-
™
<
[
-l
wd
=
™

www.afm-journal.de

e \Eﬁﬂ}

www.MaterialsViews.com

Rational Design of Small Molecules to Implement Organic

Quaternary Memory Devices

Qijian Zhang, Jinghui He, Hao Zhuang, Hua Li,* Najun Li, Qingfeng Xu,

Dongyun Chen, and Jianmei Lu*

Organic small-molecule-based devices with multilevel electroresistive
memory behaviors have attracted more and more attentions due to their
super-high data-storage density. However, up to now, only ternary memory
molecules have been reported, and ternary storage devices may not be com-
patible with the binary computing systems perfectly. In this work, a donor—
acceptor structured molecule containing three electron acceptors is rationally
designed and the field-induced charge-transfer processes can occur from

the donors. Organic quaternary memory devices based on this molecule are
successfully demonstrated for the first time. The switching threshold voltages
of the memory device are —2.04, —2.73, and —3.96 V, and the current ratio of

research has revealed that many inorganic
oxides,"™ polymers,["” and small mole-
cules!'®18] demonstrate resistive switching
memory behaviors. Among them, small
molecules have recently attracted more
and more attentions because of their tun-
able structures, easy purification, flex-
ibility, and low cost.'*18 Particularly,
typical donor—acceptor (D-A) conjugated
molecules have been proved to be one of
the most successful active materials in
the design of memory devices since the
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the “0,” “1,” “2,” and “3” states is 1:10'-78:10347:105-36, which indicate a low
possibility of read and write errors. The results represent a further step in
organic high-density data-storage devices and will inspire the further study in

this field.

1. Introduction

Since conventional memories have almost been reaching their
downscaling limits and cannot meet the ever-growing demand
of information explosion, resistance switching random access
memory (RRAM) gradually attracted both fundamental and
industrial interests.'™ The memory behaviors in RRAMs
depend on different resistance/conductance states under an
external electric field, namely high-resistance/low-conductance
(OFF) state or low-resistance/high-conductance (ON) state. Fur-
thermore, RRAM appears to be a candidate of new generation
memory due to its simple structure, stacking feasibility, long
retention time, and low power consumption.”'!l In addition,
being a simple metal/active material/metal sandwiched struc-
ture, RRAM is facile to be stacked layer by layer, which is able
to increase the information density dramatically.!213] Intensive
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charge-transfer (CT) process can occur
when an external electric field is applied,
resulting in the abrupt conductivity
switching.[1¥]

Currently, the memory devices we
utilized are mainly binary memory
systems, and it is difficult to further
increase the storage capacity owing to
the limitations of physical factors or process technology.l?0-2
However, an increase in the number of conductive states
(i-e., 0, 1, 2, and 3) in memory device can improve the data-
storage capacity exponentially.’®¥ Thus, much attention has
been paid to seeking novel materials with multilevel memory
effects. After years of exploration, organic ternary resistive
memory device was first realized in our group through intro-
ducing two different electron-deficient moieties in a small
molecule to forming two various charge-trapping sites.l*!
Indeed, the storage density is improved from 2" to 3", which
is a great breakthrough in memory devices. Subsequently,
Huang et al. designed a ternary memory device by combining
charge-transfer and conformational change switching mecha-
nisms into a single polymer.?* Recently, Yam et al. reported
a small-molecule-based high-performance ternary memory
device induced by two charge-transfer processes.’*¥ However,
the conductive switching mechanism is still ambiguous in
organic materials, which hindered the further understanding
and rational design of new organic molecules with multilevel
memory behaviors. Additionally, although ternary memory
devices increase the storage capacity largely, they may have dif-
ficulty in coupling with the present binary computing systems.
To better match current microelectronic techniques and simul-
taneously meet super-high memory capacity, quaternary logic
storage is coming into sight, which can further increase the
storage capacity to amazing 4" and can easily match the present
binary system as it can be decoded directly into two binary-digit
equivalents.l”>=?”] However, quaternary RRAMs have only been
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achieved for inorganic and hybrid materials,?*-1 and there is
no report about organic quaternary RRAM device up to now.

