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© We demonstrate multilevel data storage in organic ferroelectric resistive memory diodes consisting of

. aphase-separated blend of P(VDF-TrFE) and a semiconducting polymer. The dynamic behaviour of the
organic ferroelectric memory diode can be described in terms of the inhomogeneous field mechanism
(IFM) model where the ferroelectric components are regarded as an assembly of randomly distributed

. regions with independent polarisation kinetics governed by a time-dependent local field. This allows us

. towrite and non-destructively read stable multilevel polarisation states in the organic memory diode

. using controlled programming pulses. The resulting 2-bit data storage per memory element doubles the
storage density of the organic ferroelectric resistive memory diode without increasing its technological
complexity, thus reducing the cost per bit.

There is currently significant research interest in resistive polymer switching driven by the desire for non-volatile,
reprogrammable memory for ubiquitous, low-cost computing systems. Ferroelectric polymers such as poly(vi-
. nylidene fluoride) (PVDF) and its copolymers with trifluoroethylene (TrFE), P(VDE-TrFE), can be switched
. by an external electric field between two polarisation states with a relatively large remanent polarisation of
0.05-0.1 C/m?. Many groups have studied the ferroelectric properties of these materials in thin-film capacitors'~’
and transistors®!* for memory applications. In 2008, Asadi et al. used phase-separated blends of P(VDF-TrFE)
and semiconducting polymers to realise a bistable resistive memory diode'®-'8. In this diode, the semiconduct-
ing polymer forms a resistive pathway from one electrode to the other that can be modulated via the ferroelec-
. tric polarisation of P(VDF-TrFE). This diode combines the appealing features of P(VDF-TrFE) with those of a
. memory diode (i.e., rectification and non-destructive resistive readout), thereby enabling simple yet high-density
crossbar array integration'®%°. Recently, a 32 x 32 crossbar array has been fabricated using these bi-stable diodes?'.
In this 1-kb array, each crossing of electrode lines defines a memory cell that can store a single bit of information.
: The inherent problem with low-cost processing is the resulting relatively low areal density. This drawback can
© be partially mitigated by exploiting the fact that ferroelectric materials generally offer the capability of partial
switching, enabling the storage of multiple bits per memory element®?-2*, However, multilevel data storage gen-
erally requires either complex addressing methods, in the form of voltage or current modulation, or additional
complex processing steps'>?2-4, This study presents a novel multi-bit scheme that allows for non-destructive
readout and simple pulsed writing; this is made possible via a thorough characterisation of the dynamic response.
The switching time depends exponentially on the applied electric field, and the coercive fields are found to
depend on the polarising time. We demonstrate that the ferroelectric response is primarily controlled by a statis-
tical distribution of the local electric field rather than by a temporal law of local polarisation switching, i.e., the
. electric-field dependence can be explained in terms of the inhomogeneous field mechanism (IFM) model that
. has been established for a wide range of disordered ferroelectrics®*~°. These insights introduce the possibility of
. multilevel polarisation (MLP) states, which are demonstrated in the diodes investigated in this study. Four stable
© polarisation states can be programmed and read out repeatedly in a single memory diode. The resulting 2-bit
© data storage per memory element doubles the storage density of the organic ferroelectric resistive memory diode
. without increasing its technological complexity, thus reducing the cost per bit.
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Figure 1. (a) Chemical structures of F8BT (red) and P(VDF-TrFE) (blue) and a schematic illustration of a
polymer ferroelectric resistive memory cell; (b) AFM topological image of a P(VDF-TrFE):F8BT (9:1 (w/w))
blended film on an MoO;/Mo electrode, and (c) static I-V characteristics and (d) dynamic characteristics of the
ferroelectric memory diodes. The colour scale indicates the device ON current measured at 5V after switching
pulses of different pulse widths (i.e., times) and pulse heights (i.e., voltages).

