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Abstract: Although organic small-molecule-based memory devices (OSMDs) have been

demonstrated to show great potential for the application in next-generation data-storage



technology, progress towards their further development has been hugely hindered by the
ambiguity of their electrical switching mechanism. Thus, purposely fabricating OSMDs with a
definite switching behavior is very urgent. Here, we reported a redox-gated nonvolatile
rewritable memory device using an organometallic small molecule as an active material. By
introducing the redox-active ferrocene into an organic skeleton, the target small molecule
exhibits reliable and robust FLASH-type bistable electrical characteristics with a clear redox-
controlled switching mechanism, which leads to low operational voltages, good endurance and
long retention. Our study offers a proof-of-concept strategy to design controllable OSMDs with

excellent performances.

1. INTRODUCTION

Organic small-molecule-based memory devices (OSMDs) have attracted extensive research
interests due to their charming advantages including mechanical flexibility, low-cost fabrication,
and ease of processing, as compared to their inorganic counterparts.'"!! Moreover, some OSMDs

12-18 which are considered as the

succeed to implement multilevel storage in a single device,
promising candidates for high-density data storage applications. However, despite the above-
mentioned appealing advantages, most of the current OSMDs are often faced with the problems
of unclear switching behaviors and ambiguous structure—property relationships.!*?’ These
material-related problems could input negative effects on the operation of their devices, resulting
in energy waste and unsatisfied reproducibility. Therefore, in order to address this issue,

designing novel organic small-molecule-based materials with a definite memory switching

mechanism is undoubtedly desirable.



Recently, the strategy of incorporating organometallic moieties into polymer structures has

emerged as an efficient research progress in organic electronics, such as organic sensors,?'??

2324 and organic light-emitting diodes?**?°. Compared with single-component

organic batteries,
polymer material, organometallic polymers can utilize both advantages of the polymers and the
incorporated metal center, which can afford unique electronic properties and photoluminescence
behavior. In light of this progress, we speculate that introducing a functional redox-active metal
into organic small molecular skeleton can effectively overcome the aforementioned problems of
OSMDs, leading to high-performance devices. There are two reasons for this consideration: (1)
small molecules possess certain structures, which allow for the reliable electron-trapping and -
holding for nonvolatile memory applications; and (2) the redox-active metal center can also
provide a clear redox-controlled switching mechanism, which could guarantee the successful

realization of write—read—erase-read (WRER) cycles and hence invoke highly-robust

reprogrammable memory behaviors.

Based on the above-mentioned two points, in this work, we focused on a redox-active moiety,
ferrocene, and introduced it into a pyrene-containing conjugated backbone to obtain an
organometallic small molecule (Py-Fc¢). The unique 18 z-electrons system of ferrocene has a lot
of features, such as solution processability, good thermal stability, and more importantly,
satisfactory redox activity.?” The redox of iron (Fe) center among ferrocene can greatly change
its electrical property,?® thus resulting in different conductivities. Meanwhile, its oxidized form,
ferrocenium (Fe*"), can keep stable in the absence of external potential, which provides the
possibility of nonvolatility. Therefore, it is logical for us to anticipate that when ferrocene is
inserted into a conjugated small molecular backbone, the change of molecular conductivity by

redox process would be acquired, which could be utilized as a resistor-type memory.



The proof-of-concept organometallic Py-Fe¢ was prepared by combining 1.0 equiv 1-(4-
bromophenyl)ferrocene (2) and 1.0 equiv Il-ethynylpyrene (3) species together through
Sonogashira reaction?® (Scheme 1, see the Supporting Information for details). Py-Fe possesses
an ethynyl-phenyl spacer as bridge, which links between pyrene and ferrocene unit, enhancing its
solubility in many organic solvents including dichlorobenzene, chloroform, and tetrahydrofuran.
This target compound was confirmed by NMR (Figure S2 and S3) and elemental analysis.
Additionally, Py-Fc¢ possesses high decomposing temperature (340 °C is the onset-
decomposition temperature with 5% weight-loss, Figure S4). As expected, the as-fabricated
metal-organic—metal (MOM) type OSMD of Py-Fe exhibits an electrically rewritable switching
behavior, with robust WRER operations, high device reproducibility, low write/erase voltages
and distinct ON/OFF current ratio, which is a potential contender for nonvolatile data storage

applications.

