
OPEN

ORIGINAL ARTICLE

New photopatternable polyimide and programmable
nonvolatile memory performances

Suk Gyu Hahm, Samdae Park and Moonhor Ree

We report the first photopatternable, nonvolatile memory consisting of high-temperature polyimide (PI), poly

(hexafluoroisopropylidenediphthalimide-4-cinnamoyloxytri-phenylamine) (6F-HTPA-CI), and we demonstrate the successful

fabrication and programmable operation of ‘write-read-erase’ memory devices based on nanoscale thin films of 6F-HTPA-CI.

The PI thin film enables scalable fine patternability, providing lines and spaces with excellent pattern fidelity. Isolated individual

memory devices were successfully fabricated on a bottom electrode via a sequential process of coating, photopatterning, top

electrode deposition, developing, rinsing and drying. The 6F-HTPA-CI cells exhibited excellent nonvolatile memory performances

in three different modes (unipolar permanent, unipolar flash and bipolar flash memories), regardless of photo-exposure doses.

The switching-ON (writing) voltage was in the range of ±1.5 to ±2.0 V, and the switching-OFF (erasing) voltage was in the

range of ±0.3 to ±0.8 V; these voltages are quite low, indicating that power consumption by the devices during operation is

low. The ON/OFF current ratio of the devices was in the range of 104–109. Overall, the photopatternable PI 6F-HTPA-CI opens

up the possibility of low-cost mass production of high-performance, high-speed, energy-efficient, permanent or rewritable

high-density nonvolatile polymer memory devices suitable for future advanced electronics in highly integrated systems.
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INTRODUCTION

Electrically nonvolatile memory materials have recently attracted
considerable attention because of their broad applicability in future
microelectronic devices such as flexible displays, electronic skin,
radio-frequency identification or near-field communication tags and
wearable stretchable sensors into which memory devices are
incorporated.1–5 The integration of memory chips with logic chips,
displays and sensors in a single, flexible platform is one of the most
important challenges for the realization of future microelectronics.4,5

Resistive random access memory produced from silicon- or metal-
oxide-based materials is an emerging class of high-performance
nonvolatile memory.6,7 However, these memory materials are
mechanically incompatible with flexible, bendable or stretchable
substrates because of their stiff and brittle nature.
Organic small-molecule-based nonvolatile memory materials have

been proposed as alternative candidates for flexible data-storage
devices.8–13 However, this approach has been found to have restric-
tions such as insufficient mechanical stretchability due to the weak and
brittle nature of the material and poor interfacial adhesion, long
process times, low-cost efficiency due to high-temperature evaporation
in vacuum and limited area deposition, and material degradation.8–13

By contrast, polymeric memory materials offer significant
advantages, such as superb processability and excellent printability
over large areas, enabling the cost-effective mass production of

electronics. Moreover, their superior flexibility, toughness,
dimensional stability and device properties can be easily tuned by
tailoring their chemical structures during synthesis.14–31 However, the
realization of high-density polymeric memory devices in a low-cost
manner is highly constrained by the fact that the majority of reported
polymeric memory materials will readily degrade or dissolve upon
exposure to the solvents or wet chemicals used in multilayer device
fabrication processes.21–25 Although some of these materials have high
dimensional and mechanical stability, their film forms are not
sufficiently resilient to survive the device fabrication process.31–33

Furthermore, they all lack patternability and thus can be patterned
only with the aid of photoresist-based lithography techniques,
significantly increasing the number of steps and the cost of device
fabrication. Therefore, there is still an urgent need for low-cost
printable, patternable, multi-stackable memory materials that are
suitable for the fabrication of high-density memory devices and
further integration with other electronic devices of various
functionalities.
In this study, our aim was the molecular design and synthesis

