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Abstract: The explosive growth of data and information has increasingly motivated scientific and
technological endeavors toward ultra-high-density data storage (UHDDS) applications. Herein, a
donor—acceptor (D-A) type small conjugated molecule containing benzothiadiazole (BT) is prepared
(NIBTCN), which demonstrates multilevel resistive memory behavior and holds considerable promise
for implementing the target of UHDDS. The as-prepared device presents distinct current ratios of
1052/1032 /1, low threshold voltages of —1.90 V and —3.85 V, and satisfactory reproducibility beyond
60%, which suggests reliable device performance. This work represents a favorable step toward
further development of highly-efficient D-A molecular systems, which opens more opportunities for
achieving high performance multilevel memory materials and devices.

Keywords: data storage; D—A material; thin film; field-induced charge transfer; organic electronics;
multilevel resistive memory

1. Introduction

Organic materials have attracted a great deal of attention for a wide range of ap-
plications in microelectronics, optoelectronic devices, and intelligent systems [1-10]. In-
triguingly, nowadays organic materials have also found their foothold in the information
storage field, which relies on their resistance switching behaviors under external stimuli
(e.g., optical, electrical, and magnetic inputs) [8,11-20]. Light weight, high flexibility and
low-cost fabrication techniques with solution processing endow organic materials with
outstanding merits for advanced memory electronics. It is noteworthy that tuning the
molecular structure and intrinsic property of organic materials can afford multilevel stor-
age and processing operations, which holds great promise for implementing significant
ultrahigh-density data storage (UHDDS) applications [6,19-22].

To date, a variety of strategies have been applied for constructing organic resis-
tive memory materials, including filamentary conduction [11,23], multiple redox reac-
tion [15,24,25], intrinsic structural tuning [26,27], and molecular doping [28,29]. From the
standpoint of the molecular structural modulation, the rational arrangement of the electron
donors and acceptors among a conjugated backbone has proved to be an efficient guideline
for obtaining exalted memory behaviors [2,30]. In fact, donor—acceptor (D-A) systems
have exhibited prior characteristics of low energy consumption, high switching speed,
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and potential compatibility for stretchable memory circuits, which offer opportunities
for artificial intelligent electronics [31,32]. For D-A molecular systems, one key aspect
is the utilization of splendid electron acceptors [33-36]. In this regard, several electron
accepting units have emerged as excellent candidates, such as the benzothiadiazole (BT),
diketopyrrolopyrrole (DPP), and naphthalimide (NI) functional groups [33-35].

In this contribution, we constructed an efficient D-A type small conjugated molecule
that comprises BT acceptor as the core, and NI as the terminal group (NIBTCN). The reason
for this molecular design for memory application is based on the following considerations:
(1) BT-containing materials have undergone tremendous progress in organic optoelec-
tronics due to their yield of tunable electronic structures and good charge-transporting
properties [37-39]. (2) The ingenious incorporation of the different electron acceptors into
one molecular skeleton could stimulate diverse charge transfer behaviors, which can suc-
ceed in invoking multiple resistance switching for multilevel memory implementation. To
our delight, the ultimate results are in line with our expectations. The metal-insulator-metal
(MIM) memory device of NIBTCN on indium-tin-oxide (ITO)-coated glass experimentally
demonstrates reliable ternary resistive switching performance, possessing distinguish-
able current ratios, low threshold voltages, and satisfactory device reproducibility. Our
study elucidates a facile strategy to design and prepare promising memory contenders for
upcoming UHDDS and Internet of things (IoT) application.