Results & Discussion
Figure la schematically illustrates the structure of our organic ferroelectric resistive memory device and the
materials used. Poly(9,9-di-n-octylfluorene-alt-benzothiadiazole), F8BT, is an ambipolar semiconductor whose
charge transport has been well characterised in diodes and transistors?’~2°. P(VDF-TrFE) is a wide band-gap insu-
lator, and its ferroelectric properties have been well described!-%*%-33, A 1:9 (w/w) polymer blend solution of F8BT
and P(VDEF-TrFE) was spin coated onto glass substrates with patterned Mo/MoO; electrodes; these substrates
were subsequently annealed at 135 °C for 1 hour to enhance the crystallinity of the ferroelectric phase. For more
processing details, see the Experimental section and previously published works'¢. Figure 1b presents an AFM
topography image of a 200-nm-thick continuous film. Circular domains of F8BT with diameters of 200-600 nm
are surrounded by a P(VDF-TrFE) matrix. Similar phase-separated morphologies have been reported by several
groups®34-3, In these studies, a wide range of different polymers and small-molecule semiconductors have been
used, illustrating that this type of lateral phase-separated morphology, which is key to device operation, is not
specific to any one type of semiconductor”*¢. When such a thin film is sandwiched between two metal electrodes,
the transport of charge carriers is possible via the semiconducting phase. The work function(s) of the metal con-
tact(s) is (are) purposely chosen to yield substantial injection barrier(s) into the semiconductor. F8BT forms a
(hole) injection barrier of ~0.3 eV with Mo/MoO; if the work function for MoOs; is taken to be ~5.6eV and the
HOMO level of F8BT is taken to be 5.9 eV2¢3%3!, The work function of the other Ba/Al electrode (2.8 V) matches
the LUMO energy of F8BT (3.3 eV); an ohmic contact for electron injection is thus expected?!. When the ferro-
electric material is polarised in the correct direction, the polarisation field of the ferroelectric material lowers
the injection barrier at the semiconductor-metal interface, and a higher device current is observed”?*; however,
when the ferroelectric material is poled in the other direction, the current is low. A bi-stable resistive switch is
thus obtained. A representative quasi-static current versus voltage hysteretic sweep of the ferroelectric memory
diodes is presented in Fig. 1c. In the forward voltage scan, the electron (i.e., minority) current is low despite the
ohmic contact, whereas the hole (i.e., majority) current is initially limited by the Schottky barrier between MoO;
and F8BT, and thus, a relatively low current of 0.52nA at 5V is measured. When the applied voltage exceeds the
coercive electric field of the ferroelectric P(VDF-TrFE) layer, the injection barrier of MoOs/Mo is lowered, and
the hole current is significantly increased; the current then reads 0.24 yA at 5V. Thus, the current ratio for the two
polarisation states is ~450, which is sufficiently large for crossbar integration.

To enable controlled partial switching, additional knowledge of the switching kinetics is required. To accom-
plish this goal, pulsed switching studies were performed (Fig. 1d), during which the duration and magnitude of
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Figure 2. (a) Measured currents of the ferroelectric memory diode at 5V after switching from OFF to ON
(i.e., curves starting low) or ON to OFF (i.e., curves starting high) vs. the applied electric field at various pulse
widths. (b) Scaled derivatives versus the applied field at various pulse widths. (c¢) Normalised curves of (b) on
an appropriately scaled electric-field axis at the maximum position, E,,,, (f). (d) Currents through the organic
ferroelectric memory diode after switching from OFF to ON vs. the programming pulse time under various
applied fields. The scattered points were measured at 5V after programming, and the solid lines represent fits
to the IFM model. (e) Normalised logarithmic derivative curves versus pulse widths at a fixed programming
voltage of 18.5V (E.= 0.93 MV/cm), where the solid line represents the fitted master curve. (f) Device currents
attributable to the cumulative effect of successive programming pulses (OFF to ON) at a constant electric field
value (E.=0.93 MV/cm).

the programming pulse were varied. Before each programming pulse, the memory was reset to the OFF state by
applying a negative pulse of —20V for 50 ms. Figure 1d presents the results obtained when switching the memory
from the OFF to the ON state. The memory remained in the OFF state when short pulses of insufficient amplitude
were applied. For large pulses of 20 V, switching to the ON state occurred within 0.2 ms, whereas for lower volt-
ages (i.e., ~14 V), the switching time was near 10 ms. Such a strong electric-field dependence has been previously
reported for P(VDF-TrFE) capacitors®~>.