2. RESULTS AND DISCUSSION

2.1. Optical and Electrochemical Properties of Py-Fc. The optical properties of Py-Fe¢ were
firstly studied in CH2Cl2 solution and thin-film state. In solution, Py-Fe¢ shows two high-energy
absorption peaks at 283 and 305 nm, and two low-energy absorption peaks at 366 and 391 nm,
respectively (Figure 1a). The low-energy absorption peaks are attributed to the intra-molecular
charge transfer (ICT) process while the high-energy absorption peaks stem from aromatic
conjugation.’ In film state, an apparent bathochromic shift can be clearly seen due to the ICT
process. At the same time, the peaks for low-energy absorption shift to 376 and 400 nm with the
onset absorption at 443 nm. These shifts of bathochromic absorption are due to molecular

aggregation behavior in solid-sate films.



By incorporating ferrocene into the pyrene-based organic backbone, it is supposed that this
organometallic small molecule could exhibit enhanced redox behavior. To confirm this, cyclic
voltammetry (CV) has been employed to study the electrochemical properties of Py-Fc. As
shown in Figure 1b, the upper anodic wave represents oxidation process and the bottom cathodic
wave stands for reduction pathway. It can be noted that Py-Fe shows two kinds of redox peaks
rather than one. The reversible couple peaks at 0.43/0.98 V could be assigned to the onset
oxidation/reduction potentials of ferrocene center Fe(Il), while those at 1.10/-0.25 V correspond
to the onset oxidation/reduction potentials of organic pyrene-containing backbone. The
reversible redox (reduction of Fe(III) to Fe(IT) and oxidation of Fe(Il) to Fe(IIl)) process, arisen
from ferrocene under potential, suggests that different molecular charge-storage and -release
states could be obtained, which would lead to a resistor-based memory. Moreover, the molecular
conjugation of Py-Fc¢ allows for efficient charge delocalization, which favors the charge

conduction under external electric field.

2.2. Resistive Data Storage Performance of Py-Fc. Taking its redox-active electrochemical
properties into consideration, the memory device of Py-Fe¢ was obtained by spin-coating its
solution onto the ITO-coated substrate, followed by depositing aluminum (Al) as top electrode.
The schematic structure of the target two-terminal OSMDs is depicted in Figure 2a. Figure 2b
showed the memory behavior of Py-Fe-based device, which was examined by sweep-mode
current—voltage (/-V) characteristics under ambient condition. When electrical potential is
carefully applied onto top/bottom electrodes (Al/ITO), Py-Fe-based device displays rewritable
FLASH-type binary behavior. Under a negative voltage from 0 to —5.0 V, the current presents a
sudden increase at —1.6 V (sweep 1), suggesting that this memory device has been set from a

LCS (low-conductivity state) to a HCS (high-conductivity state), which corresponds to a “write”



or “SET” stage during data storing process,’! and the switching voltage is defined as the “SET”
voltage (Vser). During the next voltage pulse (sweep 2), the device can maintain its HCS even
after the removal of power, which manifests the nonvolatile memory nature. Moreover, its HCS
is able to switch back to its initial LCS when we apply a reverse positive bias (sweep 3). This
process can be considered as a data “erase” or “RESET” operation. This restored LCS can
remain stable under the positive voltage scan (sweep 4), and then this state can be set to HCS
again (sweep 5) during the subsequent negative sweep. Such electrically-induced WRER cycle is

in good agreement with a binary FLASH memory behavior.