2. Materials and Methods

All 'H and '3C NMR spectra were acquired in chloroform-d with an Inova 400 MHz
FT-NMR spectrometer (Varian, Palo Alto, CA, USA) unless otherwise noted. Thermo
gravimetric analysis (TGA) was conducted at a heating rate of 10 °C min~! with a TA
instrument Dynamic TGA 2950 (TA instruments, New Castle, DE, USA) under a nitrogen
flow rate of 50 mL min~!. UV /Vis absorption spectra were measured at room temperature
with a Shimadzu UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan) in dichloromethane
(CH,Cl,) solvent and on a 2 x 2 cm? quartz plate. Cyclic voltammetry (CV) was collected
using a three-electrode CorrTest CS electrochemical workstation analyzer (CorrTest, Wuhan,
China) with a working electrode of Pt plate, a reference electrode Ag/AgCl, and a counter
electrode of Pt wire, using ferrocene/ferrocenium (Fc* /Fc) as an external standard. Atomic
force microscopy (AFM) measurement was conducted to study the film morphology
of NIBTCN with a Bruker Dimension Icon AFM instrument (Bruker Daltonic, Billerica,
MA, USA). X-ray diffraction (XRD) pattern was obtained by an X'Pert-Pro MPD X-ray
diffractometer (PANalytical, Almelo, The Netherlands) with a Cu KR monochromatic
radiation source at 40 kV and 30 mA. Density functional theory (DFT) at the B3LYP/6-
31G(d) level was performed via Gaussian program to optimize the molecular geometry
and calculate the molecular frontier orbitals of NIBTCN.

3. Results and Discussion
3.1. Synthesis and Characterization

The synthetic route of NIBTCN is depicted in Scheme 1, and the detailed experimental
procedures are offered in the Supporting Information. The intermediate compound 3 was
acquired in 74% yield by reacting compound 1 with 2. Finally, the NIBTCN product was ob-
tained in 40% yield by reacting compound 3 with 4 through the palladium-assisted reaction.
These compounds were fully characterized through 'H NMR, *C NMR, and elemental
analysis (Figures 51-54). It is worth mentioning that NIBTCN can retain its general prop-
erty for more than one year in air. In addition, NIBTCN possesses an onset decomposition
temperature over 330 °C (Figure S5), which suggests a good thermal stability.
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Scheme 1. Synthesis of the target NIBTCN material. (i) THF/HO, Pd[P(Ph)3]4, yield of 74%; (ii) toluene/H,O, Pd;(dba)s,

yield of 51%.

3.2. Optical and Electrochemical Properties

The optical and electrochemical measurements of NIBTCN were primarily conducted
to study its optoelectronic behavior. As shown in Figure 1a, the UV/Vis absorption
spectra of NIBTCN in CH,Cl, solution and as thin-film state on silica glass were measured
concurrently. In solution, NIBTCN exhibits three well-resolved absorptionpeaks. The most
apparent low-energy absorption peak is located at 360 nm, which can be assigned to the
intramolecular charge transfer (ICT) peak [26]. In film state, NIBTCN exhibits an obvious
red-shift for the low-energy ICT absorbance peak. The ICT peak shifts to 370 nm, and
the onset absorption wavelength (Aonset) moves to 445 nm. Thus, the optical band-gap of
NIBTCN is deduced to be ~2.79 eV. The emerged red-shift in film is correlated with the
intermolecular arrangement in solid state [40].
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Figure 1. (a) UV /Vis absorption spectra of NIBTCN in solution and as thin film on a quartz plate. (b) Cyclic voltammetry
of NIBTCN accompanied with redox peaks.

Afterwards, cyclic voltammetry (CV) was utilized to inspect the electrochemical
properties of NIBTCN.As shown in Figure 1b, NIBTCN exhibits an irreversible quasi-
reversible oxidation and a quasi-reversible reduction peak during the cyclic potential scan.
For calibration, the external ferrocene/ferrocenium (Fc* /Fc) redox was measured to be
0.39 eV vs. Ag/AgCl as a standard potential (Eg.), where the absolute redox potential of
Fc*/Fc is assumed to be —4.80 eV to vacuum [14]. Therefore, according to the equation
Enxomo,Lumo = —€(4.80 — Epc + Eoxd/red®™®") V, the HOMO and LUMO energy levels can
be calculated to be —6.31 and —3.51 eV, with the onset oxidation and reduction potentials,
respectively, located at +1.90 and —0.90 V. The energy band-gap of NIBTCN is about
~2.80 eV, which is in good agreement with the above UV /Vis optical value.