Figure 2a presents the measured currents as functions of the applied field for both the ON-to-OFF transition
and the OFF-to-ON transition. The ON-to-OFF transient arises at slightly lower electric fields (i.e., is faster’) than
the OFF-to-ON switching transient. We note that symmetric behaviour is not expected a priori, as this would
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imply a nearly linear relationship between the actual device current and the remanent polarisation. Figure 2b
displays the derivative of the memory current vs. the electric field (i.e., AI/AE) for the OFF-to-ON transition as
a function of the applied field for various pulse durations. If the switching time is defined as the time at which
AI/AE peaks, then the switching times can be fit using the following empirical formula®:

T(E) = 7 exp(E,/E) (1)

where T, is the characteristic time parameter and E, is the activation field. The obtained fit values were
To=~6.7ns and E, = 11.37 (£0.32) MV/cm (please refer to Figure S3 in the Supporting Information for more
information). The extracted value of E, of 11.37 (£0.32) MV/cm is comparable to the value of ~10 MV/cm that
has been previously measured in P(VDF-TrFE) capacitors®, indicating that the field dependence in both types
of memory devices is similar. The longer switching times measured for our devices are related to the exponential
pre-factor. The T, value of ~6.7 ns in the diodes is somewhat larger than the previously reported value of ~1 ns
in the capacitor structure®. Typically, the T, parameter is associated with the accumulation of screening charges
at the interfaces between non-ferroelectric and ferroelectric layers. Hence, a larger T, value suggests that charge
carriers flow via the non-ferroelectric regions of the film (e.g., the amorphous phase of the grain boundaries in the
P(VDEF-TrFE) matrix or the polymer semiconductor pillars interfacing with the P(VDF-TrFE) matrix) and form
an interfacial charge layer at the phase boundarijes®.

Strikingly, all AI/AE curves display a similar shape, with a characteristic width and height. This observation
can be explained by the IFM model**-?. In this model, a ferroelectric material is considered to consist of ran-
domly distributed regions with independent polarisation kinetics governed by a switching-time-dependent local
field. In other words, the time-dependent local field depends on the domains that have and have not switched
before. Therefore, if the kinetic process is deterministic, the various domains will always switch in the same order,
and their transients can be expected to exhibit a universality that can be expressed as a master curve. Indeed, the
properties of the derivatives presented in Fig. 2b allow us to extract such a master curve through the Gaussian
fitting of the normalised data points, as shown in Fig. 2c. Details regarding the extraction of the IFM master curve
are provided in the Supporting Information.

Until recently, the applications of this new type of device have been restricted to only the two saturated values.
In principle, it is possible to obtain an intermediate current between the saturated values by adjusting the ratio
of upward to downward polarisation. However, the achievement of an intermediate state with the desired polar-
isation value is challenging because of the stochastic and complex nature of ferroelectric polarisation switching
and possible depolarisation effects. Our devices, however, can be well described in the framework of the IFM
model, and hence, we attempted to store multiple bits in a single memory cell by polarising only certain ferro-
electric regions instead of all of them!**>?*, Figure 2d presents the transient current curves as a function of the
switching pulse time, where the scattered points represent measured data and the lines represent fits to the IFM
model. The shape of the fitted transient curve vs. the logarithm of the switching pulse time is similar to that of
the transient current curves vs. the electric field, as observed in Fig. 2a. This observation suggests that it may be
informative to differentiate the fitted transient curves with respect to the logarithm of the pulse time; the resulting
Gaussian distribution is presented in Fig. 2e. The kinetics of the independent local polarisation in P(VDF-TrFE)
ferroelectrics follow a stretched exponential dependence on the switching pulse time*4?*. Therefore, conceptu-
ally, partial polarisation in a ferroelectric matrix can be modulated by adjusting both the switching time and the
electric field. Figure 2f illustrates the feasibility of pulse-modulated multilevel data storage in organic ferroelectric
memory, where intermediate current states can be reliably programmed. The curves highlight that adjustments
to the switching time and electric field are, to a large degree, interchangeable, as the same state can be achieved
in multiple ways.