In this work, based on the charge-transfer mechanism, D-A
conjugated molecules containing distinct electron acceptors
may produce multilevel memory behaviors.'l This inspires us
to design small molecules containing three different electron
acceptors, hopefully of quaternary memory behaviors. Struc-
turally, it is reported that symmetric conjugated molecules are
beneficial for the crystallinity in film state and, in consequence,
the working parameters of the memory devices.'7%18d There-
fore, three types of acceptors symmetrically distributed on each
side of a molecular backbone are expected to produce better
memory performance. However, this will cause the number
of required acceptors to double and the target molecule will
be of poor solubility and thus challenging to synthesize. Thus,
we trade off the molecular symmetry and part of planarity to
consider designing an asymmetric molecule containing three
different electron-withdrawing units together with donors and
conjugated backbones; organic quaternary memory devices
were successfully fabricated for the first time with distinct cur-
rent ratios and identified threshold voltages of the four conduc-
tive states.

2. Results and Discussion

2.1. Synthesis and Characterization

First, we select three electron acceptors from those who dem-
onstrate promising performance in photovoltaic devices.[*32-3°]
Benzo[c][1,2,5]thiadiazole (BTD) has been recognized as one
of the most attractive moieties in the design of photoelectric
materials due to its relatively weak electron-accepting capa-
bility.1932] 1,8-Naphthalimide (NI) unit and nitro (NO) group
are attractive electron acceptors and have good thermal stability,
chemical inertness, and excellent processability.?¥ Meanwhile,
thiophene (T) as the donor is chosen to promote the molecular
planarity and the hole-transporting property.?*3 The formed
D-A structured dithienyl substituted ben-
zothiadiazole (BTDT) core may result in the
intramolecular hydrogen bonds between the
nitrogen atom of the BT unit and the active
hydrogen atom of thiophene units, which is
also beneficial for the molecular planarity.”!
The conjugated plane is conductive to the
CT process and can induce intense n-7
stacking interactions thus lowering down
the energy barriers.’8! However, the planar
conjugated backbone has a tendency to
aggregate in common solvents, which will
increase the difficulty in synthesizing.®!
Thus, hexyl side chains are introduced into
the backbone to increase the solubility and
to form the ordered structure via intermo-
lecular interdigitation.**3% Figure 1 shows
the structures of our designed asymmetric
molecule  6-(5-(7-(5-(9-(2-ethylhexyl)-6-nitro-
carbazol-3-yl)-4-hexylthiophen-2-yl)benzo|c]
[1,2,5]thiadiazol-4-yl)-3-hexylthiophen-2-yl)-
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2-octyl-1H-benzo[de]isoquinolin-e-1,3(2H)-dione (NONIBTDT)
and its symmetric analogs 4,7-bis(5-(9-(2-ethylhexyl)-6-nitro-9H-
carbazol-3-yl)-4-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole
(DNOBTDT) with only two electron acceptors as the control.
The detailed synthetic routes and product analysis were sum-
marized in Schemes S1 and S2 in the Supporting Information.
Thermogravimetric analysis and differential scanning calorim-
etry measurements were carried out to measure the thermal
properties of both molecules, as shown in Figures S17 and S18
(Supporting Information).

2.2. Theoretical Calculations

Theoretical electrostatic potential (ESP) surface was calcu-
lated through density functional theory (DFT) to confirm the
various electron-withdrawing capabilities of BTD, NI, and NO
acceptors. As shown in Figure 1a, DFT molecular simulation
result shows an open channel from the molecular surface
throughout the conjugated backbone with continuous positive
molecular electrostatic potential (in yellow), indicating that the
charge carriers could migrate throughout this open channel
with freedom. Additionally, the negative molecular ESP regions
(in green) in molecular backbones are attributed to BTD, NI,
and NO acceptors for NONIBTDT. These negative regions with
various ESP plottings are consistent with the electron-accepting
capabilities of electron acceptors. Thus, the electron-deficient
capability of NI is stronger than that of BTD, and that of NO is
recognized as the strongest. As a control molecule (Figure 1b),
DNOBTDT only processes a weakest electron-acceptor BTD and
two strongest electron-deficient NO moieties.

