —5.0 V (third stage), the device switches back
to the initial state with an abrupt current decrease of —4.0
V, indicating the erasing operation for the memory device.
When the negative bias is subsequently applied (fourth
stage), the device remains at a low conductivity. The bias
can be further controlled by the same four stages, and the
device exhibits reversible switching behavior between the
ON and OFF transition. This typical bipolar nature can only
be written on a positive bias and erased on a negative bias
as verified several times. Therefore, poly(St-Fl), poly(St-Fl),
and poly(St-Fl5) could be flash-type memory devices with
different turn-on threshold voltages of 2.8, 2.0, and 1.8 V,
respectively. The above variation on the turn-on voltage may
be explained as below. In the ITO/polymer/Al device, the
energy barrier for the hole injection from the electrode to
the active polymer layer (difference between the work
function of ITO and the HOMO energy of the polymer) is
estimated to be 0.97—1.06 eV. However, the energy barrier
for the electron injection from the electrode to the active
polymer layer (difference between the work function of Al
and the LUMO energy of the polymer) is around 1.48—1.91
eV. Therefore, the charge conduction process of the memory
device is mainly dominated by the hole injection. The lowest
turn-on voltage of the poly(St-Fl3) memory device is mainly
attributed to the smallest hole injection barrier of 0.97 eV.

The double-logarithmic [—V characteristics shown in
Figure 5 are used to examine the electrical switching behav-
ior. In the OFF state, the slope changes with increasing
voltage bias as below: 1.0 (<0.6 V) and 2.0 (>0.6 V), indicat-
ing a transition from the ohmic to SCLC transport (23, 30, 31).
At low voltages (<0.6 V), the hole begins to inject into the
polymer thin film from the ITO and the current increases
linearly with the voltage bias (ohmic conduction). The space
charge accumulates with increasing voltage (>0.6 V) and is
controlled through thermally active hopping conductions
(7, 30, 31). After exceeding the turn-on threshold voltages,
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FIGURE 5. Log—log I-V plot of the ON and OFF states based on the
ITO/poly(St-Fl;)/Al memory device.
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FIGURE 6. Current switching of the ITO/poly(St-Fl)/Al memory device
during WRER cycles with the corresponding applied voltages.

the current increases sharply around 4 orders of magnitude
to a high-conductivity state, which indicates the formation
of the metallic filament (14, 15, 32). The Al atoms with
sufficient energy migrate inside the polymer layer, and the
current flows between the upper Al and bottom ITO elec-
trodes during the writing process. The linear I—V relationship
during the ON state is regarded as the formation of conduc-
tive filaments in the device. However, the ON current is
insensitive to the three device areas (0.4 x 0.4, 0.5 x 0.5,
and 0.6 x 0.6 mm?), and thus the controlled formation and
rupture of the filament conduction is probably responsible
for the above memory effect (8, 11). As a result, both the
SCLC model and filament conduction contribute to the
switching behavior of the studied polymer memory devices.
The ON/OFF switching of PVK (14, 15) and conjugated
polymer (7, 8) memory devices was also found to be
governed by the SCLC conduction and heterogeneous fila-
ment mechanism.

Programmable cyclic duration was performed by repeat-
ing the write-read-erase-reread (WRER) cycles. Figure 6
shows the voltage stressed on the device and the associate
current response with the applied voltage. The voltages of
write, read, erase, and reread for the poly(St-Fl)-based
memory device are 3.0, 1.0, —4.0, and 1.0 V, respectively.
The currents are recorded on the turn-ON, read-ON, turn-
OFF, and read-OFF states. The duration of each WRER cycle
remains constant at around 6 s with reproducible switching.
The set of cyclic tests is continuously repeated, and the
rewriting ability with the high ON/OFF current ratio confirms
that the poly(St-Fl)-based device exhibits the non-volatile
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FIGURE 7. Retention times of the ON and OFF states of the ITO/
poly(St-Fl)/Al memory device.
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FIGURE 8. Typical I-V curves of poly(St-Fl), poly(St-Fl,), and poly(St-
Fl5) thin film (prepared from the CB/DMF mixed solvent) memory
devices.