In addition, the LCS and HCS can be clearly detached by more than three orders of magnitude,
allowing the memory circuit to clearly distinguish the two-resistance states. Simultaneously, the
operational write/erase voltages are small, which are desirable for the sake of low-power-
consuming electronics. The cyclic endurance measurement of Py-Fe-based memory device was
performed in pulse operation mode at a read voltage of 0.1 V. The writing voltage pulse is set to
—3.0 V/100 ms, and the erasing voltage pulse is set to +4.0 V/100 ms. The switching time of the
device is determined to be about 20 us. As shown in Figure S5, no evident state fatigue is
observed after more than 1.0x10° cycles, which indicates satisfactory endurance. The stability of
Py-Fc-based device was assessed via testing retention time at a continuous read voltage of —1.0
V. The LCS and HCS displays no obvious change for 2.0x10° s (Figure 2c). We further
investigated the retention tests of the device for a much longer time at a read voltage of —1.0 V
and —0.1 V, respectively (Figure S6 and Figure S7). During the tests, there is also no apparent
degradation in the resistive states for longer than 1.2x10* s, which suggests that the memory
device based on Py-Fe is endurable under external electrical potential stress. Moreover, in order

to examine whether ambient condition (e.g. moisture) affects the device performance, the



memory device was put into an enclosed measurement chamber and tested in nitrogen (N2)
atmosphere instead of ambient condition (Figure S8). Notably, the observed resistive switching
characteristic is analogous to that shown in Figure 2b, which manifests good stability under
ambient condition. For rewritable OSMDs, switches from one state to another with a different
resistance must be reversible, and the states should be stable enough for nonvolatile memory
application. From this perspective, it can be concluded that the organometallic redox-active Py-

Fc is an excellent proof-of-concept contender for FLASH-type data storage.

In order to evaluate the large-sample-size reproducibility of Py-Fe¢, we tested fifty independent
units of the devices. The column-chart plot in Figure S9 suggests that the proportion to achieve
the bistable memory behaviors of the devices is about 80%, which implies that Py-Fc could
function as a satisfactory binary FLASH storage media with highly-reliable reproducibility. In
addition, an error bar of the statistic distribution of Vser was provided in Figure S9, where Vser
locates in the range from —0.8 to —2.6 V. The narrow distribution of Vser also demonstrates the

robust cell-to-cell reproducibility of Py-Fe-based OSMDs.

2.3. Resistive Switching Mechanism of Py-Fec. Several studies have revealed that the metal
electrode could exert an effect on the resistive memory performances (e.g., metal filamentary
conduction and intermediate oxide formation).>*** To examine whether the Al metal electrode
itself and the possibly formed intermediate AlOx layer influence the OSMD behavior, the top Al
electrode was altered into inert gold (Au) and the device with structure of Au/Py-Fc¢/ITO was
tested for comparison.>? As shown in Figure S10, the fabricated device exhibits similar electrical
switching behaviors with that using Al as electrode, which indicates that the resistive switching
phenomenon is independent of Al and/or AlOx and belongs to the interior property of the

molecule Py-Fc. In addition, to confirm the inherent switching characteristics of Py-Fec, a thin



layer of 5 nm LiF was inserted between Py-Fc and Al metal, which serves as a buffer layer to
prevent the contact between the organic film and the electrode.*>*® The memory device with the
structure of Al/LiF/Py-F¢/ITO also presents analogous rewritable binary memory performance

(Figure S11), which can eliminate the possibility of Al filamentary influence.*

The effects of the active layer thickness and electrode area on the resistive switching of Py-Fe
were further investigated. The devices of Al/Py-Fe¢/ITO with different film thicknesses were
obtained by adjusting the concentration of organic solution and systematically compared. The
film thickness was determined by the scanning electron microscopy (SEM) images and found to
be 60, 80, and 100 nm, respectively. As shown in Figure S12a-S14a, the devices exhibit typical
FLASH-type binary memory properties with similar current ratio over 10°. There is a bit of drift
among the SET/RESET operating voltages, which could arise from the morphological variation
at different film thickness.’” Additionally, these devices are observed to be stable with good
retention ability (Figure S12b-S14b). Furthermore, the top Al electrode of different sizes was
thermally deposited onto the Py-Fc¢ film through a shadow mask of circular patterns with
different areas of 0.126, 0.0314, and 0.0177 mm?. All the electrical properties of the devices
were characterized under the same condition (Figure S15). It is found that both HCS and LCS
are electrode-area dependent. The current value decreases accordingly as the electrode area is
reduced, affording the similar current density. It has been reported that the resistive states of
memory devices are usually independent of the electrode areas if the metal filaments form in
films.3®3° Therefore, the possibility of resistive switching due to the filamentary conduction

could be ruled out.