For the actual demonstration of 2-bit data storage in an organic ferroelectric diode cell, we selected two inter-
mediate states with programming times of 0.2 ms and 1 ms in addition to the complete OFF and complete ON
states, each of which had a programming time of 50 ms (see Figure $4 in the Supporting Information). The meas-
ured currents at 5V after programming pulses of different durations and equal electric field strength took on
discrete values for corresponding pulse durations. Furthermore, the readout current after a number of successive
programming pulses was less than that after a single pulse of the corresponding cumulative duration because the
memory current is exponentially related to the pulse duration.

The memory reliability of pulse-modulated multilevel data storage in the organic ferroelectric memory switch
was examined in terms of both time-dependent data retention and endurance over multiple instances of data
programming/erasing. Data retention was evaluated by independently measuring four data storage levels con-
trolled by different pulse-switching times at a fixed programming voltage of 18.5V (E.= 0.93 MV/cm). Figure 3a
reveals reasonably reliable data retention of all four states for up to approximately 10°s. It should be noted that
the charge retention of this multilevel ferroelectric memory device is relatively short, which may be attributable
to the partial depolarisation of ferroelectric components interfacing with semiconducting polymer pillars; this
behaviour is significantly different from that of capacitance-type organic ferroelectric memory, and thus, further
improvements should be sought to increase the retention time, including the optimisation of semiconducting
components and/or a more careful selection of electrodes. However, it is notable that the retention of the inter-
mediate states is comparable to or even better than that of the normal operation mode (cf. the upper ‘ON’ curve).
Next, for measurements of endurance under multiple data-writing cycles, we consecutively erased/wrote each
of the four levels of data storage (i.e., ‘00, ‘01, 10} and ‘11’ states) and read the current after n iterations of this
programmed endurance cycle (n=1, 2, 5, 10, ... 500, 1000). Very consistent and reliable rewritability of all four
levels was observed for over 1000 cycles, as shown in Fig. 3b. The results indicate that the degree of ferroelectric
polymer domain switching was precisely controlled and remained unchanged when a proper combination of
pulse duration and voltage was repeatedly applied.
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Figure 3. (a) Retention time of programmed multilevel data and (b) multiple write/erase endurance cycles of
multilevel data stored in the organic ferroelectric resistive memory diode.
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Figure 4. (a) Schematic representation of the 1 x 4 organic ferroelectric crossbar memory diode array, and the
readout currents for 8-bit logic data stored in the 1 x 4 memory array: (b) 11010010’ and (c) ‘00100111’

Finally, to demonstrate the feasibility of doubling the information density of a real memory device using
pulse-modulated MLP states, we tested a simple 1 x 4 organic ferroelectric crossbar memory diode array,
wherein the word line (WL) was common and the bit line (BL) was separated (Fig. 4a). To write an example
state of ‘11010010’ into the 1 x 4 crossbar memory array, different programming pulse widths of 50 ms, 0.2 ms,
Oms, and 1 ms at a fixed programming voltage of 18.5V, corresponding to ‘11; ‘01’ ‘00} and ‘10’ respectively,
were sequentially applied to each bit line. Then, in the same sequence in which the data were written, a fixed
current-measuring voltage of 5V was applied to non-destructively read the stored multilevel data. Figure 4b
clearly reveals that discrete and distinct current levels corresponding to the specific pulse widths in each memory
cell could be read out. In a similar manner, we wrote and read the 8-bit state ‘00100111’ into the 1 x 4 crossbar
memory array, as shown in Fig. 4c. Both examples successfully demonstrated that the memory density of the sim-
ple organic ferroelectric crossbar memory diode array could be reliably doubled by the controlled programming
pulse width, as intended.