Coatings 2021, 11, 318

40f9

3.3. Film Morphology and Nanostructural Order

Generally speaking, organic electronic device performance significantly depends on
the solid-state morphology and molecular arrangement of the related organic materials.
To explore these properties, atomic force microscope (AFM) and X-ray diffraction (XRD)
analysis were jointly conducted. As shown in Figure 2a, the AFM image shows that
NIBTCN molecules appear a continuous nano-nodule-like texture in film with a rough
width of 100-200 nm, and the surface roughness is about 0.77 nm. This smooth surface can
favor to reduce the contact resistance among the interfaces, and hence warrant an effective
interfacial charge transport channel. More intriguingly, the 3D-AFM image of NIBTCN
film tends to exhibit multi-hills-like structures with preferential bottom-up orientations
(Figure 2b,c). Note that the memory devices usually possess a vertical MIM structure: this
prior morphology can promote charge transporting pathways along the vertical direction,
which is beneficial for enhancing the device performance.

NIBTCN

(d)
——NIBTCN]|

Intensity

5 10 15 20 25 30
2 Theta (deg.)

Figure 2. (a) AFM image of NIBTCN film. (b,c) 3D-AFM images of NIBTCN film: (b) an angle view;
(c) a top view. (d) XRD pattern of NIBTCN film.

XRD measurement was further performed to investigate the molecular arrangement
order of NIBTCN in film (Figure 2d). XRD of NIBTCN shows a primary diffraction peak
at 20 = 4.37°, which is in accord with a d-spacing of 20.20 A. This peak at small angle
manifests that a well-ordered lamellar spacing structure generates in solid state [41]. The
above film morphological and nanostructural characterizations encourage us to apply the
prepared NIBTCN material for memory electronic devices.

3.4. Film Morphology and Nanostructural Order

For the fabrication of the resistive memory device, we deposited the NIBTCN molecules
onto the ITO-coated silicate glass substrate, followed by the deposition of aluminum (Al)
as top electrode through thermal evaporation technique. A schematic device structure is
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shown in Figure 3a and the corresponding cross-sectional scanning electron microscope
(SEM) image is shown in Figure S6. Herein, we reported the measurements to explore
the memory switching characteristics of our device. As shown in Figure 3b, a voltage
sweep from 0 to —5.0 V is applied to the two terminal electrodes. The current response
exhibits two distinct increases at —1.90 and —3.85 V, which reveals two resistive switching
states with current ratios of 10>2/10%2/1 (Sweep 1). This process corresponds to the SET
process [42], and the three states correspond to high-resistance state (HRS) intermediate-
resistance state (IRS) and low-resistance state (LRS). Another cell was measured to examine
the stability of IRS (Figure S7), which reveals that IRS can retain stable after the HRS-to-IRS
transition. Once the device finishes the SET process, the LRS can also be well maintained,
even under zero voltage bias, negative and positive voltage scans (Sweep 2 and 3). Such
representative current-voltage (I-V) sweeps indicate nonvolatile irreversible ternary resis-
tive memory behavior. In addition, the stability of the memory device has been studied
through retention time test under a constant stress of —0.1 V. No obvious change of the
device at IRS, IRS and LRS is detected for longer than 2 x 10% s (Figure S8), which shows
that the device is endurable under constant voltage stress and read pulses.
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Figure 3. (a) The schematic illustration of the metal-insulator-metal (MIM) type NIBTCN-based
device, including silicate glass substrate, ITO, NIBTCN layer, and top Al electrode. (b) -V character-
istics of NIBTCN-based device. (c) The statistical data for the three current states (high-resistance state
(HRS), intermediate-resistance state (IRS), low-resistance state (LRS)) and two threshold voltages
(Vserl and Vggr2) of NIBTCN-based device depicted by error bars.

Moreover, to investigate the reproducibility of the resistive memory performance, we
tested thirty independent units of the device for comparison. The memory device yield (i.e.,
the percentage of outputting resistive switching) is beyond 60%, which manifests acceptable
reproducible performance. In addition, as the statistical data suggested, the three current
states and two threshold voltages are well segregated (Figure 3c). The HRS current locates
between 2.0 x 1078 A and 3.0 x 1077 A, while the IRS current locates between 4.0 x 10°A
and 2.0 x 10%A, and the LRS current locates between 1.0 x 1072 A and 2.0 x 10~2 A. For
the threshold voltages, the first threshold voltage (Vsgrl) primarily ranges from—1.0 V to
—2.4 V (probability of 80%) while the second threshold voltage (Vspr2) primarily ranges
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from—3.4 V to—4.6 V (probability of 86%). The well-segregated distributions of currents
and threshold voltages also reveal the satisfactory device reproducibility.