2.3. Memory Devices Performance
Subsequently, the electronic properties of NONIBTDT and

DNOBTDT-based memory devices were measured to confirm
the multilevel memory behaviors. The graph in the inset of

Figure 1. The molecular structure and the result of DFT simulation (top) for the ESP plotting
(bottom) of a) NONIBTDT and b) DNOBTDT. Molecule NONIBTDT contains three electron
acceptors, NO, NI, and BTD, shown as the green part in the ESP plotting, while DNOBTDT
contains two electron-deficient moieties in the backbone.
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Figure 2. a) The electrical characteristics of NONIBTDT-based memory devices. Sweep 1 shows three sharp jumps of current when the voltage is from
0 to =5 V. Sweeps 2, 4, and 6 are successively performed to exhibit conductive transitions from “OFF” state to the “ON1” state, then to the “ON2”
state and finally to the “ON3” state. Sweeps 7 and 8 show the WORM behavior of the memory device. The inset in panel (a) shows the sandwich-
structured memory device, consisting of ITO substrate, active layer, and Al electrode. b) The ternary electrical characteristics of DNOBTDT-based
memory device. c) Stability tests of NONIBTDT-based device under constant voltage stress at —1 V. d) Stability tests of DNOBTDT-based device under

constant voltage at -1 V.

Figure 2a shows the structure of the memory device consisting
of a layer of indium tin oxide (ITO) on a glass substrate as the
bottom electrode, a spin-coated 90 nm thick organic layer cov-
ered by a vacuum-deposited 150 nm thick Al top electrode, as
confirmed by the scanning electron microscopy (SEM) image
(Figure S1, Supporting Information). The electronic characteris-
tics of NONIBTDT-based memory devices were summarized on
about 20 cells. This ITO/NONIBTDT/AI device lies in the low-
conductance state (“OFF” state) when a small “reading” voltage
(-1 V) is applied. When an external voltage from 0 to -5 V was
gradually swept on the device, three abrupt jumps of current
were observed at the switching threshold voltages of approxi-
mately —2.04, -2.73, and —3.96 V, illustrating three new conduc-
tive states of the device, namely “ON1,” “ON2,” and “ON3,”
or corresponding to four storage states, “0,” “1,” “2,” and “3.”
Sweeps 2, 4, and 6 were performed on other fresh cells, indi-
cating that the device can successively transition from the OFF
state (“0” state) to the ON1 state (“1” state), then from the ON1
state (“1” state) to the ON2 state (“2” state), and finally from the
ON2 state (“2” state) to the ON3 state (“3” state). Once the device

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reached the ON3 state, neither negative bias nor positive voltage
could turn the system back to the initial OFF state (sweeps 7
and 8). Therefore, the NONIBTDT-based device exhibits a qua-
ternary write-once-read-many-times (WORM) memory behavior.
Furthermore, the ratio of these conductive states of the “0,”
“1,” “2,” and “3” states is 1:1017%:10%47:10°3¢, which indicate a
low possibility of read and write errors. Further measurements
(Figure 3c) showed that NONIBTDT-based memory device was
stable under a constant voltage of —1 V for 10* s without deg-
radation. This indicates that this quaternary device may be of
potential applications in practical organic memory devices.

In order to rule out the formation of conduction filaments
in the films, an Hg droplet is applied to replace thermally
evaporated Al as the top electrode. As we know, Hg is a less
reactive metal and is very stable in the atmosphere of oxygen.
Furthermore, Hg is not easily penetrating into the organic
layer to form metallic filaments in the thin films. As shown in
Figure S7 (Supporting Information), the memory device also
shows three sharp increases in current that corresponds to the
quaternary memory behavior.

Adv. Funct. Mater. 2016, 26, 146154
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Figure 3. a) Schematic illustration of the charge-transfer process of NONIBTDT-based memory device. b) The optimal structural backbone of molecule

NONIBTDT. c) Spatial plots of the molecular orbitals for NONIBTDT.

To further confirm that the memory behavior originates
from the inherent property of the molecule itself, an LiF layer
of 5 nm thickness was evaporated as a buffer layer between the
NONIBTDT layer and the top Al electrode. The buffer layer can
decrease the possible interface barrier and can totally avoid the
contact between the organic layers and the electrodes. The cur-
rent—voltage (I-V) characteristics of the memory device ITO/
NONIBTDT/LiF/Al are measured under the same condition, as
shown in Figure S12 (Supporting Information). The memory
device also shows a quaternary memory behavior, which can
further rule out the formation of Al filaments in the films and
confirm the memory behavior being the interior property of
NONIBTDT.