of a novel digital memory polymer that can exhibit multiple
functionalities, such as solution processability, patternability, post-
insolubility (that is, becoming insoluble after patterning process),
the capability of multilayer stacking, dimensional stability, thermal
stability and electrically nonvolatile memory performance, which are
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required for the production of high-density and high-performance
memory devices. At the molecular design stage, a soluble,
high-temperature polyimide (PI) was considered as the polymer
backbone because it can provide solution processability, dimensional
stability and thermal stability.16,17,33,34 A photocrosslinkable function-
ality was also considered. Such a functionality can provide both
large-area printability and photopatternability as a noncontact,
negative-tone lithography tool. This functionality can further lead to
highly enhanced dimensional, chemical and thermal stabilities as well
as mechanical strength by means of photocrosslink formation through
the photopatterning process. This functionality can also provide
a multilayer stacking capability via the photopatterning process and
photoreaction-induced insolubilization. Moreover, this functionality
can offer another great benefit, namely, the formation of isolated
rather than interconnected memory cells from neighboring ones by
means of fine patterning, enabling a significant reduction in crosstalk
and current leakage, which is crucial for high-speed devices with
low-energy consumption. For materials with such photocrosslinkable
functionalities, there are several options, such as acryl, methacryl,
cinnamoyl, stilbenyl and coumarinyl.35–44 Finally, electrical memory
function was considered. For the incorporation of electrical memory
function, several candidate functional groups exist, including
carbazolyl, aminotriphenyl, anthracenyl, fluorenyl, fullerenyl and
aliphatic π-conjugations.14–18
As a result of the molecular design and synthesis effort described

above, we here introduce a new photopatternable, digital-memory-
programmable, high-temperature PI, poly(hexafluoroisopropylidene-
diphthalimide-4-cinnamoyloxytriphenylamine) (6F-HTPA-CI), and
we demonstrate the successful fabrication and programmable opera-
tion of ‘write-read-erase’ memory devices based on nanoscale thin
films of 6F-HTPA-CI. These PI thin films exhibit scalable fine
patternability, providing lines and spaces with excellent pattern
fidelity. Isolated individual memory devices were successfully
fabricated on a bottom electrode via a sequential process of coating,
photopatterning, top electrode deposition, developing, rinsing and
drying. The 6F-HTPA-CI cells exhibited excellent nonvolatile memory
performances in three different modes (unipolar permanent memory,
unipolar flash memory and bipolar flash memory), regardless of
photo-exposure doses. The switching-ON (writing) voltage was in the
range of ± 1.5 to ± 2.0 V, and the switching-OFF (erasing) voltage was
in the range of ± 0.3 to ± 0.8 V; these voltages are quite low, indicating
that power consumption by the devices during operation is low. The
ON/OFF current ratio of the devices was in the range of 104− 109.
Overall, the photopatternable PI 6F-HTPA-CI opens up the possibility
of low-cost mass production of high-performance, high-speed,
energy-efficient, permanent or rewritable high-density nonvolatile
polymer memory devices suitable for future advanced electronics in
highly integrated systems.

MATERIALS AND METHODS

All chemical compounds were purchased from Aldrich (St Louis, MO, USA)
and used as received unless stated otherwise. The 6F-HTPA-CI was synthesized
in dimethylacetamide as described in the Supplementary Scheme S1 and
Supplementary Figure S1. For the polymer synthesized in dimethylacetamide
with a concentration of 0.10 g dl− 1, the inherent viscosity was measured at 25 °
C using an Ubbelohde suspended-level capillary viscometer (LK Lab Korea,
South Yangju, South Korea). The polymer was characterized using an
ultraviolet (UV)–visible absorption spectrometer, a thermogravimeter, a
differential scanning calorimeter and an electrochemical workstation
(Supplementary Information). For the fabrication of polymer memory devices,
a homogeneous PI solution (1.0 wt%) was prepared in cyclopentanone and
then filtered using polytetrafluoroethylene-membrane-based micro-filters with

a pore size of 0.45 μm. Al/6F-HTPA-CI (unexposed or exposed to UV light)/Al
devices were fabricated via the following process. First, 300 nm-thick aluminum
layers were evaporated onto precleaned bare silicon wafers serving as bottom
electrodes. The filtered PI solution was spin-coated onto the bottom electrodes.
Then, the films were dried for 12 h in a vacuum oven at 100 °C and cooled to
room temperature. The thicknesses of the obtained PI films were measured
using a spectroscopic ellipsometer (model M2000, Woollam, Lincoln, NE,
USA). Subsequently, the polymer films were exposed to UV light from a high-
pressure Hg lamp to form patterns using shadow masks. Finally, an Al top
electrode (300 nm) was deposited on top of each PI film layer via thermal
evaporation with shadow masks in vacuum (10− 6 torr). I−V measurements
were conducted using a Keithley 4200 semiconductor analyzer (Cleveland, OH,
USA) with a maximum current compliance of 0.105 A. All experiments were
performed at room temperature in ambient air.