Conclusion

In summary, we demonstrated the capability of pulse-modulated multilevel data storage in organic ferroelectric
resistive memory diodes. The principle can be understood based on an investigation of the dynamic operating
principles of the organic memory device. The dynamic switching mechanism of our organic resistive memory can
be explained by the IFM model, in which the ferroelectric components are regarded as an assembly of randomly
distributed regions with independent polarisation kinetics governed by a time-dependent local field. Therefore,
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we could reliably partially polarise the ferroelectric material using tuned programming pulses to achieve 2-bit
data storage in a single organic ferroelectric diode cell with stable retention and endurance. We believe that these
findings lay the foundations for organic ferroelectric memory devices that offer higher storage density without
increased technological complexity.

Methods

For device fabrication, the bottom anode layers were initially formed on glass substrates through the e-beam
evaporation of Mo, the subsequent deposition of MoOj3, and finally, patterning using standard photolithography.
Next, a 200-nm-thick continuous film of a 1:9 (w/w) blend of F8BT and P(VDF-TrFE), with 77 mol% VDE, was
spun in an initially homogeneous evaporative solution, followed by thermal annealing at 135°C for 1hour to
facilitate the growth of the ferroelectric 3 phase. The decomposition of the mixed polymer gave rise to a dispersed
phase consisting of pillar-like semiconductor domains embedded in a ferroelectric matrix. The Ba/Al top cath-
odes were evaporated through a shadow mask, and finally, the devices were encapsulated with a conformable SiN,
barrier layer to avoid charge trapping at the interfaces between the electrodes and the polymer semiconductors,
which can affect the multilevel resistive switching phenomenon. A schematic illustration of this organic ferroelec-
tric resistive memory device is presented in Fig. 1a. A commercial AFM system (Veeco MultiMode NS-IIIA) with
Al-coated Si tips (Nanosensors, spring constant k= 12.5N/m) was used to characterise the blend structure at the
nanoscale. Electrical measurements were performed at room temperature in ambient conditions using an Agilent
33120A function generator (i.e., the source) in combination with an external voltage amplifier, a Keithley 6485
picoammeter (i.e., the sensor), and two Keithley 2612A source meters controlled by a homebuilt “FerrOrgan”
switching box.