It has been reported that the active layer thickness can affect
the electrical memory behavior sometimes. Thus, to consider
the relationship between the memory behaviors and the film
thicknesses, we investigated the memory performance of the
memory device ITO/NONIBTDT/Al with different film thick-
nesses. According to the SEM images, the film thicknesses of
the memory devices were determined to be 50, 70, and 110 nm,
respectively. The memory behaviors of the ITO/NONIBTDT/AI
devices with different film thicknesses were measured from 0
to =5V, and the three memory devices all exhibited the quater-
nary memory effects, as shown in Figure S8-S10 (Supporting
Information). This can be concluded that the memory behav-
iors are independent of film thickness and belong to the inte-
rior property of the molecule NONIBTDT.

As the control sample, the sandwich-structured memory
device ITO/DNOBTDT/Al was measure under the same condi-
tion and the electronic properties of DNOBTDT-based memory
devices were also executed in 20 cells. The memory device was

Adv. Funct. Mater. 2016, 26, 146-154
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initialized in the low-conductance state (OFF state). When an
external voltage from 0 to -5 V was gradually applied on the
device, two abrupt increases in current were observed at the
voltages of —1.50 and -2.76 V, indicating a transition from
the low-conductance state (“OFF” state) to the intermediate-
conductance state (“ON1”) and then to the high-conductance
state (“ON2” state), as shown in Figure 2b. Hence, the ITO/
DNOBTDT/Al device shows typical ternary data-storage
behavior. Thus, we successfully fabricated a quaternary memory
device with NONIBTDT containing three electron acceptors
and a ternary data-storage device with DNOBTDT consisting
of two electron-deficient moieties. Additionally, the threshold
voltage of the memory device fabricated with NONIBTDT is
higher than that of DNOBTDT-based memory device.

2.4. Proposed Mechanism of Memory Behavior

To understand the electronic properties of NONIBTDT and
DNOBTDT-based memory devices, cyclic voltammetry (CV)
measurements were carried out on the spin-coated films, as
shown in Figure S2 (Supporting Information). The highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels can be calculated
from the CV diagram using the following equations: Eyopo =—
[Eonset OX + 4.80 — Epeyrocene) and Ejyyo = HOMO + E, 14
where E, is the optical bandgap, which can be estimated from
the onset of ultraviolet—visible (UV-vis) absorption spectra, and
the detailed results of both films are summarized in Table 1.
Hole injection energy barrier from ITO into HOMO energy
level of NONIBTDT is 0.60 eV, which is smaller than the
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Table 1. Optical and electrochemical properties of the films fabricated
with NONIBTDT and DNOBTDT.

Molecule  Aypsee  Eg) HOMOP LUMO9  Hole injection Electron injection
[nm]  [eV] [eV] [eV] [eV] [eV]

NONIBTDT 585 2.12 -05.40 -3.28 0.60 1.02

DNOBTDT 613 202 -523  -3.21 053 1.09

3 Estimated from the onset of absorption: bandgap = 1240/Agnse;; YHOMO
= —[E8¥*'+4.80 — Ererrocence]; 9LUMO = HOMO +E,.

electron injection energy barrier between the work function of
Al and LUMO energy level (1.02 eV). Therefore, NONIBTDT
is a p-type semiconductor material, and the memory behaviors
are dominated by hole transporting, as shown in Figure 3a.
Similarly, DNOBTDT is also a p-type material.