RESULTS AND DISCUSSION

Polymer synthesis and photopatterning
6F-HTPA-CI was successfully synthesized in a four-step manner,
as shown in Supplementary Scheme S1; the details of the synthesis
are given along with the chemical characterization data (Supple-
mentary Figure S1) in Supplementary Information. The 6F-HTPA-CI
PI was measured to have an inherent viscosity of 0.78 dl g− 1 at 25 °C;
a PI solution of 0.10 g dl− 1 in dimethylacetamide was used for
the viscosity measurement. The glass transition temperature, Tg, was
261 °C, and the degradation temperature, Td, was 365 °C
(Supplementary Figure S2). No melting transition was observed
below Td. These results collectively confirmed that the synthesized
PI polymer was a dimensionally stable, amorphous polymer below
261 °C. The PI polymer was soluble in common solvents such
as cyclopentanone, dimethyl sulfoxide, N-methyl-2-pyrrolidone
and dimethylacetamide, producing high-quality thin films (with a
surface roughness of 0.1− 0.6 nm, depending on the substrate)
via conventional solution-coating processes.
In film form (60.4 nm thick), the PI polymer exhibited an

absorption maximum at a wavelength of 283 nm (= λmax) in
UV–visible spectroscopy, which was attributed to the CI chromophore
moieties in the polymer (Supplementary Figure S3). This absorption
peak drastically changed in intensity under exposure to UV light
(260–380 nm). The absorption peak intensity abruptly decreased
in the early stages of photo-exposure and then decreased more
slowly with increasing exposure energy up to 3.0 J cm− 2. Thereafter,
the absorption intensity level remained constant as the exposure
dose was further increased to 9.0 J cm− 2. These results collectively
indicated that the CI moieties of the PI polymer in the film underwent
a favorable photocrosslinking reaction (Figure 1a).
Figure 1b shows a representative contrast curve of 6F-HTPA-CI in

film form. During the lithographic process, the remaining film
thickness was 40% for films exposed to UV at 0.5 J cm− 2, 67% for
films exposed to UV at 2.0 J cm− 2 and 83% for films exposed to
UV at 5.0 J cm− 2 or higher (up to 9.0 J cm− 2); the initial film
thickness was 60 nm. In addition, lines (1 μm spaces and widths)
and dots (25 μm in radius) were successfully patterned via the
lithographic process with the aid of UV exposure and patterned
masks, as shown in the insets of Figure 1b. These results collectively
confirmed that the CI moieties of the developed PI polymer undergo
a favorable photocrosslinking reaction and then insolubilize the
UV-exposed regions of the film, demonstrating excellent photopat-
ternability (that is, negative-tone photopatternability).

Polymer memory characteristics
For memory device fabrication, we used shadow masks with
open circular dots (with diameters ranging from 50 to 100 μm) or
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open rectangular dots (with areas ranging from 100× 100 μm2 to
500× 500 μm2). The thin 6F-HTPA-CI films were sandwiched as
active layers between top and bottom electrodes via a sequential
process of PI solution coating, UV exposure, metal deposition,
developing with cyclopentanone, rinsing with isopropyl alcohol
and drying under blowing nitrogen gas (Figure 1c). Optical
microscopy images of the patterned PI memory devices with a top
electrode of 50 μm in diameter are displayed in Figure 1d.
The as-fabricated PI film initially exhibited a high-resistance

state (that is, an OFF state), as shown in Figure 2a. When a negative
voltage was applied with a compliance current of 0.01 A, the PI film
underwent a sharp electrical transition from the OFF state into the
ON state at approximately − 1.52 V (=Vc,ON, switching-ON voltage).
This ON state was preserved even after the power was turned off or
during a forward voltage sweep at the same compliance current level
(0.01 A). These results collectively demonstrated that the as-fabricated
PI film exhibited write-once read-many-times memory behavior
(that is, a characteristic of permanent memory). When a negative
voltage was again applied with the compliance current increased