References
1. Lovinger, A. J. Ferroelectric polymers. Science 220(4602), 1115-1121 (1983).
2. Horiuchi, S. & Tokura, Y. Organic ferroelectrics. Nat Mater 7(5), 357-366 (2008).
3. Furukawa, T., Nakajima, T. & Takahashi, Y. Factors governing ferroelectric switching characteristics of thin VDF/TrFE copolymer
films. IEEE T Dielect El In 13(5), 1120-1131 (2006).
4. Jung, H.J. et al. Shear-induced ordering of ferroelectric crystals in spin-coated thin poly (vinylidene fluoride-co-trifluoroethylene)
films. Macromolecules 42(12), 4148-4154 (2009).
. Ling, Q. D. et al. Polymer electronic memories: Materials, devices and mechanisms. Prog Polym Sci 33(10), 917-978 (2008).
6. Ng, T. N. et al. Scalable printed electronics: an organic decoder addressing ferroelectric non-volatile memory. Sci. Rep. 2, 585,
doi: 10.1038/srep00585 (2012).
7. Kemerink, M., Asadi, K., Blom, P. W. & de Leeuw, D. M. The operational mechanism of ferroelectric-driven organic resistive
switches. Org electron 13(1), 147-152 (2012).
8. Naber, R. C. et al. High-performance solution-processed polymer ferroelectric field-effect transistors. Nat Mater 4(3), 243-248
(2005).
9. Naber, R. C. et al. An Organic Field-Effect Transistor with Programmable Polarity. Adv Mater 17(22), 2692-2695 (2005).
10. Sekitani, T. et al. Organic nonvolatile memory transistors for flexible sensor arrays. Science 326(5959), 1516-1519 (2009).
11. Lee, K. H. et al. High-Mobility Nonvolatile Memory Thin-Film Transistors with a Ferroelectric Polymer Interfacing ZnO and
Pentacene Channels. Adv Mater 21(42), 4287-4291 (2009).
12. Kang, S. J. et al. Non-volatile Ferroelectric Poly (vinylidene fluoride-co-trifluoroethylene) Memory Based on a Single-Crystalline
Tri-isopropylsilylethynyl Pentacene Field-Effect Transistor. Adv Funct Mater 19(10), 1609-1616 (2009).
13. Hwang, S. K,, Bae, I, Kim, R. H. & Park, C. Flexible Non-Volatile Ferroelectric Polymer Memory with Gate-Controlled Multilevel
Operation. Adv Mater 24(44), 5910-5914 (2012).
14. Baeg, K. J. et al. High-Performance Top-Gated Organic Field-Effect Transistor Memory using Electrets for Monolithic Printed
Flexible NAND Flash Memory. Adv Funct Mater 22(14), 2915-2926 (2012).
15. Kim, R. H. et al. Non-volatile organic memory with sub-millimetre bending radius. Nat Comm 5 (2014).
16. Asadi, K., De Leeuw, D. M., De Boer, B. & Blom, P. W. Organic non-volatile memories from ferroelectric phase-separated blends.
Nat Mater 7(7), 547-550 (2008).
17. Asadi, K., de Boer, T. G., Blom, P. W. & de Leeuw, D. M. Tunable Injection Barrier in Organic Resistive Switches Based on Phase-
Separated Ferroelectric-Semiconductor Blends. Adv Funct Mater 19(19), 3173-3178 (2009).
18. Asadi, K., Li, M., Stingelin, N., Blom, P. W. & de Leeuw, D. M. Crossbar memory array of organic bistable rectifying diodes for
nonvolatile data storage. Appl Phys Lett. 97(19), 193308 (2010).
19. Naber, R. C,, Asadi, K., Blom, P. W, de Leeuw, D. M. & de Boer, B. Organic nonvolatile memory devices based on ferroelectricity.
Adv. Mater 22(9), 933-945 (2010).
20. Khan, M. A. et al. High-Performance Ferroelectric Memory Based on Phase-Separated Films of Polymer Blends. Adv Funct Mater
24(10), 1372-1381 (2014).
21. van Breemen, A. J. et al. Crossbar arrays of nonvolatile, rewritable polymer ferroelectric diode memories on plastic substrates. Appl
Phys Express 7(3), 031602 (2014).
22. Lee, D. et al. Multilevel data storage memory using deterministic polarization control. Adv Mater 24(3), 402-406 (2012).
23. Khikhlovskyi, V. et al. Multi-bit organic ferroelectric memory. Org electron 14(12), 3399-3405 (2013).
24. Genenko, Y. A. et al. H. Universal polarization switching behavior of disordered ferroelectrics. Adv Funct Mater 22(10), 2058-2066
(2012).
25. Zhukov, S. et al. Dynamics of polarization reversal in virgin and fatigued ferroelectric ceramics by inhomogeneous field mechanism.
Phys Rev B 82(1), 014109 (2010).
26. Schiitrumpf, J., Zhukov, S., Genenko, Y. A. & Von Seggern, H. Polarization switching dynamics by inhomogeneous field mechanism
in ferroelectric polymers. ] Phys D Appl Phys 45(16), 165301 (2012).
27. He, Y., Gong, S., Hattori, R. & Kanicki, J. High performance organic polymer light-emitting heterostructure devices. Appl Phys Lett,
74(16), 2265-2267 (1999).
28. Chua, L. L. et al. General observation of n-type field-effect behaviour in organic semiconductors. Nature 434(7030), 194-199
(2005).
29. Zaumseil, ., Donley, C. L., Kim, J. S., Friend, R. H. & Sirringhaus, H. Efficient Top-Gate, Ambipolar, Light-Emitting Field-Effect
Transistors Based on a Green-Light-Emitting Polyfluorene. Adv Mater 18(20), 2708-2712 (2006).
30. Legrand, J. E Structure and ferroelectric properties of P (VDF-TrFE) copolymers. Ferroelectrics 91(1), 303-317 (1989).
31. Ducharme, S. et al. Intrinsic ferroelectric coercive field. Phys Rev Lett. 84(1), 175 (2000).
32. Greiner, M. T. et al. Universal energy-level alignment of molecules on metal oxides. Nat Mater 11(1), 76-81 (2012).