HOMO and LUMO energy levels were also calculated
through DFT with the B3LYP/6-31G basis set to understand
the field-induced CT processes. In order to simplify the sim-
ulation, the alkyl chains probably do not affect the memory
behaviors and are replaced with methyl groups (Figure 3b).
As shown in Figure 3c, the HOMO is almost located on thio-
phene and carbazole while the LUMOs contribute mainly to the
BTD, NA, and NO moieties, which are consistent with the fact
that thiophene and carbazole are well-known electron donors,
while BTD, NA, and NO moieties are various electron accep-
tors. Thus, CT process can occur through the conjugated back-
bones driven by an external electric field. At a low-voltage bias,
the molecule is at ground state with a large HOMO-LUMO
gap and the device is in the low-conductance state. With the
increase in the voltage reaching to the first threshold bias, the
charges will transfer from the electron donors (HOMO) to
BTD acceptors (LUMO), and the positive and negative charges
will be segregated to form a stable CT complex. Consequently,
a conductive channel is formed for the transporting of the
charges, leading to the ON1 state. The switching voltage from
the OFF to the ON1 state matches the HOMO-LUMO energy
bandgap in CV measurement. Subsequently, with the increase
in the bias up to the second threshold voltage, another CT state
will be formed with the charges transferring to the NI moie-
ties at high energy level (LUMO+1), resulting in the forma-
tion of the higher conductive (ON2) state. Finally, the third
transfer process will generate from HOMO to the NO groups
(LUMO+2) under high electric field. This will be responsible
for switching from the ON2 state to the ON3 state. Addition-
ally, the dipole moment is measured to be 11.13 D, which
indicates that the finally formed complex might be very stable.
Therefore, the device can remain in the ON3 state for a long
time, leading to the non-volatile memory behavior of molecule
NONIBTDT-based memory device. The switching mechanism
of DNOBTDT-based memory device is similar to that of NON-
IBTDT (see the orbital details in Figure S3 in the Supporting
Information), despite only two electron acceptors, thus ternary
memory behaviors were detected.

In order to verify the CT process in the films, the UV-vis
absorption spectra were measured for NONIBTDT-based film
on ITO substrates with and without an external electric field,
as shown in Figure S1la (Supporting Information). Upon
finishing the UV measurement of the film without voltage

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sweeping, a liquid Hg droplet was deposited on the film
serving as the top electrode to measure the electronic proper-
ties. Subsequently, Hg was removed after an electrical sweep
from 0 to =5 V on the device ITO/NONIBTDT/Hg, and the UV
absorption spectrum of the formed film was measured under
the same condition. Compared with the UV-vis absorption
spectrum in the OFF state, the intensity of that in the ON3
state was increased, indicating the increased concentration of
the CT states induced by an external electric field. To further
confirm that the CT complex is formed under the condition of
an external electric field, fluorescence emission spectra of the
film were measured as depicted in Figure S11b (Supporting
Information). As we can see, the intensity of the photolumines-
cence spectrum was quenched significantly in the ON3 state,
illustrating that the CT complex was formed under an external
voltage.l*!l Therefore, the CT process can be confirmed under
an electric field and the CT can be applied as the conductive
mechanism.

2.5. Thin Film Nanostructure

Besides rational design to achieve different multilevel memory
behaviors, molecular stacking in solid state is an effective factor
to influence the memory working parameters such as threshold
voltages. Thus, measurements in terms of molecular stacking
were carried out to understand the larger threshold switching
voltage of NONIBTDT-based quaternary storage devices.
Figure 4a shows the UV-vis absorption spectra of NONIBTDT
in CH,Cl, solution and in film state. The maximum absorption
peak located at 327 nm attributed to the 7—7* electronic transi-
tions of BTD core. Additionally, the absorption peak between
425 and 576 nm was consistent with the intramolecular and/
or intermolecular charge transfer from the electron donors to
the electron acceptors. Meanwhile, compared with the absorp-
tion peak in solution state, the absorption peak in film state was
bathochromic-shifted significantly from 485 to 505 nm. Simi-
larly, the UV absorption spectrum of the DNOBTDT film also
undergoes a larger redshift of about 29 nm compared to that
in solution state (Figure 4b). These shifts indicate molecular
integration and/or ordered stacking of both films.*? In addi-
tion, atomic force microscopy images of surface morphology
in Figure S4 (Supporting Information) show that both films
present a uniform granular structure. Additionally, the surface
root-mean-square roughness was estimated to be 1.575 nm for
the NONIBTDT film and 1.682 nm for the DNOBTDT film,
which indicates a smooth interface that ensures favorable and
stable interfacial contact with electrodes. This smooth surface
could effectively prevent Al nanoparticles from diffusion into
films during the Al electrode deposition process.*3] Meantime,
the smooth surface is beneficial for the decrease of the energy
barriers between the active layers and the electrodes.