to 0.1 A (higher than that in the first voltage sweep), however, the
PI film underwent a sharp electrical transition from the ON state to
the OFF state at approximately − 0.40 V (=Vc,OFF, switching-OFF
voltage). Consequently, the PI film further exhibited the ability to be
operated in a flash memory mode by changing the compliance
current. The ON/OFF current ratio of the PI film devices was in the
range of 105 – 108, depending on the level of the turn-on compliance
current and the reading voltage. Similar ON- and OFF-switching
behaviors were observed in a positive voltage sweep (Figure 2b).
Overall, the as-fabricated PI films demonstrated unipolar switching
behaviors in two different modes, namely, nonvolatile flash and
permanent memory modes, with and without changes in the
compliance current settings, respectively.
PI films that were photo-exposed at 0.5 J cm− 2 exhibited unipolar

switching behaviors in dual modes (Figure 2c and d), similar to
those observed for the as-fabricated PI films. The switching-ON
voltage was approximately − 1.47 V in the first negative voltage sweep
with a 0.01 A compliance current and +1.30 V in the first positive
voltage sweep. The switching-OFF voltage was − 0.65 V or +0.65 V in

Figure 1 6F-HTPA-CI PI. (a) Chemical structure and photoreaction scheme of 6F-HTPA-CI in thin films. (b) photolithographic contrast curve of 6F-HTPA-Cl
films (inset: scanning electron microscopy images of patterned PI films: (left) top view of a line pattern with 1 μm line widths and spaces; (right) top view of
a dot pattern with a 50 μm dot diameter). (c) Schematic illustration of the memory device fabrication process employed in this study. (d) optical microscopy
images of patterned 6F-HTPA-CI PI memory device cells that were fabricated via the sequential process depicted in c ((left) top view of the cells; (right)
memory cell under magnification). 6F-HTPA-CI, poly(hexafluoroisopropylidenediphthalimide-4-cinnamoyloxytri-phenylamine) (6F-HTPA-CI); PI, polyimide.
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a voltage sweep at 0.1 A. The ON/OFF current ratio of the devices was
in the range of 105− 109. Similar switching behaviors were demon-
strated by PI films photo-exposed at higher energy doses (1.5 and
5.0 J cm− 2), as shown in Figure 2e–h. The results collectively
confirmed that the nonvolatile memory characteristics of the PI films
were not influenced by the UV exposure (that is, UV-induced
crosslinking reactions) associated with the photolithographic pattern-
ing process.
Interestingly, the 6F-HTPA-CI films further exhibited bipolar

characteristics. As shown in Figure 3a, the ON state that was achieved
in a first negative voltage sweep at a compliance current of 0.01 A
could be switched to the OFF state by a positive voltage sweep at
a compliance current higher than that used in the first sweep.
Similarly, the ON state generated in a first positive voltage sweep
could be turned off by a negative voltage sweep at a compliance
current higher than that used in the first sweep (Figure 3b).
We investigated these devices’ ability to write, read and erase

data, which is required in nonvolatile memory devices. Figure 4a
shows the variations in Vc,ON, Vc,OFF and the turn-OFF current for
a 6F-HTPA-CI film that was UV-exposed at 5.0 J cm− 2 during voltage
sweep cycles. As the Vc,ON value varied in the range of +1.57 to
+1.92 V and the Vc,OFF value varied in the range of +0.37 to +0.58 V,
depending on the number of voltage sweep cycles, the turn-OFF
current varied over the range of 0.032–0.039 A; these values are
much lower than the compliance current (0.1 A) required for the
switch-OFF process but slightly higher than that (0.01 A) required
for the switch-ON process in the first voltage sweep. Overall, the

variations in Vc,ON were larger than those in Vc,OFF. These results can
be understood as follows. During the switch-ON process (that is, the
writing or ‘Set’ process; Figure 2), a constant compliance current of
0.01 A is required, which could limit variations in the resistance of the
ON state and further lead to small variations in Vc,OFF. By contrast,
during the turn-OFF process (that is, the erasing or ‘Reset’ process),
more random disruption of the conducting paths occurs, which could
cause some variations in the resistance of the OFF state and somewhat
larger variations in Vc,ON.
To investigate the influence of the turn-ON compliance current on