Recently, it has been shown that the redox processes could be responsible for the resistance

switching in some memory devices.?®4*%® For instance, Valov et al.,** Tappertzhofen et al.,*! and



Tsuruoka et al.*

have reported the electrochemical redox reactions of ions for resistive switching
behaviors. As confirmed by CV results, the underlying switching mechanism of this
organometallic Py-Fe is closely correlated with the redox activity of ferrocene center, as
illustrated in Figure 2d. Such redox process can effectively change the charge density of Py-Fc
under electric field. As the electric pulse is applied, the gain or loss of the electrons of central Fe
atom could alter the charge-storage or -release state of Py-Fc, along with the distribution of
counter charge cations. Thus, the charge carriers among molecular skeleton would exhibit two
distributing states, corresponding to bistable molecular conductivities (LCS and HCS) of Py-Fe.
In the initial state without electric field, the central Fe atom of ferrocene is in a low valence state
(Fe*"), and hence the charge of Py-Fe is at a relatively low state, which suggests a low
conductivity (LCS). During the SET process, Fe** ion is oxidized to a higher valence state (Fe*")
by applying negative voltage, and the organic molecule tends to possess more effective counter
charge cations. Attributed to this oxidation process, the conductivity of Py-Fe¢ becomes higher,
leading to HCS. Moreover, in the RESET process, the oxidized Fe** ion could be reduced to Fe*"
again under positive electric stimuli. As a result, the conductivity of Py-Fc¢ recovers into the
initial LCS and the device is switched off, exhibiting an excellent rewritable FLASH memory
behavior. To further verify the redox-controlled switching mechanism of Py-Fe, the density
functional theory (DFT) was used to calculate the electron distributions of Py-Fc¢ (Figure 2e).
Based on the data analysis from both the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO), one can easily conclude that the electrons transfer

from ferrocene to pyrene side, which matches well with the oxidation process of ferrocene unit

(Fe** e =TFe’", see the scheme of charge transfer in Figure S16).



Generally speaking, the device performance directly reflects the intrinsic property of the
functional material, that is to say, the performance of the above-mentioned as-fabricated OSMDs
can be related to both the solid-state packing mode and the molecular structure of Py-Fe: (1)
molecular structures determine electronic behaviors while the movement of electrons acts as a
key role in controlling the resistive switching mechanism of OSMDs; and (2) molecular packing
mode in solid state can greatly affect the efficiency of electron transport, dominating the running
parameters of the devices. As discussed above, we have verified that the redox-active property of
Py-Fc caused by ferrocene is the origin of the rewritable switching behavior. To further get a
deeper understanding of the highly reproducible and robust device performance, the studies on
PXRD (powder X-ray diffraction) patterns and AFM (atomic force microscope) were conducted

as following.

2.4. Organometallic Film Morphology and Nanostructure of Py-Fc. The morphology of
Py-Fc in film state was examined by AFM (Figure 3). From AFM image (Figure 3a), one can
clearly conclude that the as-fabricated film displays a regularly-arranged granular structure
(granular size in the range of 100—-300 nm), with the root-mean-square roughness (Rrms) of 3.42
nm. This ordered surface morphology could help establishing homogeneous interfaces between
the film and top/bottom electrodes, which guarantees the device cell-to-cell reproducibility as
observed in the device. Moreover, the 3D-AFM image of Py-Fe film shows an interesting multi-
hills-like pattern (Figure 3b and 3c) with preferential bottom-up orientation. This uniform
molecular growth is able to allow the charges to transfer along the vertical MOM direction,
which boosts the formation of desirable charge transporting pathways, and thus lowers