However, X-ray diffraction (XRD) and grazing incidence
small angle X-ray scattering (GISAXS) patterns reveal that
DNOBTDT has better molecular stacking than NONIBTDT in
the film. For NONIBTDT, the diffraction peaks located at 21.0°
corresponding to a d-spacing of 4.23 A indicated a relative
ordered arrangement in the films (Figure 4c). Furthermore, the
diffraction peaks located at 7.50° and 8.60° represent long-range

Adv. Funct. Mater. 2016, 26, 146154
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Figure 4. a) UV-vis absorption spectra of NONIBTDT in the CH,Cl; solution and in the thin-film state; b) UV—vis absorption spectra of DNOBTDT in
the CH,Cl, solution and in the thin-film state; c) XRD pattern of the spin-coated NONIBTDT films; d) XRD pattern of the spin-coated DNOBTDT films.

ordered arrangements with d-spacings of 11.78 and 10.27 A,
respectively. Additionally, the second-order diffraction peaks of
11.78 and 10.27 A even appear at 3.75° and 4.30°, suggesting
the ordered stacking exists in multiple directions. However,
the diffraction intensity of the peak located at 7.50° was much
stronger and sharper than that located at 8.60°, indicating the
orientation was packed almost in the way of 11.78 A in film
state. In the case of DNOBTDT-based films, the diffraction peak
located at 25.49° corresponded to a d-spacing of 3.49 A, which
was a typical intermolecular 77 interaction distance, and this
distance is much smaller than that of our quaternary molecule
NONIBTDT (Figure 4d). The left diffraction peak observed
at 5.90° with a d-spacing of 14.97 A belonged to a long-range
arrangement along a uniform crystal axis. We also calculate
the crystalline thickness of the two molecules according to the
Scherrer formula and find that the crystalline thickness of mol-
ecule DNOBTDT was up to almost 46 nm, which is larger than
that of the quaternary molecule NONIBTDT with 28 nm. This
also illustrates that the crystalline property of the symmetrical
molecule DNOBTDT is better than that of the asymmetrical
molecule NONIBTDT with the quaternary memory property.
The above stacking discrepancies should be ascribed to the
symmetry of the two molecules. DNOBTDT is consisting of two
carbazole moieties that processed a large coplanar structure,

Adv. Funct. Mater. 2016, 26, 146-154
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and the dihedral angle between the carbazole and the thio-
phene moiety is about 23° (Figure S6, Supporting Information).
Its symmetric structure improves the efficiency of stacking. In
contrast, NONIBTDT is of a thiophene and a carbazole unit that
increased molecular planarity but the two ends of the backbone
are composed of different electron acceptors. This asymmetric
geometry will deteriorate the packing efficiency of molecules,
including closing m—m and long-ranged stacking. Additionally,
the dihedral angle between the carbazole and the thiophene
moiety is estimated to be 61° and that between the thiophene
and the NI moiety is =69° for the asymmetric molecule NON-
IBTDT, which can also explain the larger m—r interaction dis-
tance and the weak crystallinity in film state. However, mole-
cule NONIBTDT formed an ordered microstructure in the thin
film on the whole. When an external voltage is applied on the
device, charge carriers from the ITO electrode will inject into
the organic films and can lead to intermolecular/intramolecular
charge transfer. Due to the ordered microstructure and smooth
surface, the charge carriers can move through the molecular
backbone/adjacent molecules easily. Thus, with the increase in
the applied voltage, the charges will transfer gradually from the
electron donors to the electron acceptors with different energy
levels to form various conduction channels and thus three con-
ductive ON states.[*4]
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In addition, we also carried out the GISAXS measurements
to determine the crystalline properties of the two molecule-
based films relative to the substrate. Figure 5a shows the sche-
matic illustration of GISAXS with a very small incident angle
in point collimation mode. As depicted in Figure 5b, the NON-
IBTDT film shows four circled bands, which are consistent with
the four diffraction peaks below 10° in the XRD. The arc-shaped
scattering signal indicates the molecular grain is in random ori-
entations with respect to the substrate. Meanwhile, the GISAXS
result for DNOBTDT-based film confirms that all molecular
grains are of uniform orientation, with a face-on configuration
toward the ITO substrate. Such a uniform face-on stacking of
crystalline is beneficial to the charge transport and leading to
lower power consumption.3) We also calculate the structural
optimizations of these two molecules and find both molecules,
NONIBTDT and DNOBTDT, with a height of 15 A (Figure S6,
Supporting Information). Additionally, the long-range stacking
distances of NONIBTDT and DNOBTDT were calculated
to be 11.78 and 14.97 A, respectively. Thus, we can conclude
that molecule DNOBTDT stands upright on the ITO and each
crystal contains about 30 layers of molecule DNOBTDT, while