the turn-OFF current, we further tested the 6F-HTPA-CI films by
changing the turn-ON compliance current at regular intervals. As the
turn-ON compliance current increased, the current required to switch
off the device was found to increase (Figure 4b). In addition, as the
turn-ON compliance current increased, the resistance of the ON state
decreased. However, both the Vc,ON level and the Vc,OFF level showed
relatively little variation with the changing turn-ON compliance
current (Figure 4a). These results can be understood as follows.
As the turn-ON compliance current is increased, more carriers
become trapped near the electrode before the transition between the
OFF and ON states occurs. These trapped carriers result in an increase
in the number of conducting pathways and in the turn-OFF current.
Accordingly, when the turn-ON compliance current is fixed, the
turn-OFF current is likely to remain constant. To confirm this, the
reliabilities of the turn-ON and turn-OFF voltages and the turn-OFF
current were tested at a fixed turn-ON compliance current (0.01 A)
by repeating the switching process. These tests confirmed that the
turn-ON and turn-OFF voltages as well as the turn-OFF current
remained almost constant when a positive bias was applied
(Figure 4a). Similar switching behaviors were observed under
the application of a negative bias (data not shown). This reliable
current-controlled electrical switching behavior of the PI film memory
devices can be understood by considering charge-trapping and
hopping process driven by the electroactive HTPA moieties in the
film: the HTPA moieties can act as charge-trapping sites as well as
stepping stones for the charge-hopping process.
Figure 5 presents representative results of electrical stability (that is,

retention) tests that were conducted in ambient air by alternately
applying a reading voltage of +0.8 V and 0.0 V for a pulse duration
of 5 ms. Once the device was switched into the ON state by applying
a voltage of 2.0 V with a compliance current of 0.01 A, the ON state
was retained without any degradation for the test period of 1.0 × 104 s.
Moreover, it was confirmed that the device could maintain such an
ON state for four months to one year. When the ON state
was switched back to the OFF state by applying a voltage of 1.0 V

Figure 2 Unipolar I–V characteristics of Al/6F-HTPA-CI (61.3−65.2 nm
thick)/Al devices. (a, b) As-fabricated PI film. (c, d) PI film exposed to UV at
0.5 J cm−2. (e, f) PI film exposed to UV at 1.5 J cm−2. (g, h) PI film
exposed to UV at 5.0 J cm−2. The sizes of the cells ranged from 100×100
to 500×500 μm2. 6F-HTPA-CI, poly(hexafluoroisopropylidenediphthalimide-
4-cinnamoyloxytri-phenylamine) (6F-HTPA-CI); UV, ultraviolet.

Figure 3 Bipolar I–V characteristics of Al/6F-HTPA-CI (61.3 nm thick,
UV-exposed at 5.0 J cm−2)/Al devices. The first and second voltage sweeps
were performed with a compliance current of 0.01 A, whereas the third
sweep was performed with a compliance current of 0.1 A. 6F-HTPA-CI,
poly(hexafluoroisopropylidenediphthalimide-4-cinnamoyloxytriphenylamine)
(6F-HTPA-CI); UV, ultraviolet.
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with a compliance current of 0.1 A, the OFF state was also found to be
well retained without any degradation over the entire test period and
even for 4 months to 1 year. Overall, the devices exhibited excellent
reliability even in ambient air.
The highest occupied molecular orbital (EHOMO) and lowest

unoccupied molecular orbital (ELUMO) of the PI film were determined
to be − 5.69 and − 2.25 V, respectively, via cyclic voltammetry
(Supplementary Figure S4). In an Al/6F-HTPA-CI/Al device, the
energy barrier for hole injection from the electrode to the active
PI layer was estimated to be 1.47 eV from the work function (Φ) of
Al (−4.20 eV) and the EHOMO of the active layer; the energy barrier
for electron injection from the electrode to the active layer was
estimated to be 1.95 eV from the Φ of Al and the ELUMO of the
active layer. These results indicate that the conduction process in the
device is dominated by hole injection.
To understand the electrical switching characteristics of the

PI devices, the measured I−V data were further analyzed in detail
using various conduction models.45–49 The I−V data for the OFF state
could be satisfactorily fitted with a trap-limited space-charge-limited
conduction model, whereas those for the ON state could be well
fitted with an ohmic conduction model (Supplementary Figure S5).
Further information about the charge transport mechanisms were
obtained from temperature-dependent measurements (Supplementary
Figure S6). The OFF-state currents that were measured for varying

temperatures at a given voltage were found to be well fitted by
a thermally activated transport model with an activation energy (Ea)
of 1.51 eV (Supplementary Figure S7); the ON-state currents exhibited
slightly metallic behavior.49