flash-type memory characteristic. Poly(St-Fl,) and poly(St-
Fl5) also exhibit cyclic operations similar to that of poly(St-
Fl). The difference in the oxidation stability causes the
poly(St-Fls)-based device to only operate at 3—5 cycles. The
retention time test on the memory device of poly(St-Fl) for
the ON and OFF states is shown in Figure 7. Initially, the
memory device starts to turn-ON or -OFF to a high or low
conductivity state. The readout voltages of the ON and OFF
states are 1.0 and —1.0 V, respectively. The current in both
states does not change without any obvious degradation and
is stable for at least 10* s. Similarly, the memory devices of
poly(St-Fl,) and poly(St-Fls) also maintain a good stability.

The performance of the memory device could be further
improved by manipulating the polymer morphology through
variation i the solvent polarity. Manipulation of the polymer
morphology through the mixed solvent method has been
widely reported in the literature (33—35). In this study, the
synthesized polymers were well-dissolved in a pure good
solvent (CB) and dropped into a poor solvent (DMF) with
stirring. The optimizing CB/DMF ratio was about 9:1 (v/v) for
the purpose of achieving a homogeneous polymer solution.
All of the procedures and conditions of device fabrication
were the same. Figure 8 shows the I—V characteristics of the
polymer memory device prepared from the CB/DMF (9:1,
v/v) solution. The current increased around 4—5 orders of
magnitude from the initial OFF state to the high ON state,
followed by the erasing process in the next voltage sweep.
The device still exhibited a flash-type switching memory
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FIGURE 9. AFM height images (5 x 5 um?) of a poly(St-Fls) thin film
prepared from (a) CB and (b) CB/DMF (9:1, v/v) for the memory
device.

behavior. However, it was found that the addition of a poor
solvent into the pristine polymer solution allowed tuning
of the turn-on threshold voltage. The switching voltages
of poly(St-Fl), poly(St-Fl,), and poly(St-Fl5) films were
prepared from the CB/DMF mixed solvent changes from
2.8to 1.8V, from 2.0to 1.9V, ans from 1.5 to 1.0V,
respectively. The above result suggests that the switching
threshold voltage is efficiently tuned by a change of the
solvent power. Figure 9 shows the AFM images of the poly-
mer thin films from the mixed solvent. Compared to the
poly(St-Fl5) thin film prepared from the CB solution (Figure
9a), a larger aggregation domain size from the CB/ DMF (9:
1, v/v) solution is observed in Figure 9b. The root-mean-
square roughness estimated from Figure 9b is about 1.450
nm, which is larger than 0.232 nm from Figure 9a. The Al
metal atoms diffused inside the polymer layer probably
increase with the larger poly(St-Fls) aggregated domain and
form the continuous electrical conduction channel (2, 17),
which indeed enhances the switching conduction. The above
result suggests the importance of polymer morphology in
realizing the memory effect in addition to the conjugated
chain-length effect.

CONCLUSIONS

In this study, we demonstrated the programmable
switching non-volatile memory device fabricated from PS
derivatives containing pendent oligofluorene moieties.
Longer pendant chain lengths enhanced the HOMO level
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and thus reduced the turn-on threshold voltage. Moreover,
the memory device showed a high ON/OFF current ratio
of 2.5 x 10* and a long retention time of 10" s. The
possible mechanism of the switching behavior was ex-
plained by the SCLC theory with filamentary conduction.
The feasible results of the WRER cycle were also repro-
ducibly observed on the studied memory device. The turn-
on voltage of the studied memory devices could be further
reduced by an increase in the aggregation domain size
based on the mixed solvent approach. The present study
suggested that the polymer memory characteristics could
be efficiently tuned through the pendant conjugated chain
length and surface structures.
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