(a) 9g,=(2n/A)(sino.+ sinp)

GISAXS
Area Detector

Sample

~28 nm

~23 laye

9: (A)

~46 nm

~30 laye

www.MatenaIsVnews.com

molecule NONIBTDT reclines on the ITO substrate and each
crystal consists of about 23 layers of molecule NONIBTDT, as
shown in Figure 5b,c. Thus, according to the above analysis, we
can draw the conclusion that symmetry can greatly influence
the molecular stacking and the crystallinity, which will affect
the transporting of the charges in the films, thus the threshold
voltage of memory devices. With intensive research in advanced
synthesis and material science, we believe that the little defect
will be perfectly solved in our following work.

3. Conclusion

In conclusion, we rationally designed a molecule, NONIBTDT,
with three electron acceptors and two well-known hole-trans-
porting electron donors in the backbone. Organic quaternary
memory behavior is achieved for the first time. Theoretical cal-
culations confirmed the presence of three various electron-defi-
cient moieties through electronic static potential plotting. The
switching mechanism of this memory device is contributed to
the three charge-transfer processes under an external electric

Point collimation

X-ray source

I =DNOBTDT molecule

A, AT, AT,
IIIIIIII||||II|||||||IIIIIIII||l||l|||||I||||||||l|||||||l|||l|l||||||l|||l

‘IIIIIIII | ZN| IIIIII [ ZN| ||I|l||||V
‘IIIIIIIIL 111N [, T ||I|IIIL

|||IIIII||||I||||||||||IIIIII|||||||||||IIIII|||HIIIIIIIIIIIIIIIIIIIIIIII

14.97A

0
9y (A7)

AN 111111 ‘IIIIMIIV ‘IIMIIIIIV

Figure 5. a) Schematic illustration of GISAXS with a 2D image plate applying an incident beam with a glancing angle of oe = 0.20°. b) GISAXS pat-
tern and the illustration of the NONIBTDT film on ITO substrate. c) GISAXS pattern and the illustration of the DNOBTDT film on ITO substrate.
NONIBTDT-based film shows four circled bands in the diffraction graph, indicating that the molecular grains are in random orientations with respect
to the substrate. The DNOBTDT-based film shows a single diffraction signal that indicates all molecular grains are of uniform orientation, with a face-
on configuration toward the ITO substrate.
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field. The higher threshold voltages of NONIBTDT-based qua-
ternary devices than that of DNOBTDT is correlated to the fact
that the asymmetric NONIBTDT molecules have less ordered
stacking and worse crystallinity in the film devices. This sug-
gests the importance of molecular symmetry in the design
of organic multilevel materials, which was traded off in our
present work but will be considered in our future work. Our
results will be useful to the development of organic multilevel
memory device and high-density data-storage devices.

4. Experimental Section

Fabrication of memory devices: The ITO glass was pre-cleaned with
water, acetone, and alcohol in an ultrasonic bath for 30 min, respectively.
The solution of 10 mg small molecule in T mL o-dichlorobenzene was
filtered through a microfilter equipped with a 0.22 pm sized pinhole. The
solution was evaporated under high vacuum (10 Torr), and the film
thickness was decided by the speed of the spin-coating machine. An
aluminum layer was thermally evaporated and deposited onto the active
film at about 107 Torr through a shadow mask to form the top electrode.
The sandwich-structured memory device area of about 0.0314 mm?
was obtained. All electrical measurements of the device were taken at
ambient conditions, applying an HP 4145B semiconductor parameter
analyzer equipped with an HP 8110A pulse generator.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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