The above results collectively suggested that the excellent
nonvolatile memory behaviors of the PI films are governed by
trap-limited space-charge-limited conduction and hopping processes.
In terms of its chemical composition, the PI chain is composed of
an oxytriphenylamine unit (electron donor, that is, hole transporter),
a cinnamoyl end group (electron acceptor), two trifluoromethyl
groups (electron acceptors) and two imide ring units (electron
acceptors) per repeat unit. These units and groups may act as
charge-trapping sites because of their inductive nature. However,
their role and capacity as charge-trapping sites may be highly
dependent upon strong support from any possible resonance effect.
Considering the hole-injection-driven nature of the conduction
process and the possible aid of a resonance effect, the oxytripheny-
lamine moieties among the chemical units and groups could play
a key role in the observed nonvolatile memory behaviors. When an
increasing voltage bias is applied, charges could become trapped in
the trap sites until the sites’ full capacity is filled (that is, very close
to Vc,ON), and above Vc,ON, charges could become able to move
through the trap sites (which would serve as stepping stones)
by means of a hopping process, resulting in a current flow between
the bottom and top electrodes under a given compliance current.
When the compliance current is set at a higher level (for example,
0.1 A) than the initial turn-ON compliance current (0.01 A), a greater
number of charges can flow through the previously charge-trapping
sites that are serving as paths through the hopping process.
Such excessive charge injection and current flow may produce heat
at the charge-trapping sites and further induce repulsive Coulomb
interactions between the locally trapped charges, leading to disruption
of the hopping paths that had previously formed under the voltage
sweep at a lower compliance current and ultimately returning the
device to the OFF state.

CONCLUSION

6F-HTPA-CI exhibits facile solution processability and excellent
photopatternability, producing high-quality nanoscale thin films and
high-performance electrical memory cells. Our photopatterned

Figure 4 Al/6F-HTPA-CI (61.3 nm thick, UV-exposed at 5.0 J cm−2)/Al
devices. (a) variations in Vc,ON (turn-ON voltage), Vc,OFF (turn-OFF voltage)
and turn-OFF current during voltage sweep cycles, where in every cycle, the
first sweep was performed with a compliance current of 0.01 A from 0 to
+2.9 V to switch on the device, the second sweep was performed with the
same compliance current from 0 to +2.9 V to maintain the ON state of the
device, and the third sweep performed with a compliance current of 0.1 A to
switch off the device from its ON state. (b) Turn-off current and resistance
variations with a changing turn-ON compliance current. 6F-HTPA-CI,
poly(hexafluoroisopropylidenediphthalimide-4-cinnamoyloxytri-phenylamine)
(6F-HTPA-CI); UV, ultraviolet.

Figure 5 Long-term (that is, retention time) responses of the ON and OFF
states of Al/6F-HTPA-CI (61.3 nm thick, UV-exposed at 5.0 J cm−2)/Al
devices probed by alternately applying a reading voltage of +0.8 and 0.0 V
for a pulse duration of 5 ms. The ON state (‘write’) was induced using a
turn-ON compliance current of 0.01 A by applying a voltage of +2.0 V,
whereas the OFF state (‘erase’) was reinstated by applying a voltage of 1.0 V
with a turn-OFF compliance current of 0.1 A. 6F-HTPA-CI,
poly(hexafluoroisopropylidenediphthalimide-4-cinnamoyloxytri-phenylamine)
(6F-HTPA-CI); UV, ultraviolet.
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6F-HTPA-CI cells demonstrated three different modes of nonvolatile
memory behavior: (i) unipolar write-once read-many-times memory,
(ii) unipolar flash memory and (iii) bipolar flash memory. All devices
could be operated at a very low power, with a voltage of less than
± 2.0 V; the ON/OFF current ratio was in the range of 104− 109

depending on the levels of the turn-ON compliance current and the
reading voltage. The cells further exhibited excellent reliability even in
ambient air. Overall, the photopatternable PI 6F-HTPA-CI is very
suitable for future energy-efficient, high-speed and high-density
nonvolatile memory devices.
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