operational write/erase voltages of the device.
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To further inspect the solid-state nanostructural packing, PXRD measurement of Py-Fe film
was conducted (Figure 3d). A main diffraction peak (20 = 9.95°, d-spacing = 8.88 A) in XRD
pattern confirms that Py-Fe forms a densely-packed lamellar structure in film state.**” Another
peak (20 = 26.6°) is related to the 7— stacking with the distance of 3.35 A,*® which suggests that
the neighboring conjugated planes of Py-Fc have strong interactions. Further DFT calculation
affords the optimized molecular geometry of Py-Fe, wherein the pyrene and ferrocene locate at
each molecular side (Figure 3e, top). The side view visually shows that the pyrene unit is
perpendicular to the ferrocene moiety (Figure 3e, bottom). Notably, the height of ferrocene is
calculated to be 3.32 A, which is in good match with z-7 interaction distance of 3.35 A as
observed by PXRD. Meanwhile, from the optimized geometry, it can be seen that the pyrene
group possesses a good planarity and a high conjugation, which facilitates to induce co-facial
stacking. Thus, the 7—z stacking peak of PXRD could be ascribed to the intermolecular
overlapping of pyrene units. Together with the PXRD-derivated d-spacing result, we proposed
the reasonable molecular organization manner of Py-Fe in film, as illustrated in Figure 3f. The
neighboring two Py-Fe¢ molecules co-facially overlap with each other over the pyrene plane
(conjugated length of 8.88 A), which is separated by the standing ferrocene with height of 3.35 A.
This oriented co-facial molecular stacking manner controls the film to grow into a homogeneous
bottom-up multi-hills-like nanostructure on ITO substrate, which warrants the efficiency of
charge conduction in device, and hence leads to a high-performance resistive memory as

observed in atmospheric condition.

3. CONCLUSIONS

In summary, we have demonstrated an experimental proof-of-concept nonvolatile organic

memory device using a ferrocene-based organometallic small molecule, Py-Fe¢, as an active
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storage media. By employing the electric-field-induced electrochemical redox reaction of
ferrocene, the Py-Fe-based device exhibits excellent rewritable binary memory switching,
accompanied with low write/erase voltages, high current ratio and robust reproducibility. Our
success in utilizing redox-active material to realize FLASH-type memory opens many
possibilities of fabricating multi-redox-gated multilevel OSMDs. Further studies on the strategic
design and synthesis of novel multi-redox materials for high-performance multilevel data storage

are now under progress.
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Scheme 1. Synthesis of the redox-active organometallic Py-Fe. (i) H2SO4/H20/NaNOz2, 64%; (ii)
Cul/Pd(PPh3)2Cl2/EtsN/THF, 40%.
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Figure 1. (a) UV-Vis spectra of Py-Fc in CH2Cl2 (ca. 1.0x10* mol/L) and thin film. (b) Cyclic

voltammogram curve of Py-Fec at a scan rate of 50 mV s,
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Figure 2. (a) Scheme of the MOM-type OSMD structure. (b) The detected /-V characterization
of OSMDs and the inset denotes the surface morphology of Py-Fc active layer. (c) Retention
stability of Py-Fe-based OSMDs at LCS and HCS at a “read” potential of —1.0 V. (d) Redox-
controlled write/erase mechanism for memory behavior of Py-Fe. (e) DFT calculated HOMO

and LUMO molecular iso-surfaces of Py-Fc.
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Figure 3. (a) AFM image of Py-Fc-based film as spun onto ITO substrate. The scale bar is 800

nm. (b, ¢) 3D-AFM pictures of Py-Fc-based film: (b) an angle view; (c) top view. (d) PXRD
pattern of Py-Fe-based film as spun onto ITO substrate. The peak located at 260 = 20.3°
represents the intrinsic reflection from ITO. (e) Top view and side view of optimized molecular
condiguration of Py-Fe¢ through DFT calculation. The gray, white and light-purple spheres
represent carbon, hydrogen and iron atom, respectively. (f) [llustration of the proposed molecular

organization of Py-Fec in film state on ITO substrate.
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