3.5. Proposed Resistive Memory Mechanism

To understand the ternary mechanism of D-A type NIBTCN, the molecular simulation
through density functional theory (DFT) was performed through Gaussian 03 program at
the B3LYP/6-31G basis. The molecular frontier orbitals of HOMO, LUMO, LUMO+1, and
LUMO+2 are shown in Figure 4a. The electrons of HOMO are well-delocalized across the
molecular skeleton. When undergoing HOMO to LUMO transition, the electrons mainly
transfer to the electron-accepting BT /cyano side. At LUMO+1 level, the electrons tend
to locate at the electron-accepting NI side. When further reaching LUMO+2 level, the
electrons transfer to the electron-accepting BT /cyano side again. These intramolecular
electron motions indicate that multiple charge transfer processes occur at the excited state,
which can hence trigger multilevel resistance changes under the external electrical pulse.
In addition, Figure 4b shows the energetic comparisons between molecular orbitals and
electrodes. The electron injection energy barrier (Al/LUMO) is about 0.79 eV, which is
smaller than the hole injection energy barrier (ITO/HOMO, 1.51 eV). This implies that the
electron injection process is more energetically favorable during device operation [43].

(a) (b)
AE=0.79 eV
EsP * ﬁ Electron injection
o, ;’ “. ‘
LUMO+2 34,2 0 -3.51eV
2
LUMO
X YNy NIBTCN
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° *a:t. > NIBTCN
> L)
LUMO 2 9 90
AT A e -4.80 eV

P ‘ 2 3 Hole injection ITO
HOMO 4¢ ' ‘C)a AE=1.51 eV

Figure 4. (a) DFT simulated molecular electrostatic potential (ESP), HOMO, LUMO, LUMO+1,
and LUMO+2 of NIBTCN. (b) The energy levels of HOMO/LUMO and the work functions of
ITO/ Al electrodes.

°
0 %¢

The calculation of molecular electrostatic potential (ESP) was subsequently conducted
to study the influence of electron donors and acceptors among the molecular backbone. As
shown in Figure 4a, a positive ESP (in red) area presents across the molecular skeleton of
NIBTCN, leading to a fluent pathway for charge mobility. Nevertheless, several negative
(blue) ESP areas appear at the middle and two sides of the molecular backbone, which are in
accord with the locations of the electron acceptors, i.e., the BT, NI, and cyano groups. These
negative ESP regions block the continuity of charge transport channel, which function as
charge traps and thus induce multiple charge transfer processes to surmount these negative
obstacles, causing charge retention and memory effects [42,44]. The above ESP calculations
further verify the origin of the multiple charge transfer processes, which are responsible
for the observed multilevel resistive switching behavior.

4. Discussion

In summary, the D-A type NIBTCN material was prepared and further utilized to
fabricate an Al/NIBTCN/ITO memory device on ITO-coated glass through the thermal
evaporation technique. The I-V curves of the as-prepared device exhibit an excellent
resistive memory behavior with low threshold voltage, distinguishable resistive current
ratios, good endurance, and favorable reproducibility. More importantly, the I-V curves
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show a ternary resistive switching behavior, which is promising for implementing higher
data storage capacity. The formation of multiple charge transfer processes induced by
different electron acceptors is proposed to explain the origin of the multistate resistive
switching behavior. This work holds appealing promise to exhibit an application for future
UHDDS memory logics and IoTs.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-6
412/11/3/318/s1: Figure S1: 'H NMR spectrum of compound 3 in CDCl3; Figure S2: 'H NMR
spectrum of compound 4 in CDCls; Figure S3: 'H NMR spectrum of NIBTCN in CDCly; Figure S4:
13C NMR spectrum of NIBTCN in CDCly; Figure S5: TGA curve of NIBTCN at a heating rate of 10 °C
min~! under a nitrogen atmosphere; Figure S6:The cross-sectional SEM image of ITO/NIBTCN/ Al
device; Figure S7: [-V sweep curves of IRS for the ITO/NIBTCN/ Al device; Figure S8: Retention
stability of ITO/NIBTCN/AI device at HRS, IRS and LRS; Table S1: Detailed sweep profile and
parameters of the device testing; Table S2: Optical and electrochemical properties of NIBTCN.
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