w

SCIENTIFIC REPORTS | 6:24407 | DOI: 10.1038/srep24407 6



www.nature.com/scientificreports/

33. Meyer, J. et al. Transition metal oxides for organic electronics: energetics, device physics and applications. Adv Mater 24(40),
5408-5427 (2012).

34. Asadi, K. et al. Spinodal decomposition of blends of semiconducting and ferroelectric polymers. Adv Funct Mater 21(10), 1887-1894
(2011).

35. Michels, J. J., van Breemen, A. J., Usman, K. & Gelinck, G. H. Liquid phase demixing in ferroelectric/semiconducting polymer
blends: An experimental and theoretical study. ] Polym Sci Polym Phys 49(17), 1255-1262 (2011).

36. Khikhlovskyi, V. et al. Nanoscale organic ferroelectric resistive switches. ] Phys Chem C 118(6), 3305-3312 (2014).

37. Merz, W. J. Domain Formation and Domain Wall Motions in Ferroelectric BaTiO3 Single Crystals. Phys Rev 95(3), 690 (1954).

Acknowledgements
This work was supported by a Research Grant of Pukyong National University in 2015 (CD20151148).

Author Contributions

J.L., A.B. and G.G. conceived the initial idea and designed the experiments. J.L. and V.K. fabricated the devices
and performed measurements, J.L., A.B., G.G. and R.J. and analyzed the data. ].L., G.G. and M.K. wrote this
article. All authors discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lee, J. et al. Pulse-modulated multilevel data storage in an organic ferroelectric resistive
memory diode. Sci. Rep. 6, 24407; doi: 10.1038/srep24407 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:24407 | DOI: 10.1038/srep24407 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Pulse-modulated multilevel data storage in an organic ferroelectric resistive memory diode

	Results & Discussion

	Conclusion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Chemical structures of F8BT (red) and P(VDF-TrFE) (blue) and a schematic illustration of a polymer ferroelectric resistive memory cell (b) AFM topological image of a P(VDF-TrFE):F8BT (9:1 (w/w)) blended film on an MoO3/Mo electrode, a
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) Measured currents of the ferroelectric memory diode at 5 V after switching from OFF to ON (i.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Retention time of programmed multilevel data and (b) multiple write/erase endurance cycles of multilevel data stored in the organic ferroelectric resistive memory diode.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Schematic representation of the 1 × 4 organic ferroelectric crossbar memory diode array, and the readout currents for 8-bit logic data stored in the 1 × 4 memory array: (b) ‘11010010’ and (c) ‘00100111’.



 
    
       
          application/pdf
          
             
                Pulse-modulated multilevel data storage in an organic ferroelectric resistive memory diode
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24407
            
         
          
             
                Jiyoul Lee
                Albert J. J. M. van Breemen
                Vsevolod Khikhlovskyi
                Martijn Kemerink
                Rene A. J. Janssen
                Gerwin H. Gelinck
            
         
          doi:10.1038/srep24407
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep24407
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep24407
            
         
      
       
          
          
          
             
                doi:10.1038/srep24407
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24407
            
         
          
          
      
       
       
          True
      
   




